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Abstract

Switches and routers are the basic building blocks of most modern interconnections and
of the Internet, aiming at providing datapath connectivity, while solving output contention, the
major problem of distributed, multi-part y communication. The latter is accomplishedthrough
bu�ering, accesscontrol, 
o w control, or datagram dropping. Modern high-endswitchesarecalled
upon to provide aggregatethroughputs in the terabit per-secondrange, which greatly challenges
both their architecture and implementation technology.

The aim of this work is to prove the feasibility of a novel bu�ered crossbar organization,
operating directly on variable-sizepackets. Such operation, combined with distributed scheduling,
removesthe needfor internal speedup,thus fully utilizing the incoming throughput.

We proved the feasibility of this novel architecture by fully designing such a 32x32 bu�ered
crossbar, in the form of an ASIC chip core, providing 300 Gbit=sec of aggregate bandwidth
in 0.18 �m technology, or higher throughput in more advanced technologies. The design was
synthesized,placed, and routed, using a hierarchical ASIC 
o w, resulting in a 420 mm 2, 6 Watt
core in 0.18 �m CMOS technology. In 0.13 �m CMOS, area would be reducedto 200 mm 2, and
power consumption to 3.2 W. Power estimation showed that the majorit y of power is consumed
in driving cross-chip wires, while memoriesand logic are minorit y consumers.

Hierarchical ASIC 
o ws are di�cult to use,but becamenecessarydue to the large sizeof the
design. We present the detailed systemdesign(block diagrams as well as critical circuit details),
followed by a detailed description of the design 
o w, including its numerous intricacies and the
lessonsthat we learnt. In particular, we describe the choice of a hierarchy that is appropriate
for e�ectiv e placement, routing, and timing behavior. The �nal placement and routing showed
that the synthesis tool had underestimatedthe designareaby 30%,due to the dominanceof long
(end-to-end) wires in this design.
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Abstract

Switches and routers are the basic building blocks of most modern inter-
connectionsand of the Internet, aiming at providing datapath connectivity, while
solving output contention, the major problem of distributed, multi-part y commu-
nication. The latter is accomplishedthrough bu�ering, accesscontrol, 
o w control,
or datagram dropping. Modern high-end switches are called upon to provide ag-
gregatethroughputs in the terabit per-secondrange,which greatly challengesboth
their architecture and implementation technology.

The aim of this work is to prove the feasibility of a novel bu�ered crossbar
organization, operating directly on variable-size packets. Such operation, com-
bined with distributed scheduling, removes the need for internal speedup, thus
fully utilizing the incoming throughput.

We proved the feasibility of this novel architecture by fully designing such a
32x32bu�ered crossbar,in the form of an ASIC chip core,providing 300Gbit=sec
of aggregatebandwidth in 0.18 �m technology, or higher throughput in more ad-
vanced technologies. The design was synthesized, placed, and routed, using a
hierarchical ASIC 
o w, resulting in a 420 mm 2, 6 Watt core in 0.18 �m CMOS
technology. In 0.13 �m CMOS, area would be reduced to 200 mm 2, and power
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consumption to 3.2 W. Power estimation showed that the majorit y of power is
consumedin driving cross-chip wires, while memoriesand logic are minorit y con-
sumers.

Hierarchical ASIC 
o ws are di�cult to use, but becamenecessarydue to the
large sizeof the design. We present the detailed systemdesign(block diagramsas
well ascritical circuit details), followed by a detailed description of the design
o w,
including its numerous intricacies and the lessonsthat we learnt. In particular,
we describe the choice of a hierarchy that is appropriate for e�ectiv e placement,
routing, and timing behavior. The �nal placement and routing showed that the
synthesis tool had underestimated the designarea by 30%, due to the dominance
of long (end-to-end) wires in this design.
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Chapter 1

In tro duction and Motiv ation

Oneimportant featureof crosspoint queuedswitches,which had not received
much attention until recently, is the abilit y to route directly variable size
packets, without the need to segment them at the ingressand reassemble
them at the egress;this feature,combined with other crosspoint queueingad-
vantages,allowed us to designa fairly large(32� 32) bu�ered crossbarswitch
operating at nearly 10 Gbit=seclink speeds,with no internal speedup. The
designwas synthesizedand placedand routed by following a standard hier-
archical ASIC 
o w, which resulted in a 420 mm2, 6 Watt chip in a 0.18�m
technology. In this chapter we brie
y present the most important Output
Queueingarchitectures, along with their corresponding advantagesand dis-
advantages. We introduce Crosspoint Queueing and we present previous
work carried out in this �eld. Finally, we show roadmapsfor current and fu-
ture technologieswhich prove that large-scalecrosspoint queueingwill soon
overcomeits main drawback sofar, memory complexity.

1.1 Queueing Arc hitectures

In order to introduce the reader to bu�ered crosspoint queueing,we �rst
have to look into the various queueingarchitectures that have emergedup
to now. Single-stageswitchescan be classi�ed by their switching fabric and
bu�er architectures. The switching fabric is the physical connectionwithin a
switch betweenthe input and output ports; it canbeproved that all switches
needa crossbarinside their switching fabric [1]. Usually packets needto be
queuedin bu�ers whenshort-term overloadingoccurs,wherethe sumof input
rates for a single output port exceedsthe outgoing link rate; hence,bu�er-
ing characterizesall kinds of switches. In Figure 1.1 we can seea concep-
tual derivation and taxonomy of all typesof queueingarchitectures, namely
\Output Queueing(OQ)", \Input Queueing(IQ)", \Combined Input Output
Queueing(CIOQ - Internal Speedup)", \Shared Bu�er", \Blo ck Crosspoint
Queueing" and \Crosspoint Queueing(CQ)"; all architectures presented in
this �gure are being demonstratedon a 8 � 8 switch - 8 inputs and 8 out-

1



CHAPTER 1. INTR ODUCTION AND MOTIV ATION 2

puts. In this introductory section,we will analyzeOQ, IQ, CIOQ, CQ, and
the not-illustrated combination of \Combined Input Crosspoint Queueing
(CICQ)".

Queueing
Block Crosspoint

Queueing
Crosspoint
Queueing

Possibly Input
/ CIOQQueueing BufferShared

Output 

Figure 1.1: Conceptualderivation & taxonomy of QueueingArchitectures.

Traditional OQ is depicted in Figure 1.2. It is the referenceswitch archi-
tecture, asit is capableof delivering the bestpossibleperformanceachievable;
this stemsfrom the fact that, in the absenseof head-of-line(HOL) blocking
at the ingressand internal blocking, minimum delay is guaranteed. HOL
blocking occurs when a packet at the head of a queuethat is destined to a
congestedoutput has to wait and possibly block other packets destined to
uncongestedoutputs. Unfortunately, this \ideal" architecture is infeasiblein
the caseof medium-to-largeswitch sizesand high link speeds,as it requires
large memory throughput, henceit is expensive, or even not implementable:
for a N port OQ switch, the bu�er memory must operate N times the link
speed in order to avoid packet loss; this event can happen when all input
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ports transfer packets to a singleoutput port 1. This \hot-spot" caseoccurs
very often in client/server applications, wherea popular server is connected
to a singleswitch port and client requestsarrive to the other N � 1 ports [2].
This speedupproblem, combined with the fact that link speedsare increas-
ing much faster than memory speeds,makespure OQ architecture infeasible
for gigabit rate networks. Furthermore, another disadvantage of the OQ
architecture is the ine�ciency of the bu�er spacepartitioning: somemem-
ories may remain \almost" empty, whereasothers might be \almost" full,
although we have \paid" much in memory. This feature characterizesall
switch architectures, apart from the SharedBu�er one.

M 2

out 1 out 2 out 4out 3

in 1
in 2
in 3
in 4

M 1 M 3 M 4

Figure 1.2: Output Queueing(OQ) architecture: a 4� 4-switch example is
illustrated.

Input Queueing(IQ - seeFigure 1.3) usesbu�ers at the ingressto store
incoming data. These bu�ers must have a constant throughput of 2, and
can have a singlequeue,or multiple queues;in the latter casethe architec-
ture is called\Adv ancedInput Queueing"or \Virtual Output Queueing". IQ
switcheswith a singlequeueper input werestudiedand shown by Karol et al.
[4] to have a limiting throughput of around 60%of their incoming through-
put for Bernoulli packet arrivals with uniformly selectedoutput ports. This
limited throughput is due to HOL blocking at the input queues.There are
two solutions to this problem: speedupthe switching fabric 2, or implement
Virtual Output Queues(VOQs) at the ingressline cards; the latter solution
hasproved to be the most feasibleone;asa result, most architectures based
on IQ are of the VOQ-IQ style.

Unfortunately, if an unbu�ered crossbaris usedasthe switching fabric of
a VOQ-IQ switch: (a) synchronous operation is imposed;and (b) crossbar
schedulersare ine�cien t, as it is hard to implement high throughput global
schedulers.Synchronousoperation hasthe result that: (i ) variable-sizepack-
etshave to be segmented into �xed-size cellsbeforeentering the crossbarand
then reassembled at the egress;(ii ) all cellshave to besynchronizedto a com-
mon internal clock, thus expensive synchronization circuits have to be used.

1Consider, for example the casewhen all inputs wish to write to the sameoutput: in
the OQ example presented in Figure 1.2, memoriesmust have write throughput of 4 and
read throughput of 1; note that if we economizeon write throughput, like \Kno ck-Out"
architecture [3] does, then we risk to have to drop somepackets on somesituations.

2Later on wewill seethat fabric speedupin IQ switchesis neededfor scheduling reasons,
as well.
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Furthermore, crossbarschedulers: (i ) �nd it di�cult to operate in very short
cell times, as they cannot o�er both high throughput and low latency; and
(ii ) it is hard to o�er weighted fair queueing(WFQ) QoS[1]. Scheduling in
VOQ-IQ switchesis di�cult becausematching scheduling algorithms require
complete\knowledge" of the input-to-output port head-of-linetransmission
requests3.

N

input

data

grant

req

buffer
memory

input

data

grant

req

buffer
memory

2

N

input

data

grant1

req

buffer
memory

Scheduler
&

Bufferless
Switching

Fabric

21

Figure 1.3: Input Queueing(IQ) architecture.

These problems can be overcome in two ways: (a) by using internal
speedupand a traditional unbu�ered crossbarswitching fabric; and (b) by
usinga bu�ered crossbaras the switching fabric, but with no (or little) need
for speedup. In the casethat the switching fabric and schedulersare run
at a higher speed,we have the Interal Speedupor Combined Input Output
Queueing(CIOQ) switch (seeFigure 1.4). Notice that most of the times
the bu�ers at the ingresswill be almost empty, while the onesat the egress
almost full. Memory throughput still remainsconstant (1 + s, wheres is the
speedupfactor), but this speedupfactor, usually two to three in commercial
products, actually limits the line rate, comparedto the casewhen another
architecture that did not require speedupwas usedinstead.

The other solution is to add bu�ers to the crosspoints (shown in Fig-
ure 1.5); this organization is called Combined Input Crosspoint Queueing
(CICQ). By this organization, information entering on di�erent inputs can
be destinedto any output, as it doesnot have to be deliveredto that output
right away; it can be bu�ered to the corresponding crosspoint bu�er instead.
As a result, scheduling decisionsneednot be correlatedto each other. Hence,
no central scheduler is needed:input transmissionsare independent of each
other and independent of output transmissions. The N 2 bu�ers neededin
the caseof a N � N switch cannot be too large, due to implementation in-
feasibility. Instead, small bu�ers can be used,\backed up" by larger onesat

3Two of the most well known such scheduling algorithms are Parallel Iterated Matching
(PIM) by Anderson et al. [13] and iterated SLIP (i SLIP) by McKeown [12].
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the input line cards, in a VOQ organization. Backpressureensuresthat no
crosspoint bu�er will over
ow.

Due to the fact that the schedulersoperate independent of each other,
no synchronized decisionsare imposed; hence�xed-size cell operation and
synchronization to a commonclock are not neededany more. Furthermore,
the loosely-coupledinput and output schedulers, although not solving the
matching problem in a short-term way 4, can �nd very e�cien t long-term
solutions to the crossbarscheduling problem, and are capable of o�ering
advancedQoS, without the need for speedup. Egressbu�ering is also not
needed,becauseno packet reassembly is required and no output queuecan
be built up, as there is no internal speedup.

To summarize, by adopting the CICQ architecture: (a) scheduling is
simpli�ed; (b) there is no needto mutually synchronize the line cardsand to
segment and reassemble packets, as direct operation on variable-sizepackets
is trivial ly supported; (c) no internal speedupis required; and (d) very little
(or no) memory is neededat the egress.

The major drawback of the CICQ architecture is the need to partition
the switching fabric memory into N 2 (in the N � N case)bu�ers that must
be located at the crosspoints. This characteristic prevented designersfrom
adopting this organization in the caseof medium- or large-scaleswitch so-
lutions. In a later section we show that sub-micron technology transistor
downscalingand new memory technologieshave eliminated this drawback.

As a conclusion,provided that an AdvancedInput Queued(VOQ) switch

4As an unbu�ered crossbarwould do.
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had a bu�ered crossbaras its switching fabric, scheduling would be simpler
and packets would not have to be segmented and reassebled;as a result, no
speedupwould be necessary. In this work, we design,simulate, synthesize
and place and route such a (medium-scale)bu�ered crossbarswitch, and
demonstrateits feasibility.

1.2 Related Work

In this subsectionwe present the most important unbu�ered and bu�ered
crossbarswitch implementations that haveemergedduring the last fewyears.
The aim is to show the progressthat has taken placein this �eld, aswell as
highlight the special characteristicsof our switch architecture.

1.2.1 Un bu�ered Crossbar Implemen tations

Variousresearchershavedesignedand implemented unbu�ered crossbarswitches
in the past.

Heeret al. [16] \Self-routing CrossbarSwitch" wasa 12 port, 2 Gbit=sec
per-port unbu�ered switch implementation, running internally at 125 MHz
and consuming2.5 W of power. The overal area of the pad-limited design
was 64 mm2, whereasthe core area for the switching matrix, control logic
and memorieswas about 25 mm2 in a Siemens0.25 �m tecnology.

McKeown et al. designeda 320Gbit=sec, �xed-size packet, input queued
switch, with an unbu�ered crossbar switching fabric and a sophisticated
scheduler, back in 1996,called \Tin y Tera" [11]. The switch had 32 input
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ports, operated at almost 10 Gbit=seclink speeds,distinguished4 classesof
serviceand e�cien tly supported multicast tra�c. The switch did not su�er
from HOL blocking, due to the use of Virtual Output Queuesat the in-
put bu�ers, whereasthe scheduling algorithm was i SLIP [12]. The crossbar
switch comprisedof 1-bit crossbarslicesand packets were segmented and
sent through the crossbarin 64-bit chunks.

1.2.2 Bu�ered Crossbar Implemen tations

Yoshigoe and Christensensimulated the idea of a \P arallel-Polled Virtual
Output Queued(PP-VOQ)" bu�ered crossbarswitch [14], with crosspoint
memoriesof 1500Bytes. The simulations, although of great value, did not
take into account: (a) small/large RTT values; and (b) complicated and
realistic enoughtra�c patterns. The sameauthors also proved the feasibil-
it y of a 24-port 10 Gbit=secper-port FPGA implementation of a crossbar
switch [15]. The input and output scheduling was plain Round-Robin, but
by the useof a new Round-Robin Poller design. Target technology was the
Xilinx [9] Virtex I I seriesof FPGAs. The overall designwasplacedon a bus
motherboard, with 6 line cards and one crossbarcard attached to it. The
crossbarcard consistedof four crossbarslices,each of which communicated
with the line cards,via the motherboard, through 24 \Ro cket I/O" [10] tran-
ceivers (3.125Gbit=seceach). Memory and VOQ datapath was16 bits wide
and crosspoint bu�er occupancywas transmitted over a dedicatedparallel
interfacefrom the crosspoints to the line cards. The auhorsalsoimplied that
larger switcheswould be feasiblein the future, due to larger amount of fast
I/O circuits present in modern FPGAs. The switch did not support direct
routing of variable-sizepackets, which was implied in [14].

Kariniemi et. al. [17]developeda 4� 4, 5 Gbit=secATM bu�ered crossbar
switch on an FPGA, for cable TV backbone networks. Internal SRAMs
varied in size,from 32to oneKByte, dueto the variousATM ratessupported,
with a total memory sizeof 1.12Mbits.

Oneof the most important bu�ered crossbarimplementations camefrom
IBM Zurich [18]. It was a 4 Tbit=secincoming throughput switching fabric
(but 2.5Tbit=secincoming throughput switch), single-stage,combined input
(with VOQs) and crosspoint queued (CICQ) switch, that supported long
Round Trip Times (RTT), with line rates of 10 to 40 Gbit=sec(OC-192 to
OC-768). Owing to the sizeof the switching fabric and the number of line
cards, the switch was distributed over multiple racks, which could be as far
as hundredsof feet apart; totally , 40 switching fabric and 64 interface chips
were used. The switch supported 8 classesof service(priorities), but data
entering the switch was still segmented into �xed-size packets of 64 or 80
Bytes, resulting in a line rate speedupof 1.6, in order to compensatefor the
switch packet headerand segmentation overhead(hencethe 4 Tbit=secand
2.5 Tbit=secdi�erence). The chips were fabricated in a 0.11 �m technology
and standard cell design methodologieswere used. RTT supported could
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be as large as 64 packet cyclesbetween the line cards and the switch core,
and each crosspoint memory was 2 � RTT large, supporting both unicast
and multicast tra�c, which translated into at least 8 KBytes each. The
sameauthors also stated that a die size of 250 mm2, a pin count of 1000
signal I/Os (totally 1500-pinpackage),and a single-chip power consumption
of under 25 W are cost-e�ective borders for current state-of-the-art CMOS
technologies5.

Today, FPGA vendorsprovide bu�ered crossbarswitch solutions based
on their latest FPGA models and I/O protocols, such as Altera [5] [6] and
Xilinx [7] [8]. Such switch proposalshowever, lack scalability and enable
designersto develop switches of sizesup to 16� 16; larger switches can be
built by slicing the datapath to more than one FPGAs. Needlessto say,
the bottleneck in this caseis the large (O(N 2)) memory overhead, which
inherently characterizesthe bu�ered crossbararchitecture.

Kateveniset al. [19]designedand simulated variousspeedup-lessbu�ered
crossbarsizesoperating directly on variable-sizepackets, under complexand
realistic Internet backbone tra�c patterns and under di�erent Round Trip
Time (RTT) values 6. The results showed that a crosspoint bu�er size of
M aximumP acketSize + RTT � LineR ate is su�cien t in order to achieve
full output utilization 7. Also, the organizationproposedoutperformedmost
i SLIP-basedunbu�ered switches, with speedup factors up to 2, and per-
formedvery closeto the ideal OQ architecture, both in delay and throughput
terms.

1.3 Con tributions of this Work

The major contributions of the project within which this work wasperformed
are: (a) to the best of our knowledge, it is the �rst ASIC core designof a
bu�ered crossbarswitch directly supporting variable-sizepackets; (b) the
switch supports quite long RTT valuese�cien tly; and (c) our performanceis
closerto ideal Output Queueingthan that of alternative current designs,as
proved in [19]. The contribution of this thesisis the designof the ASIC core,
from block diagram level, through RTL description, synthesis, placement,
routing, timing optimization, veri�cation, and power estimation. The pur-
poseof this thesiswasto prove the feasibility of single-chipbu�ered crossbar
switch designsin current and future CMOS technologies. In this thesis we
describe the internal organization of the switch chip, showing its simplicity.
Furthemore, we present the exact synthesis, placement and routing, power

5These�gures were taken into account in our bu�ered crossbarswitch, too: the 32� 32
bu�ered crossbarswitch designedin this work has an extrapolated area of 190 mm 2 and
consumes26.2 W in a 0.13 �m technology.

6Tra�c generation is analyzed in detail in [29].
7For example, for a 1500Byte maximum packet size(TCP/IP), 10 Gbit=seclink speed

and 400 nsecRTT, crosspoint bu�er must be 2 KBytes.
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estimation, and timing optimization 
o ws basedon the available tools, fol-
lowed by fairly detailed tutorials; lastly, we provide guidelineswhich should
be kept in mind when designingvery large chips, such as designpartition-
ing, hierarchy organization, important synthesis advicesand place & route
commonproblemsand solutions.

1.4 Motiv ation: Large-Scale CICQ Switc h Fea-
sibilit y

As mentioned earlier, the result of this work wasthe ASIC-
o w implementa-
tion of a 32� 32bu�ered crossbarswitch, supporting directly variable-packet-
sizes,and resulted in a 420mm2, 6 Watt chip in a 0.18�m technology. This
provesthe feasibility of the concept: using a non-state-of-the-art technology
(0.18�m ), a single-chip, multip ort (32� 32) switch can be designedand im-
plemented today. There are, however, two points worth mentioning: (a) the
area is so large, that fabrication will only be possiblewith the largest wafer
available today and yield will probably be unacceptablylow; (b) the switch
can handle easily today's tra�c protocols (10/100 Mbps Ethernet packet
sizes,that is, up to 1500 Bytes), but with \only" 2 KBytes of embedded
SRAM per crosspoint, it lacks su�cien t support for Gigabit Ethernet. Note
that Fast Ethernet (100Mbps) is currently the most usedEthernet standard,
but Gigabit Ethernet is alsostarting to be usedin backbonenetworks and 10
Gbps Ethernet is alsoemerging.Both support very large packet sizes,called
\Jum boframes",with length of up to 9 KBytes.

In order to support such long packet sizes,without segementation and
reassembly, each crosspoint memory would have to be approximately 10
KBytes. Traditional SRAMs of such size have an area density of 12mm2

per Mbit[31], resulting in memory requirements of around 1.1mm2 for each
such memory! To make matters worse,such large on-chip SRAMs have ap-
proximately 0.3 mW=M H z power consumption,resulting in 90mW for each
of them and 2:9 Watts for the averageworst-casescenarioof a 32� 32 switch,
where 32 memoriesare active all the time 8 ; the respective values for 2
KByte SRAMs are 0.28mm2, 33 mW per-memoryand 1W worst casepower
consuption.

As a result, feasibility of multip ort switches, supporting future bottom-
layer protocolsand technologiesis a very important issue. In this sectionwe
will examinevarious ways to overcomearea limitations, by adopting emerg-
ing memory technologies. Transistor and chip sizes,as well as chip power
consumptionare also taken into account in this technology roadmap analy-
sis. The latter seemsto be another bottleneck in current and future ASIC
designs,as it determineschip performanceand, most importantly, its cost.

8In section 5.3 we explain why this is the worst-casetypical-operation scenario.
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1.4.1 Transistor sizes

Transistor sizing has beenimproving for the past 30 yearsaccordingto the
\Mo ore's Law", which states that transistor density is doubling every 15-20
months. Although this law is somewhatphilosophical and has changed a
little bit sinceit �rst appearedby Gordon Moore, it still remains the main
sourcefor roadmapanalyses,oneof which appearesin [36].

Transistor down-sizinga�ects technology size,which is 90 nm today and
will fall to 65nm by 2007and 45nm by 20109. The above roadmapactually
implies that logic becomesdenserand denser,which meanssmaller chips.
Technologydownscalingwill allow densitiesof 220M Transistor s=cm2 at 80
nm (2005) to 450 M Transistor s=cm2 at 57nm (2008). A switch chip like
the one presented will have an extrapolated area of 200 mm2 at 130 nm,
which becomes110 mm2 at 90 nm and 80 mm2 at 80 nm technology, even
reaching 50 mm2 in the year 2008.

1.4.2 On-Chip Memory

The switch chip designedfor this work has a total of 1024 SRAM memo-
ries (32 � 32), one in each crosspoint. This large memory count, along with
memorysize(2KBytes), hasbeenthe main bottleneck in multi-p ort bu�ered
crossbarswitches,as it is an inherent characteristic of the bu�ered crossbar
architecture. One technology that canovercomethis limitation is Embedded
DRAM (eDRAM). eDRAM o�ers many advantages, comparedto conven-
tional on-chip SRAM: (a) it is 1.5x to 4x denser[39], thus enabling smaller
die sizes;(b) although activepower is comparablefor both typesof memories,
eDRAM draws orders of magnitude lessstandby current than a respective
SRAM; (c) eDRAMs provide very wide I/O, although their random access
times still lack those of conventional SRAMs (e.g. 90 nm fast eDRAMs
can run at exessof 300 MHz[40, 41], whereasembedded SRAMs have al-
ready passedthe 500 MHz \barrier"); (d) eDRAMs store larger amount of
charge per cell than SRAMs, thus having minimal Soft-Error Rate per bit,
whereasSRAMs needspeci�c error checking and correction (ECC) hardware
to overcomeerror limitations, with impacts on area and performance. One
potential disadvantageis increasedeDRAM cost[42],which is dueto: (a) 20%
increaseto standard 6 Metal Layer process,due to increasedmask number
required (incremental processingcost); and (b) 5-10%cost increase,due to
morecomplicatedtesting required. Nevertheless,incremental processingand
test costs, like the onesmentioned, are o�set by improved silicon yield, as
eDRAMs are easily repaired when manufactured.

As a result, a 10 KByte eDRAM-per-crosspoint 32� 32 switch will be
feasiblein the very near future. Furthermore, taking into account that in the

9Note that advertisements may state that smaller technologieshave beenimplemented
in the laboratory, but it can take 2 to 3 years until the �rst companies reach actual
production.
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switch designedfor this thesis, memory area accounted for approximately
70%of the total chip core area, the useof eDRAMs of the samesizewould
lower chip sizeby approximately 50%,thus improving potential yield.

1.4.3 Chip/W afer Sizes

Despite the tremendoustechnology improvements that will take placein the
next 15 years, companiesseemto have agreedon a standard upper wafer
diameter limit of 300mm, which may grow to 450mm after nearly a decade.
ASIC chip sizesalsoseemto limit themselvesto 570mm2. Having the tremen-
dousdownsizing causedby transistor technology and a possibleadoption of
new memory architectures in mind, overall yield will certainly increase,thus
making large crossbarswitch chips even more feasibleand cost-e�ective.

1.4.4 Power Consumption

Power consumptionis possiblybecomingoneof the most critical elements in
hardwaredesigntoday, asit canbe the limiting factor of designperformance.
Projections show [36] [37] that in a few years: (a) power delivery and dis-
sipation will be prohibitiv ely high; (b) power density (W=cm2) will grow to
enormous�gures 10. This results in largepower/ground wiring requirements,
setspackaging limits, causedboth by technology barriers, as well as cost11,
and impacts on signal noisemargins and reliabilit y. As a result, power con-
sumption must always remain as low possible, in order to avoid expensive
packaging and cooling solutions.

10Today, high-performance processorsconsumeabove 100 W (i.e., the 2 CPU, 2 MB
L2 cache IBM Power4 consumes115W in a 3.8cm2 die) and have power densities near a
nuclear reactor, increasing linearly every year.

1150W=cm2 for forced-air cooling and 120 W total power consumption; today's power-
dependent pricing is about 1$ per Watt.



Chapter 2

Switc h Organization and
Op eration

2.1 In tro duction

In this chapter we present the organizationand operation of the 32� 32cross-
bar switch. Wedecidedto use2 KBytes of memoryper-crosspoint; this agrees
with the results presented in [19] and translates into 1500Bytes for a max-
imum packet size,plus 500 Byte times for the Round Trip Time; the latter
corresponds to 400 nsecin 10 Gbit=sec link speeds,which is the line rate
assumedboth in [19] and in this work. The remainder of this chapter is
as follows: �rst we present the switch \blo ck-level" interface, determining
the input/output signalsneededand outlining the main functional blocks.
Then we discussswitch internal block organization; we particularly describe
the organization of the Crosspoint, Output Scheduler and Credit Scheduler
sub-modules, followed by the enqueuelogic, which we developed in order to
test the operation of the switch.

2.2 In ternal Arc hitecture

A top level block diagram of the switch can be seenin Figure 2.1. Switch
interface has thirt y-two 32-bit wide input data lines, 32 \Start Of Packet"
and 32 \End Of Packet" input lines, thirt y-two 32-bit wide data output
lines and thirt y-two 16-bit wide credit output lines. Apart from the obvious
necessity of the data input and output lines, and the credit output lines, we
alsohave to inform the switch that a new packet is about to be transmitted
from the line cards to the fabric, as well as inform the fabric about the end
of a packet transmission;this is accomplishedby assertingthe corresponding
\Start Of Packet" (sop) or \End Of Packet" (eop) signal for oneclock cycle.

The switch core is divided into three parts: Crosspoint modules (XPs),
Credit Schedulers(CSs) and Output Schedulers(OSs). Each crosspoint in-
cludesa 512� 32 (2 KB) SRAM, alongwith clock synchronization and mem-

12



CHAPTER 2. SWITCH ORGANIZATION AND OPERATION 13

output 2

32
XP XP XP XP

CRS

32

1,1
XP XP XP XP

1,2 1,3 1,32

line in 1

1
CRS

2,1 2,3

2

2,32

32
XP XP XP XP

CRS
32

32,1 32,2 32,3 32,32

OS 1

credit
pulses

32

32

credit
pulses

32

32

credit
pulses

32

32

line out 1

credit
pulses

32

32

XP
outputs outputs

XP
outputs

XP
outputs

XP
32 3232 32

line out 2 line out 3

OS 2 OS 3 OS 32

line out 32

2,2

16
credit

eop
sop

sop
eop

line in 2

credit

16output 32

LINE

LINE

CARD 1
LINE

CARD 2

CARD 32

sop
eop

line in 32

credit

16

output 1

Figure 2.1: 32� 32 crossbarswitch block diagram: the switch consistsof 32� 32 =
1024crosspoints, and 32 output and credit schedulers. Line card logic is located
outside the switch core.

ory enqueue/dequeuelogic. A 32� 32switch needs32� 32=1024XPs, thus16
Mbits of memory. Credit Schedulerscontain mechanismsfor collecting and
sendingcredit information to the input line cards, whereasOutput Sched-
ulers are responsible for selectingeligible 
o ws that can send their packets
to the chip outputs. Both the Credit and Output Schedulers implement
the plain Round Robin discipline. Other scheduling disciplines,being fairer,
could alsobe supported (i.e. [34]).

We place the clock domain boundariesin the crosspoint modules; thus,
elastic bu�ers at the chip inputs are eliminated, which reduceslatency and
power consumption,aseach word of packet payload is only written onceinto
and read onceout of a memory during its transition through the chip [19].
Note that the only control information that has to traverse two di�erent
clock domains in the switch organization presented, is the \new packet"
arrival noti�cation pulse. What is more, the two clock domainsmust operate
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in almost the samefrequency, as the input and output links have the same
speed. Theseobservations signi�cantly simplify crossbardesign,assuch 1-bit
synchronization circuits are very simple and e�cien t.

Before explaining the three main switch components in more detail, it
should be noted that the switch supports directly TCP/IP packets, of sizes
40-1500Bytes. Packet size must be a multiple of 4 and, if this is not the
case,the input line cards have to �ll the remaining bytes of the last word
and accordingly increasethe sizeof the packet. The only other information
neededfor the switch to operateis an output destination32-bit multicast bit-
mask,which is sent just beforethe actual packet; this information is padded
by the line card logic and the positionsof the \1" indicate the crosspoints in
which the packet is destinedto or, equivalently, the outputs that the packet
must be sent to. Destination bit-mask and packet sizeare accompaniedby
a \time of transmission" value and a \packet serial number" in the payload,
both of which were added for debuggingand statistic purposes(seeFigure
2.2).

0

destination
bit-mask transmission

time of

31 0 31 031
size

packet
serial number

packet packet
data

31016

packet payload

Figure 2.2: Supported packet format: apart from packet size (16 bits), a
time of transmission(32 bits) and a packet serial number (32 bits) value was
paddedfor statistic and debuggingpurposes.Packet payload follows. Notice
the 32-bit maskaddedat the begining of the packet.

2.2.1 Crossp oin t Blo cks (Crossp oin ts)

Crosspoints (XPs) are responsible for storing/retrieving packets into/from
their corresponding bu�er memories. Figure 2.3 shows the top-level block
diagram of the crosspoint: a 32-bit wide packet data bus enters each cross-
point, along with the sop and eop signals. Each crosspoint receives a deq
signal from the corresponding column output scheduler and sendsto the
output a 32-bit data_out value. Notice the two di�erent clock domains:
the clock domain controlled by clk_wr contains the writing circuits, while
clk_rd handlesthe data reads.

Crosspoint organization is shown in Figure 2.4. Each XP has a 32-bit
wide input datapath, along with two control signals: a \Start Of Packet"
(sop) signal, which must be assertedfor one clock cycle during the trans-
missionof the �rst packet word and an \End Of Packet" (eop) signal, which
is assertedduring the transmissionof the last packet words. The sop signal
informs XP logic that a newpacket is beingsent. Each crosspoint looks indi-
vidually at a 32-bit destination bit-mask, described in the previoussection,
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Figure 2.3: Crosspoint block diagram.

and accordinglydecidesif the certain packet shouldbe handledby it or not.
The eop signal informs the crosspoint logic that the data enqueueingmust
stop.

to next
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Figure 2.4: Crosspoint organization: notice the two clock domains;they meet
in the memory and in the 1-bit synchronizer circuit.

Both sop and eop signalsare neededin order to reducethe complexity of
the switch core. In fact, in order to remove those64 signals,we would have
to include someline-card and the packet enqueuecontrol logic inside the
switch, which would add to its area and complexity. On the other hand, if
thoselogic blocks wereplacedinsidethe switch, credits would not have to be
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sent to the line cards,which would decreasethe number of I/O ports needed.
Although the last argument is very important in the caseof medium- to
large-scalebu�ered crossbars(as chip I/O throughput is limited and has to
remain low for pin count, power consumption,and pricing reasons),a clever
organization of credit logic can remove this initially predicted overhead1.

In particular, in order to remove the eop signal, extra logic would have
to be added inside the switch, which would detect the sop arrival, send
the enqueuesignal to the corresponding crosspoint, capture and decrement
the packet's size,and deassertthe enqueuesignalwhenthe packet is written.
During most of the stagesof this work, this logic wasactually included in the
switch, but its necessity provedworthless,aswith just a little I/O throughput
overhead2, this logic was easily omitted from the fabric. Note that only 32
such \enqueue logic" blocks were used, as we only neededone per switch
row: every crosspoint that actually enqueueda packet would \listen" to the
eop signal generatedby that logic; the rest would just ignore it.

When both sop and the corresponding bit of the bit-mask are asserted,
the crosspoint logic must perform a packet enqueueto the SRAM. This is
carried out by setting a latched signal, called my_pck, which in turn asserts
the SRAM's write enableand increments the 9-bit enqueueaddresscounter.
When eop signal arrives,the enqueueFSM deassertswrite enableand stops
the enqueuepointer from incrementing.

We must also forward the my_pcksignal to the corresponding output
scheduler, informing that a packet is being enqueuedto oneof the 32 cross-
points connectedto the column's scheduler. This event wakesup the output
scheduler if the output link has been idle. We thus feed this new-packet-
arrival signal to a simple 1-bit synchronizer, which is depicted in Figure 2.5.
The signal sets an RS 
ip-
op and its output Q is sampledby a seriesof
three D 
ip-
ops clocked by the output clock domain (clk_rd ). When the
pulseis received, an acknowledgment signal travelsback, which resetsthe RS

ip-
op. The synchronization delay is 5 clock cycles,far lessthan the min-
imum packet size(40 Bytes) enqueuetime, which, in the caseof our 32-bit
datapath, corresponds to 10 cycles. Note that the two clock frequenciesare
always closeto each other, which is always the casein switches, sincethey
have the sameinput and output throughput. Synchronizer designis brie
y
presented in the Appendix.

Packets are enqueued/dequeuedin a 512� 32 (2 KByte) Two-Port Reg-
ister File SRAM from Virtual Silicon Technology [43]. This memory has
a 32-bit port for read and an independent 32-bit port for write; read and
write addressesare 9 bits wide (seeFigure 2.3). The independent read and
write cyclesare timed with respect to their own clocks, namely clk_rd and
clk_wr respectively. It shouldbe noted that during a read cycle, the output

1This organization is thoroughly presented in a following section.
2Not high chip I/O overhead, though, as \End Of Packet" transmission is carried out

at most every \minim um-packet-size" time, which is 10clock cyclesin our 32-bit datapath;
hencefast and expensive tranceivers are not needed.
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Figure 2.5: 1-bit synchronizer circuit.

bus valuesare held if read enableis not asserted.This read enablefeature is
usedto save RAM power without the needfor external clock gating.

The last part of the crosspoint logic is the dequeuesub-module. Whenever
the output schedulerdecidesto dequeuea packet from the speci�c crosspoint,
it assertsthe deq signal, which �res the dequeueFSM corresponding to that
output; readenableis assertedand dequeuepointer is then incremented. The
deq signal remainsassertedfor the time neededto fully dequeuethe packet,
and is controlled by the output scheduler dequeuelogic.

2.2.2 Output Schedulers

The output schedulersare responsiblefor: (a) selectingthe next eligible 
o w
from a certain crosspoint of the samecolumn; (b) initializing the transmission
of packets to the speci�c switch output; and (c) sendinga credit back to the
line cards. A 
o w is called eligible if the corresponding crosspoint contains
packets that are waiting to be sent. If there are more than oneeligible 
o ws,
the output scheduler has to select one of them; this selectioncan depend
on the 
o w priorit y (possibly its weight - i.e. in Weighted Round Robin
scheduling), or on a plain round robin policy. In this work we did not aim
at implementing new and sophisticatedoutput schedulerpolicies,but rather
usea plain round robin scheduler: the output scheduler maintains a list of
the eligible 
o ws and after serving one 
o w, it selectsthe next eligible 
o w
of the list 3. The output scheduler knows which 
o ws are eligible or not
through the synchronized my_pcksignalsit receives from the crosspoints of
the samecolumn. Since the synchronization delay is 5 clock cyclesand a
packet transmissionlasts for 10 cycles,we claim that the scheduler supports
cut-through operation (with a 5 cycle overhead): when all 32 crosspoints

3In the �rst stagesof this thesis, we developed a Weighted Round Robin output sched-
uler with \smart comparator usage"for a 4� 4 crossbarswitch, that would be implemented
in an FPGA. This scheduler is examined in the Appendix.
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of a column are empty and a minimum-sizepacket arrives to one of them,
only 5 clock cyclesare neededto initialize its dequeueto the switch output,
whereasthe time neededfor the packet to be written to the crosspoint is 10
clock cycles.

Output schedulerblock diagram canbe seenin Figure 2.6,while its orga-
nization is presented in Figure 2.7. The schedulerhasthirt y-two 32-bit data

deq

32

32
line out 1

32

32

32

line out 2

line out 3

line out 4

line out 32

data out
32OUTPUT

SCHEDULER

clk_rd
reset

3232 32

my_pck
synchronized credit

signals

Figure 2.6: RR Output Scheduler block diagram.

inputs, which originate from the column crosspoint memories'data outputs.
32synchronizedmy_pcksignalsarealsosent from the crosspoint synchroniza-
tion logic. The output scheduler sends32 credit signalsback to the switch
inputs and a 32-bit deq bus to the column crosspoints. The dequeuesignals
act as read enablefor the crosspoint memories.

In order to produce the list of eligible 
o ws, the scheduler maintains
thirt y-two 6-bit packet counters 4, which are incremented each time a syn-
chronizedmy_pcksignalarrivesand decremented when the selectedpacket is
being dequeued;when thesecounters are equal to zero,the 
o w is ineligible.
The 32-bit eligibilit y mask that is createdin this way enters a Round-Robin
Priorit y Enforcer, which is responsiblefor selectingthe next eligible 
o w (its
output is a 32-bit value, with onebit equal to \1" and 31 bits equalto zero).
This 32-bit crosspoint selectionbus is sent to the column crosspoints and at
the sametime the speci�c packet counter value is decremented. When the
�rst packet word is dequeuedfrom the crosspoint and arrivesat the sched-
uler, the packet sizeis stored, in order to allow the scheduler to know when
it should stop dequeueing. If, while one packet has beenalmost dequeued,
there exists at least one eligible 
o w in the samecolumn, the scheduler has
to start pre-scheduling, in order to choosethe next eligible 
o w and not miss
any clock cyclesin between. Hence,back-to-back operation is achieved.

4Six bits are su�cien t becauseeach crosspoint bu�er can store at most 50 (minimum-
size) packets.
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Figure 2.7: RR Output Schedulerorganization: crosspoint memoriesare illustrated
for clarity; they do not belongto the output scheduler.

2.2.3 Credit Schedulers

Credit schedulersare responsible for: (a) collecting the credit signals from
the output schedulers;and (b) sendingthem back to the line cards; there is
one line card per row. Sinceit is the line cards' responsibility to recover the
receiving clock (as happenswith outgoing packet data), credits are sent in
respect to the output clock, henceno synchronization circuitry is required.

The credit format should satisfy one constraint: it should contain the
absolutely necessaryinformation that the line card should know, in order
to save I/O bandwidth (packagepins and expensive I/O pads). In order to
remove asmuch logic possiblefrom the switch core,we decidedthat the line
cards should perform all necessarycredit computing operations. For error
resiliencepurposes,the credit schedulers adopt a QFC-like [30] approach:
instead of sendingthe information that \the next packet has just left from
crosspoint . . . " 5, they just send\the total, cumulative number of packets
that have left up to now from crosspoint . . . , modulo 2k , is equalto . . . " [19].
As a result: (i ) we do not needto sendonecredit for every packet; and (ii )
even if somecredits get lost, the next arriving credit carriescumulative in-
formation from past ones,too 6. Line card logic is responsiblefor concluding

5This information could have the form of a 5-bit encoded crosspoint (i.e. output)
number, but one such credit losswould have undesirablee�ects.

6We just have to ensurethat at least onecredit will safelyarrive for every 2k departing
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that the credit number just received is di�erent from the previously stored
corresponding value, hencea new credit hasarrived. Credit format is shown
in �gure 2.8. It is 16 bits wide, with the most signi�cant 7 bits reserved for
future use (possibly 2 bits for error checking purposes,plus 3 bits for sup-
porting up to 8 distinct priorities). The next 4 bits contain the actual credit
value (number of packets sent from the corresponding crosspoint), while the
5 least signi�cant bits refer to the crosspoint's ID.
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Figure 2.8: Credit format.

Figure 2.9 shows the credit scheduler block diagram. Each credit sched-
uler module receives a 32-bit credit mask, referring to dequeuesfrom the
correspoinding row crosspoints, and sendsa 16-bit credit bus to the respec-
tive line card logic.

32

SCHEDULER

CREDIT

reset

credit
out credit pulse

clk_rd

16

Figure 2.9: RR Credit Scheduler block diagram.

Credit schedulerinternal organizationis shown in Figure 2.10. The sched-
uler maintains 32 4-bit \sent-packet" counters, which contain the number of
packets that have beendequeuedfrom the respective row crosspoints. Ob-
viously this counter wraps around when 16 packets have beendequeuedand
the 17-nth credit has just arrived.

Each time a credit arrives, the respective credit counter sets its output
credit_change bit, informing the scheduler that its value has just changed.
The 32-bit credit_change_mask value is connectedto a Round Robin Prior-
it y Enforcer,which selectsthe next (changed)credit valuethat will besent to
the line cards. This is indicated by its 32-bit output, credit_choose_mask,
which, exceptfor selectingthe credit valuethat will be sent to the line cards,
is alsoresponsiblefor resetting the credit_change 
ag of the corresponding
counter.

packets, i.e. before the counter wraps around.
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Figure 2.10: RR Credit Scheduler organization.

Assumingthat credit switch outputs will useabout 1/8 of the bandwidth
of every switch packet data input/output 7, each 16-bit credit valuewill need
4 clock cyclesin order to be sent to the line card 8. As a result, scheduling is
carried out in 4-cycleintervals. Sincescheduling time is 4 clock cycles,the
scheduler needs4 � 32 = 128clock cyclesto sendall 32 credit values.

Credit signalscan arrive at any time from the output schedulers, with
the extremeof all 32 bits of the credit_pulse_mask being set in one clock
cycle. In this case,credit_change_mask is all \1" and one credit counter
value is selectedto be sent. Due to the fact that the next credit signals
will come at least one minimum-packet transmission time after this event
(10 clock cycles),no counter can over
ow sooner than 170clock cycleshave
passed;hence,the scheduler has enoughtime to send all 32 credits before
any counter wraps around.

Last of all, it should be noted that if the credit_change_mask is all
zeroes, meaning that no credit has been received for at least the last 128
clock cycles(nearly 13 packet-times), the credit scheduler sendsthe stored
credit counter values. In this way, the line card logic can check if the credit

7This is desirable in order to save packagepins and I/O tranceiver pads.
8In one cycle, 32 packet data bits are received/sent, hence if credits use 1/8 of this

bandwidth (4 bits per cycle), 4 cyclesare neededfor the transmission of the 16-bit credit
value.
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value haschangedsincelast time and thus perform error checking.

2.2.4 Line Card Logic

The switch presented sofar could be tested in two ways: (a) by feedingthe
simulator with trace �les containing real or generatedtra�c; and/or (b) by
designinga simple line card and feedingthe switch with tra�c from the line
card's tra�c generator. During the initial stagesof the switch design, we
usedtracesgeneratedfrom the simulator which was written in C++ and is
thoroughly presented in [29]and [19]. The trace �les consistedof packet sizes
and the exact time they were arriving at the switch inputs. Later on, the
credit logic designedin the simulator changedfrom the onewe usedand, asa
result, in order to test and verify the switch operation, we designeda Verilog
model of the line card.

Line card block diagram is presented in Figure 2.11. Each line card is

to switch row

32

16

reset
clk_wr

LINE

CARD

LOGIC
eop

sop

line out

credit in (from switch cr. output)

Figure 2.11: Line Card block diagram

responsiblefor sendingpacket data (32-bit line out bus), and the \Start Of
Packet" (sop) and \End Of Packet" (eop) signals to the respective switch
row. Feedback information from the switch is packed in the 16-bit credit
bus that is sent through the corresponding switch credit scheduler to the
line card block. Line card constists of two parts: (a) packet construction
and transmissionlogic; and (b) credit processinglogic. Thesetwo parts are
completely independent, as a credit can comeat any time, regardlessof the
state of a possiblepacket transmission. The two parts are discussedin more
detail in the next two subsections.

Packet Construction and Transmission Logic

As each line card hasmultiple (32) Virtual Output Queues(VOQs), 32FIFO
queuesare maintained; these contain the size of each packet that has just
begun transmission from the line card to the switch. A 32-entry \empty
crosspoint bu�er size" array is also used, in order to store the empty space
of each crosspoint bu�er of the corresponding switch row. The packet trans-
mission FSM is shown in Figure 2.12. This FSM is in the IDLE state if no
packet can/has to be constructedand sent. When the enq signal is set, the
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Figure 2.12: Line card packet transmissionFSM.

FSM goes to VOQ_PREPstate. If the new packet's size �ts into the corre-
sponding crosspoint bu�er, pck_fits is asserted,packet sizeis enqueuedin
the respective FIFO, the speci�c crosspoint bu�er size is decremented by
the pck_sz value and the corresponding packet counter is incremented. The
next four statesare responsiblefor sendingto the switch the packet bit mask
(XMIT_BM), packet length (XMIT_PL), a timestamp(XMIT_TS) and the packet's
serialnumber (XMIT_PCK_SN); packet format is shown in section2.2. In order
to support back-to-back transmission(pre_schedule is asserted),the FSM
goesto the VOQ_PREPstate beforethe packet's last word is sent to the switch,
and the preperations for a new packet transmissionstart.

Credit Pro cessing Logic

In this behavioral module, a 32-entry credit array is maintained in order to
store the previous credit counter values. These values are comparedwith
the newly received ones: if they di�er, then we have a new credit for that
particular VOQ. As a result, a FIFO dequeuehas to be performed,the new
credit valuemust bestoredand the empty spaceof that particular crosspoint
has to be incremented by the packet sizestored in the headof the FIFO.

Switc h Veri�cation

The switch is tested by using the Cadence[20] NCLaunch tool. Three types
of tra�c are sent: (a) all minimum-size packets (40 Bytes); (b) randomly
selectedpackets; and (c) only maximum-sizepackets (1500Bytes). Packets
are sent either back-to-back, or with a random interpacket delay. We use
two test scenarios:(a) all inputs sendpackets to all outputs randomly; (b)
all inputs sendpackets to a speci�c output; obviously, the scenariothat puts
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more stresson the switch core is when smallest sizepackets are sent back-
to-back to a speci�c output. In that case, the crosspoint bu�ers of that
switch \column" are �lled with 40-Byte packets and the output scheduler
has to make a decisionin 10 clock cycles,which is the transmissiontime of
a minimum-sizepacket. In this way, we achieve back-to-back operation.

2.3 Conclusions

In this chapter we presented in detail the switch and line card internal orga-
nization and operation. Crosspoint logic should be as small as possible,as
the O(N 2) crossbarcomplexity could prove, in the later designstages(syn-
thesisand placement & routing), to be a prohibitiv e implementation factor.
By minimizing the logic at the clock domain boundaries,synchronization be-
comeseasyandsimple. Furthermore,no packet segmentation and reassembly
is required, by directly supporting variable-sizeoperation and with padding
a 32-bit destination bit-mask at the beginningof each packet header.Output
and credit schedulersare as simple as possible,whereastheir aggregatesize
is ordersof magnitudesmaller than total memoryarea;hence,morecomplex
policiescanalsobesupported, without signi�cantly a�ecting the total switch
corearea.



Chapter 3

Logic Synthesis

3.1 In tro duction

Logicsynthesisis oneof the most important phasesof the design
o w in state-
of-the-art circuits. It aims at transforming the HDL (usually Verilog HDL
or VHDL) descriptionof the circuit into a technology-dependent, Gate-Level
netlist. Through this process,the hardware designerde�nes the environ-
mental conditions, contraints, compile methodology, designrules and target
libraries, in order to achieve certain designgoalsset by the initial speci�ca-
tions. The Gate-Level representation of the circuit is the input �le to the
Place& Route tool, which is described in the next chapter.

The tool we usefor the logic synthesis of the switch is SynopsysDesign
Compiler (DC) [46], the most widely usedsynthesis tool. DesignCompiler
optimizeslogic designsfor speed,areaand wire routabilit y. From the de�ned
goals,DC synthesizesthe circuit and tailors it to a target technology. The
rest of this chapter is as follows: �rst we present the two ways the synthesis
procedurecan be carried out, 
at and hierarchical, and comparethem. We
then describe the synthesis 
o w we followed for the 32� 32 bu�ered crossbar
switch, accompaniedby our synthesis results. Later on, we will compare
theseresults to the placement & routing onesand useful conclusionswill be
drawn. Finally, we brie
y talk about post-synthesisveri�cation.

3.2 Synthesis Flo w

The synthesis 
o w that we follow can be seenin Figure 3.1. We initially
read the designunder synthesis; this enablesDC to load all designinstances
into memory and report possibleHDL errors. Next we set initial design
constraints, such as: (a) maximum circuit area,or zero if ultra \size" mini-
mization has to be performed; (b) circuit clock(s); (c) maximum transition
time of speci�c nets; (d) maximum capacitanceof nets, etc. Circuit area
and clock cycle speci�cation are usually enoughin order to synthesizemost
circuits. Designmust then be checked. This enablesSynopsysto report mis-

25
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takeswhich usually have to do with wrongmodule instantiations, or interface
mismatches. After this \check design" phaseis complete, we optimize the
design, by setting again the appropriate valuesfor the di�erent constraints.
Usually, we wish to minimize circuit area and increaseoperating frequency.
Somenets may also have to be constrainedin terms of capacitanceor tim-
ing, but thesedecisionscan usually only be taken into account after actual
chip layout is de�ned. As a result, the latter has to be almost de�ned be-
fore synthesis commences.After this �nal phase,we analysethe reports of
the tool and check for unmet constraints. If such exist, the designerusually
has to: (a) rewrite HDL code, in order, for example, to meet certain tim-
ing constraints; (b) modify the constraints themselves, which unfortunately
may result in a slightly di�erent design; (c) changecompile attributes, for
example,changetool optimization priorities; (d) ungroup (i.e. remove any
hierarchy from designblocks), in order to o�er the tool the abilit y to handle
largermodulesand possiblyproducebetter analysisand optimization results;
unfortunately, we cannot completelyremove the hierarchy in the caseof very
large designs. Last of all, we can analyzepower consumption and perform
power optimizations. Synthesis power estimation is presented in chapter 5,
while power optimization techniquescan be found in the Appendix.

3.3 Flat vs. Hierarc hical Synthesis

Flat designscontain no subdesignsand have only one structural level; they
only contain library cells. Design Compiler does not optimize acrosshi-
erarchical boundaries; therefore, by removing the hierarchy within certain
designs,timing results can be improved. Removing of hierarchy is called
ungrouping. Through this task, subdesignsof a given level of hierarchy are
mergedinto the parent design.

Although 
at synthesis usually provides the best results, this approach
cannot be followed in the caseof large designs.This is because,at the pres-
enceof a large number of multi-instantiated modules,ungrouping will build
every instantiated module from scratch, thus needing large computational
resources.In such cases,a hierarchical approach is proposed: each module
is synthesized, fully optimized, and saved as a separatedesign. Then, it is
loadedback to the tool and linked into the higher hierarchy module. Synop-
syswill then only have to deal with identicaly-synthesizedmodule instantia-
tions, which will reduceexecutiontime. Onedisadvantageof the hierarchical
approach is that the tool cannot perform low-level optimizations, after the
higher-level design is synthesized. Such optimizations are useful when, for
example,the designerwishesto optimize the designfor power consumption.
In that case,cells that are located at non-critical paths are usually replaced
by others that are smaller, henceconsumelesspower, but are slower. Such
optimizations cannot be performed inside low-hierarchy blocks directly at
the top-level of a hierarchical design.
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Figure 3.1: Genericsynthesis 
o w.

Synthesis hierarchy organization followed can be seenin Figure 3.2. We
synthesizelow hierarchy blocks, likecrosspoints, output and credit schedulers
in a 
at manner. This is decidedin order to achieve maximum optimization
on thoseblocks; the latter is requiredbecause,due to the large instantiation
number of these blocks (1024 crosspoint and 32 output and credit sched-
uler modules), lack of optimization can eventually limit the design goals.
Theselow hierarchy blocks are then grouped into higher hierarchy modules:
32 columns include 32 crosspoints and one output scheduler module each,
whereasonecredit module is usedto group the 32 credit schedulers. These
groupings are performed in the RTL, but can also be carried out success-
fully through the Synopsysenvironment, by using the group command. As
a result, the top designmodule consistsof merely 32 column and onecredit
module.

It shouldbe noted that during the Placement and Routing (P&R) design
stage,we observed that the tool could not successfullyperform P&R of these
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Figure 3.2: Synthesishierarchy organization: crosspoint modules(XP), out-
put schedulers (OS) and credit schedulers (CS) were synthesized in a 
at
manner. Each crossbarcolumn wassynthesizedby linking 32 cosspoints and
one output scheduler module. The 32 credit scheduler modules were linked
into a higher hierarchy module, as well. The 32 crosspoint columnsand the
credit module were linked into the top hierarchy module. Later on, it was
realizedthat placement and routing would be performedeasierif we added
another level of hierarchy, by grouping the 32 columns into two setsof 16;
this procedurerequired circuit resynthesis and is illustrated on the left side
of the �gure.

33 modules;this wasmainly due to the largesizeof �les handledby the tool.
As a result, we decidedto go back to the synthesisstageand regroup the 32
columnsinto 2 setsof 16; P&R would thereforebe performedhierarchically
into these 2 modules, which would connect to the credit block in the top-
level. This grouping was carried out through the Synopsysenvironment, by
using the group command.

3.4 Synthesis Results

The synthesis processis completed relatively easily and timing contraints
are met, while circuit area is kept to a minimum. Timing constraints are of
the greatestimportance,aswe opted for a clock frequencyof 300MHz (3.35
nsecclock cycle); we wereconstrainedto 300MHz due to the fact that it was



CHAPTER 3. LOGIC SYNTHESIS 29

the maximum operating frequencyof the 2-port SRAMs we had. Hence,we
achieve 300Gbit=secincoming switch throughput (32 inputs of 9.6 Gbit=sec
link throughput). Synthesis results can be seenin Table 3.1.

Module Gates Flip-Flops SRAM Area Area
(number (K) (K) 2-port 0:18�m 0:13�m
of instances) (bits) (mm2) (mm2)
XPD (1024) 65.0 91.0 9.30 4.2
XPM (1024) 16 M 286.00 130.0
OS (32) 68.0 9.7 3.25 1.5
CS (32) 27.5 6.4 1.45 0.6
Total 162.7 107.1 16 M 300.00 136.3

Table 3.1: Synthesis results: total numbers shown, including all instances.
XPD, XPM, OS and CS refer to crosspoint datapath, crosspoint memories,
output schedulersand credit schedulersrespectively. Memory area is com-
puted from datasheets[43].

Although wiring areais not yet included 1, it is evident that circuit logic
areaoccupies5%of the total chip corearea,leaving the rest 95%for the 1024
memories.0:13�m resultsare computedby extrapolation. The extrapolated
areaof 140mm2 shows that the 32� 32 bu�ered crossbarswitch is feasible.

An interesting aspect of any switch architecture is its cost in a per-input,
per-output and per-crosspoint basis. Thosecostsare shown in Table 3.2. In
order to producetheseresults,we designfour di�erent switchesbasedon the
proposedarchitecture (4� 4, 8� 8, 16� 16 and 32� 32) and averagethe gate
and 
ip 
op sums per input, output and crosspoint, accordingly. Since in
each input and output port there is a scheduler whosecomplexity depends
on the numbersof its inputs, the per-port complexity dependson the actual
number of the input ports of the switch. The per-input cost corresponds to
the costsof the CS modules, the per-output cost consistsmainly of the cost
of the OS, whereasthe crosspoint cost includes the costsof the XPM and
XPD. As this table clearly demonstrates,the per-input and per-output costs
are not signi�cant. Moreover, although the �gures of the crosspoint costs
seemrelatively high, the table indicates that large switches, basedon the
proposedarchitecture, can be easily implemented in today's state-of-theart
high density technologies.

3.5 Post-syn thesis Veri�cation & Conclusions

Post-synthesis veri�cation is possibly the most important phaseof the syn-
thesis 
o w. It aims at testing whether the initial RTL designhas the same
behaviour as the Gate-Level netlist producedby the synthesis tool. In most

1But is included in the placement & routing results presented in the next chapter.
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Gates FF
per-input 27 x i 2.5 x i
per-output 70 x i 10 x i
per-crosspoint 63 70

Table 3.2: Per input/output/crossp oint logic costs; i in the number of the
input ports of the switch.

of the casesthe initial resultsare not the same,and the designerhasto care-
fully investigate the reasonfor the erroneousbehaviour of the Gate-Level
netlist. Usual mistakes happen when the circuit doesnot reset correctly, a
mistake that can passunseenfrom the HDL compiler & simulator, but, of
course,the actual circuit will not work correctly.

Our synthesizedGate-Level netlist is imported back to the Verilog com-
piler (CadenceNCLaunch [20]) and is tested within the sameenvironment
as the initial RTL design. The �nal netlist proves to behave correctly. The
netlist is now ready to be imported to the Place & Route tool for the �nal
phaseof the designprocess.



Chapter 4

Placemen t and Routing

In this chapter we explore the Placement and Routing (P&R) processfol-
lowed when implementing the 32� 32 buffered crossbarswitch examinedin
the previouschapters. This processwas a major part of this thesis,both in
time and effort terms. Although the chip is \regular", as shown in the next
section, it proves too large for the available P&R tool to handle in a 
at
manner; as a result, we have to resort in a hierarchical P&R process,which
posesmany dif�culties, in terms of choosingthe optimal hierarchy organiza-
tion that will reduceinterface cost and result in a regular �nal chip aspect
ratio. The rest of this chapter is as follows: at �rst we compare
at versus
hierarchical P&R and present the exact 
o w followed in our case.Next, we
examinethe various hierarchy organizationsproposedduring the P&R pro-
cessand proposeour �nal organization, followed by a thorough presentation
of the P&R processfor the major hierarchy components of the switch. Last
of all, we present our post-P&R areaand power consumptionresults.

4.1 Flat vs. Hierarc hical Placemen t & Rout-
ing

The 32� 32 crossbarchip is a highly regular chip, consisting merely of 32
identical \ro ws" and 32 indentical \columns" (seeFigure 2.1). P&R can be
thereforebequite straightforward, in the presenceof a tool destinedfor \hand
design": the designerplaceseach crosspoint at speci�c positions and wires
are routed through each row and column. Becausesuch a tool doesnot exist,
wehave to useautomatic P&R tools. It shouldbenoted that automatic P&R
toolsoffer somefreedomfor user-de�nedlogic cell/block placement, but such
a processis dif�cult whencarried out for a largenumber of logic cells/blocks.
Furthermore, the tools we can usehave gate limitations in their automatic
P&R algorithms, as a result we follow a hierarchical P&R approach. Last,
the number and size of instancesmust also be taken into account, as the
presenceof a large number of complicated instances(which meanstiming
and layout �le complexity) can posegreat dif�culties in the P&R process.

31
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Figure 4.1: Routing global wires in hierarchical designs:hierarchy prevents
the P&R toolsfrom routing globalwiresthrough lower hierarchy components,
unlessthe designerhasexplicitly stated so.

We perform hierarchical P&R by placing and routing the lower hierarchy
blocks, then importing them to the upper hierarchy level; asa result, the P&R
tool treats lower-level blocks asblack boxeswith speci�c interfaces,as is the
casewith memories.Unfortunately, this approach posessomedisadvantages,
comparedto completely 
at P&R:

� hierarchy hinders the algorithms that perform global (area, timing)
optimizations, which meansthat hierarchy components must be fully
optimized beforeporting them to the upper hierarchy level

� areais addedin the total design,sinceevery block in the hierarchy must
havededicatedpower rings, in order to terminate the power (VDD) and
ground (VSS) lines that traversethe chip horizontally (which provide
power and ground connectionsto the standard cells) 1

Another hierarchy-related point is that we often wish to allow wires to travel
on top of or through the low hierarchy components, which helps the P&R
tool to cope with timing violations that might be causedby otherwisebeing
forcedto route wiresup and down the low hierarchy blocks, asseenin Figure
4.1. The latter canbe accomplishedin two ways: (a) placeand route the low
hierarchy blocks at lower metal layers (e.g. up to metal 5), so that higher
hierarchy wirescantravel on top of theseblocks; and (b) provide feedthroughs
in low hierarchy components, thus letting wires travel through each block.
Both thesesolutionsare worsethan what would be usedin a completely 
at
process,wherethe tool's advancedalgorithms can �nd the optimal solution.
It should be noted that the exact position of the input/outputs (I/O) can
alsoaffect our decisions.

1Power and ground lines are in metal 1 and 2, as a result these lines cannot be routed
through the black boxes present (such as memoriesat the lowest level of hierarchy).
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Figure 4.2: Switch internal organization: block interfaces.

4.2 Cho osing a Hierarc hy Organization

As can be seenin Figure 4.2, each switch column has thirt y-two 32-bit data
inputs, 64 singlebit sop and eop inputs, one32-bit data output and thirt y-
two 16-bit credit outputs; theseamount to 1088inputs and 48outputs. From
the �gure it is evident that input lineshaveto connectto every switch column;
asa result, in order to avoid long and unwanted data lines, we comeup with
the two strategiesmentioned in the previous section: (a) place and route
each column up to a lower metal layer, so that data lines can travel over
every column; and (b) passall data linesthrough every columnfrom the RTL
level, usingdummy wires. Weconcludethat the latter solution is preferrable,
because,as we are aiming at the smalestpossiblecolumn area, solution (a)
will most probably be not as \area-aware" as solution (b). This is because,
if we follow solution (a), each column will be placed & routed up to metal
layer 5, leaving the (highest) metal layer 6 unrouted by local column wires;
hence,column areaoptimization will not be accomplished.

Another interesting point is memoryorientation. As shown in Figure 4.4,
memory interfacelies on the three of the four sidesof the memory, with data
lines lying on the south side of its surface. This initially leadsus to place
every memory with its long side on the \x-axis", which results in a fairly
\lo w" and \wide" column (seeFigure 4.3(a)).
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Figure 4.3: Column orientation alternatives: Case(a) has the worst aspect
ratio, almost 1:3 and was thus abandoned.Case(b), although having better
and acceptableaspect ratio (1:2), was unroutable. Case(c) proved to be
easyto route, without making the aspect ratio any worse. Chip coreaspect
ratios can be seenin the bottom of the �gure.

As a result, data linesenter the columnfrom the westsides(and exit from
the opposite side), credit signalsexit from the north side, leaving the south
sidefor data outputs. Fortunately, the P&R tool weuse,CadenceEncounter,
offers the abilit y to manualy place hard blocks (memories) and even soft
blocks, like our designedmodules,although not soexact, as is the casewith
hard blocks. Unfortunately, this organization leadsto an aspect ratio of 1:3
for the whole chip core, which is obviously not prefferable. By placing the
memorieswith their \small" sideon the x-axis (seeFigure 4.3(b)), although
resulting in an aspect ratio of 1:2, will also result in very long columns,
which makesP&R dif�cult, if not impossible,as long wires have to traverse
the whole column height; the tool will thus have to buffer strongly these
wires, which addsto the total column areaand corepower consumption.

On the other hand, the placement of Figure 4.3(c) seemsto be the best
alternative present. In this organization, the 32 columns are divided in 2
and placedwith their \small" sideson the x-axis. As a result, total column
width is approximately 900 �m and the corresponding height 14000 �m ,
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Figure 4.4: Memory layout: all signalsconnectto the lower 1=3 of the mem-
ory (noted with the dotted line). Memory is placed & routed up to metal
layer 4.

which results in a 15000�m � 29000�m switch core,with total area420mm2

and aspect ratio of 1:2.

4.3 Placemen t and Routing Flo w

We place & route the switch chip core with CadenceEncounter [20]. P&R

o w followedcanbeseenin Figure 4.5. It comprisesof variousstages,someof
them being optional, although important for new designcases;we present a
comprehensive P&R tutorial in the Appendix. At �rst the designis imported
to the tool. The �les neededaretechnologydependent and areeither givenby
the technology vendor (in our caseVirtual Silicon UMC 0.18�m [21]) or are
producedby the synthesistool (in our caseSynopsysDesignCompiler). The
vendor provides the P&R tool with (a) technology library - .lib �les, which
contain the exact electrical characteristics of the library standard cells, (b)
layout - .lef �les, which include standard cell actual layout, pin placement
and metal layer usageand (c) verilog - .v �les, containing the interface of
every standard cell. The samevendor also provides the memory models, so
the memory timing library - .tlf �le was also included. From the synthesis
tool point of view, the only information neededto be passedon to the P&R
tool is the Synopsystechnology mapped - .v Gate-Level representation of the
design.

After importing the design, the designerhas to Floorplan the various
verilog modulesand/or black boxesin the actual chip. Modulescanbeeither
\softly" placed, that is the tool can alter their shape, or \hard" placed,
in which casetheir shape cannot change signi�cantly or at all during the
placement phase. Power rings are created and block rings are added for
power/ground termination purposes. Input/Output pins are also placed in
this stage: from the switch layout provided in Figure 4.2, it seemsobvious to
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Figure 4.5: Placement and Routing Flow followed. Somestages(pad place-
ment, crosstalk checks, DFT) were omitted, as we opted in demonstrating
the feasibility of the idea, not manufacture an actual chip.

placeall input pins (data and sop / eop signals)on the west sideof the chip,
data output lines on the south side and credit outputs on the north side.
Note that decisionscarried out in this stageare of the greatest importance,
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and needthorough \pap er-design", as they affect the whole designprocess
and the �nal result, both in areaand in timing terms. The most important
decisionsare,of course,chip exact layout, utilization percentage(i.e. amount
of \empty" row spaceamong standard cell rows used for wiring) and I/O
placement. Utilization value was not given explicitly, as we are aiming at a
prede�ned sizeof the module under P&R; so we state utilization implicitly
by specifying the exact sizesof all the modules.

Low effort Trial Placement comesnext. During this stage,the tool tries
to place the standard cells and/or black boxes of the designand produces
the initial placement results, that will provide us with information regarding
designsizeerrorsand wrong utilization decisions,aswell asan estimation of
net length. The tool usesheuristic algorithms and tries to improve placement
results (net length) for about 15 \trial rounds".

Next comesa medium effort Trial route phase,in which the tool tries to
route the previously placeddesign. This phasewill let us know whether the
designis routable and in which locations on the actual chip wire over
ows
occur. The latter canbedueto lack of spacefor wire routing amongstandard
cellsand/or black boxesand is the result of optimistic utilization decisionsor
wrong placement of black boxesor I/O pins in the 
o orplan stage. If the tool
doesnot provide us with good and promising results, we have to go back to
the 
o orplaning stageand \giv e somespace",or rearrangethe blocks/pins.
During this phase,an initial timing check of the designcan be carried out,
although the clock signal is not yet placed and routed. This enablesus to
check wrong placement desicions,which have resulted in extra and needless
wiring.

When trial routing is complete, we move to the Clock Tree Placement
phase.During this stagethe P&R tool readsthe clock speci�c ation �le and
tries to place and route the clock tree (or trees, in our case)in the design.
This is carried out with buffer insertions and thorough computations of the
tree node weights, so as to minimize clock skew (uncertainty) produced by
unbalancedclock tree placement.

After the clock tree placement and routing, we perform a highly detailed
Timing Driven Placement, which possiblymovessomestandard cells to new
positions,accordingto the timing contraints we have imported at the initial
stageof the processand taking into account the clock tree and the register
positions.

This phaseis followed by the most important Final Route phase,which
is the most time- and resource-consumingpart of the whole P&R process.
Setup and hold times of registers are taken into account and, having in
mind the operating frequencyconstraint, the tools tries to buffer wires and
resizestandard cells in order to minimize clock skew. If the clock frequency
requirements are not met after this phaseis complete, we have to perform
in-place optimizations; should they fail, we have to go back to the initial
stagesand re-
o orplan the module, which meanschanging row utilization
and/or moving black boxesto new positions.
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4.4 Column Placemen t and Routing

As mentioned earlier, after thorough investigation of various column place-
ment and routing organizations,we cameup to a solution that seemedto be
nearly optimal; this wasaccomplishedby organizingall 32 memoriesof each
crossbarcolumn into 2 columns of 16 each and placing the memorieswith
their \small" sideson the x-axis (see4.3(c)).

By this organization, the input lines enter the column from the west side,
the data outputs are located on the south side,and the credit outputs come
out from the north side of the column. The input line feedthroughs(data
input lines and sop and eop signals)exit the column's eastside, in order to
enter the next column's respective west inputs. Note that all inputs and the
east outputs are the internal interface of the crosspoint modules, whereas
data and credit outputs comefrom the output scheduler module.

After placing the memories\b y hand", we alsohad to restrict the output
schedulermodule placement to the lower half of the column; this wascarried
out becauseit was noted that if there were no restrictions imposedon the
module placement, the tool could not placethe output scheduler'sstandard
cells cleverly enough,in order to avoid timing violations. In such casesthe
designermust \assist" the tool, either by restricting the area (up to a rea-
sonablesize, of course), changing I/O pin placement or even changing the
timing requirements themselves.

Finally, we should note that the credit signals,which originate from the
output scheduler module, have to be routed acrossa long way, until they
output the column module. As a result, if we do not locate \b y hand" the 32
output credit pulseregistersof each columnat the column'snorthest position
(right \b elow" the credit outputs), the tool is unable to meet the timing
goals. Actually, this problem is faced in conjunction with the respective
credit scheduler inputs, which are located in another component on top of
the crossbarcolumns(seeFigure 4.2). A �nal placedand routed view of the
column can be seenin Figure 4.6.

4.5 Credit Scheduler Placemen t and Routing

As mentioned earlier, there exist 32 credit schedulers in the crossbarchip
and are responsiblefor sendingin a round-robin manner the credit valuesto
the line card schedulers.There arealsotwo alternativesin this P&R process:

at and hierarchical. Flat P&R of the credit schedulersprovesto be a very
time consumingtask, as it hasto be carried out during the �nal stageof the
P&R, in which casethe tool has to handle all 32 column instancesand the

at credit schedulersas well. As a result, large layout, netlist and timing
�les have to be processedby the tool, and at the sametime, the 32 credit
scheduler blocks have to be placed & routed in a 
at manner. As a result,
we decide to P&R the credit schedulers in a very narrow \line" and then
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Figure 4.6: Final crosspoint column layout: The picture is rotated 90o clock-
wise for spacereasons. The output scheduler is located on the left (actual
bottom) half of the column, with the data output bus coming from the west
(actual south) side. Notice the line in/out metal 6 feedthroughs,that connect
to the corresponding line in data inputs of the adjacent column. Dequeue
pulseregistersweremanually locatedon the east(actual north) column side,
in order to avoid inter-block timing violations (their outputs, credit pulses,
connect to the credit schedulers,which will be placed on the right (actual
north) sideof the columns.

\hand-place" that block just above the column blocks (seeFigure 4.2).
By following this organization, the credit scheduler input signals (1024

credit signals)enter the block from the south side, while the credit outputs
(32 16-bit buses)comeout from the north side. We also have to place the
credit scheduler modules \b y hand" at speci�c positions inside the \line"
block and restrict those modules, in order to prevent the tool from moving
standard cellsof the 32 modulesat far located positions.

Credit schedulerP&R is thus straighforward and is completedeasily, also
meeting the timing requirements. The credit input pulse registersmust be
placed as close to the credit scheduler block inputs possibleand the tool
managesto comply with this requirement, without human intervention. As
a result, the credit scheduler input registers and the column credit pulse
output registers(destination and sourcerespectively) are located very close
to each other, thus meeting the clock requirements of theseadjacent blocks.
Note that thoserequirements are not met with the initial column placement
decisionsand are only solved by placing \b y hand" the credit pulse output
registers,as mentioned in the previoussubsection.

4.6 Adding Another Lev el of Hierarc hy: Top
Lev el Placemen t and Routing

After organizingthe switch corein 32 column modulesand onemodule con-
sisting of credit schedulers,we realizethat the tool cannot handle the place-
ment and routing of so many and so large instanceswithin a respectable
time. This has to do primarily with the machine that was usedto P&R the
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chip 2 and the large sizeof timing and layout �les that have to be analysed
by the tool in the �nal stage. Note that these�les are crucial in determining
whether timing will be met in the �nal chip.

Figure 4.7: 16-columnhigher level P&R: Data inputs canbe seenconnecting
to all 16 columnsvia feedthroughs.

As a result, we concludethat if we add another level of hierarchy in the
column organization, the problem will be solved. Organizing the columnsin
higher levelsof hierarchy is an easytask and is carried out by grouping them
during the synthesis procedureby using the Synopsysgroup command. A
reasonablehierarchy choiceis to group the 32 columnsin 2 pairs of 16 each,
placing and routing these two blocks separately and then combining only
three highest hierarchy blocks (two groups of 16 columns and one block of
credit schedulers). This task is carriedout successfully;a 16-columnresulting

2The only machine wecanusehas4 SPARC processors,400MHz each, and 3 GB RAM.
Useof a faster machine can possibly produce faster results, but hierarchical approach will
most probably be anavoidable.
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block can be seenin Figure 4.7, while a �nal chip core layout is shown in
Figure 4.8.

Figure 4.8: Final switch corelayout: Coreaspect ratio is 1:2. Data inputs are
fed from the west sideof the chip, while credit and data outputs comefrom
the north and south siderespectively. The two higher-level 16-columnblocks
are also visible. Two adjacent columns are also visible, with data lines of
input 12 passingthrough them. Core dimensionsare 14� 30 mm (420mm2).

4.7 Chip Packaging and Placemen t and Rout-
ing Results

4.7.1 Chip Packaging

The most important result of the P&R processis, of course,the total chip
corearea,which usually has to be as small as possible,in order to decrease
manufacturing cost and improve yield. Having �nal chip coreareaand pack-
age type, die area can be computed. There are times, however, when chip
core area cannot be brought to a minimum, as the chip I/O pins/pads are
so many or so large, that the core is pad-limited; this is because: (a) the
bonding padshave to be placedat someminimum distancefrom each other,
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but the periphery of the corecannot �t this requirement; (b) the tranceiver
circuits (SERDES) that have to be usedoccupy periphery larger than that
of the core. The opposite situation is called core-limited and meansthat the
core is large enoughto eventually determinedie area.

Note that depending on the number of I/O signalsand chip periphery
length, somepackagingtechnologiesmay result in a pad-and othersin a core-
limited chip. For example,oneof the most popular packagetypesusedtoday
for ASICs is Ball Grid Array (BGA) [38]. BGA can be either Wire Bond or
Flip Chip. In Wire Bond BGA, I/O pins have to be placedat the chip core
periphery, as shown in Figure 4.9(a), and then connectedto bonding pads
through special I/O cells. Bonding pads are then connectedvia bond wires
to the BGA packageballs. Pads cannot be placed too closeto each other:
today's valuesare 70�m pitch for single-row and 40-50�m staggeredpitch if
two rows are used. This placesrestrictions on the maximum number of I/Os
that the chip can �t, as they are proportional to its periphery; bonding pad
number is alsoproportional to die areasquareroot. As a result, although this
packaging method is cheap,it cannot be usedwhenwe have large number of
I/Os. Furthermore, bondingwiresarerelatively long (3-5 mm) and therefore
the connectionshave high inductance. Flip Chip BGA 4.9(b) can be used
instead: Although more expensive, this method allows much more I/O pins
to beconnectedto the (
ipp ed) chip core,which savesdie areain pad-limited
designs.Signal inductanceis also limited, as interconnect length is an order
of magnitude lessthan that of Wire Bond BGA.
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Package

Balls/Pins
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Figure 4.9: Wire Bond (a) and Flip Chip (b) BGA packaging solutions: if
the chip provesto be pad-limited in a Wire Bond approach, turning into Flip
Chip may prevent the core area increasethat would have to be adopted if
(a) was used.

In the caseof the 32� 32 bu�ered crossbarswitch, fast and relatively
large I/O tranceivers (SERDES) have to be used,as input and output data
link speedis nearly 10 Gbit=sec, whereascredit output link speedis 1/4 of
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the former, namely 2.5 Gbit=sec. If 3.125Gbit=sectranceivers (2.5 Gbit=sec
usefulrate) areused,then 4 andoneuni-directional tranceiversareneededfor
every data line and credit line respectively. Thus, weneed(32+ 32)� 4+ 32 =
288uni-directional tranceiversfor the wholechip, in addition to 64traditional
wires for the sop and eop signals. If the 32� 32 bu�ered crossbarswitch chip
is to be placedin a Wire Bond package,then all tranceiver moduleswill have
to placedon the core periphery. Taking into account that a uni-directional
3.125Gbit=sectranceiver hasan approximated areaof 500� 500�m in a 0.18
�m technology 3, then periphery length must be 144mm. From the results
presented shortly, chip core dimensionsare 1:4 � 3cm, thus its periphery is
88 mm. As a result, our designis pad-limited. Use of the alternative Flip
Chip packaging method might eliminate this phenomenon.

4.7.2 P&R Results

The 32� 32 bu�ered crossbarchip we place & route has a total area of 420
mm2, with an aspect ratio of around 1:2 (1.4� 3 cm). Area results, as well
as gate and 
ip-
op count per module can be seenin Table 4.1.

Module Gates Flip-Flops SRAM Area Area
(number (K) (K) 2-port 0:18�m 0:13�m
of instances) (bits) (mm2) (mm2)
XPD (1024) 68 91.0 9.5 4.3
XPM (1024) 16 M 286.0 130.0
OS (32) 100 9.7 4.0 1.8
CS (32) 50 6.4 2.0 0.4
Clock Tree Bu�ering 7 0.7 0.3
Long Wire Optimization Bu�ering 38 1.5 0.7
Wiring/Hier. Overhead 116.3 53.0
Total 263 107.1 16 M 420.0 190.5

Table4.1: Placement and routing results: total numbersshown, including all
instances. XPD, XPM, OS and CS refer to crosspoint datapath, crosspoint
memories, output schedulers and credit schedulers respectively. Memory
area is computed from its datasheet [43]. Optimization bu�ering includes
bu�ers added after the post-route optimization phase. 0:13�m area results
are computedby extrapolation.

Note the areadi�erencescomparedto the corresponding synthesisresults
(shown in Table 3.1): Area is 40%larger, while gate count has increasedby
60%. These discrepanciesare due to: (a) wiring; (b) hierarchy overhead;
and (c) clock tree and optimization bu�er insertion. It is remindedthat each

3This result is an approximation taken from [27]: there, a single-chip bi-directional
3.125Gbit=sec tranceiver circuit is 1 � 1mm in 0.18 �m .
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columnhad to be fully optimized beforeimporting it to the top-level core. As
a result, in most casesthe tool addedbu�ers in all hierarchy levelsin order to
meettiming constraints; thesebu�ers, although usually small, arenumerous:
if wetakeinto account only each columninterface,then bu�ering each column
outputs addsalmost 35000bu�ers in the switch core,thus increasingits area
and power consumption4.

4.8 Conclusions: Dealing With Large and Reg-
ular Designs

The P&R processpresented in the previoussubsectionsposesmany differences
comparedto 
at P&R, which is usually followed in the caseof small designs.
First of all, this processwas imposedbecauseof the large number of gates,
but, mainly, by the large number of black boxes(memories)which lie in the
switch. The latter results from the O(N2) complexity of the crossbarswitch,
which is an inherent characteristic of the crossbararchitecture. Hierarchical
P&R has itself many challenges,the most important being the correct deci-
sion of the hierarchy that must be chosenin order to help, not the designer,
but the tool, in performing quick and resource-aware P&R.

Wiring seemsto be the most crucial factor of the hierarchical P&R pro-
cess.Wires that interconnect low-level modulesmust be taken into account,
in order to prevent the tool from using unneedlesslylong wiring while con-
necting the modules. In our case,from the solutions investigated, manual
creation of feedthroughswithin the modules seemedto be the most appro-
priate, as it led to straightforward layout with small areaoverhead. Another
important factor that must be taken into account is the �nal pin layout,
which inevitably in
uences the P&R processspeedand success.It shouldbe
noted that hierarchical decisionstaken during P&R phasemay not be the
sameas the onestaken during synthesis. Thesehierarchical changescan be
performedboth in the RTL and the Gate Level, the �rst having the disadvan-
tage that a slight changein hierarchy directly affects RTL, needingcareful
and error-pronechanges.In the Gate Level, hierarchy changescan be easily
carried out by using the Synopsysgroup command.

Of course,hierarchical P&R most often leedsto larger designs,asthere is
areaoverheadthat has to be addedin order to P&R lower hierarchy blocks.
Unfortunately, in our case,we had to make a tradeoff betweenfollowing hi-
erarchical P&R, becauseof the tool's limitations, and producing the smallest
chip possible,as the designarea (during synthesis) was already closing300
mm2. Thus, the tremendousdi�erence between the Gate Level area result
and the �nal placed& routed chip arearesult (300mm2 and 420mm2 respec-
tively), shouldnot surpriseus: a growth of 40-50%shouldbe a rule of thumb
in large designs,especially when a hierarchical P&R approach is followed.

4Bu�er insertion e�ect on power consumption is discussedin the next chapter.
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Place & route 
o w is, undebatably, the most time consuming part of
the chip design, as: (a) it demandscareful \hand" design and analysis of
the alternative organization ways; and (b) each stage is time consuming
and usually the designerhas to restart the 
o w from the very beginning if
somethinggoeswrong. This \back-and-forth" situation can be carried out
tens of times before the �rst promising results are reported; therefore, for
industrial designs,careful management of the project has to be performed
in order to meet time to market demands;the faster the designis designed,
veri�ed and synthesised,the better.

Finally, it should be noted that the regularity of the designactually as-
sisted us, both by making hierarchy decisionseasyand by helping the tool
with the P&R process,as the number of di�erent modules in each level was
limited: For example, each \column" comprisedof 32 identical crosspoint
modulesand oneoutput schedulermodule, whereasthe switch wasmadeup
of 32 \columns" and one credit scheduler \line". If there was no regular-
it y, P&R of such a large designwould probably have beenmuch more time
consuming.



Chapter 5

Power Consumption

Total power consumptionis the sumof two di�erent typesof power: dynamic
and static [47]. Dynamic power is dissipatedwhen the circuit is active, that
is, when the voltage on a net changesdue to stimulus applied to the circuit.
Notice that becausevoltage on a net can changewithout necessarilyresult-
ing in a logic transition of the output, dynamic power canbe dissipatedeven
when an output net doesn't change its logic value (seeFigure 5.1). Static
power is the power dissipated by a gate when it is not switching, that is,
when it is inactive or static. Static power can be dissipatedin several ways;
the largest percentage results from the source-to-draintransistor subthresh-
old leakagecausedby reducedthreshold voltagespreventing the gate from
completelyturning o�. Static power is alsodissipatedwhencurrent leaksbe-
tweenthe di�usion layers and the substrate of a transistor; For this reason,
static power is often called leakagepower.

D

A

B

C

Figure 5.1: Dynamic power is dissipatedeven if the output doesnot change:
Logic cell inputs A, B and C can switch from logic 0 to 1, and net D can
switch from 1 to 0, but the output will remain una�ected, althought dynamic
power was consumpted.

The dynamic power dissipation of a circuit is composedof two factors:
switching power and internal power. Switching power results from charg-
ing and discharging the load capacitanceof an output cell 1 and equalsto
PSW = pswf ckCV 2

D D , wherepsw is the probability that a node will switch up
and down, f ck is the clock frequency, C is the load capacitanceand VD D is the

1Cells are complex or simple gatesin which logic is transformed by synthesis.
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supply voltage. Internal power is any power dissipatedwithin the boundary
of a cell. During switching, a circuit dissipatesinternal power by the charg-
ing and discharging of any existing capacitancesinternal to the cell. Internal
power includespower dissipatedby a momentary short circuit between the
P and N transistors of a gate, called short-circuit power.

Switching power is the dominant (90% and relatively decreasing)com-
ponent in current CMOS technologies.Internal (mainly short-circuit) power
constitutes about 8% of the total power consumption,with an absolutede-
creasingtrend; the rest 2% (although relatively increasing)comesfrom leak-
age(static) power. Although for circuits with fast transistion times (i.e. fast
clocks), short-circuit power consumption can be small, for slow-transition
onesthe short-circuit power dissipation can account for as high as 30% of
the total power dissipated by the gate. Short-circuit power is a�ected by
the dimensionsof the transistors and the load capacitanceof the gate'sout-
put. If we ignore short-circuit and leakagepower consumption, we observe
that for the sametechnology and samecircuit working characteristics (i.e.
the sameclock frequency, supply voltage and switching activit y), switching
capacitanceis the only factor that can be controlled and reduced(bu�ering
of long nets is a possiblesolution) 2. Short-circuit power dissipation is il-
lustrated in Figure 5.2: if we apply positive voltage at the input then, as
the signal transitions from low to high, the N-type transistor turns on and
the P-type transistor turns o�. However, for a short time during the input
transistion, both P- and N-type transistors are switched on simultaneously.
During this time, current I SC 
o ws from VD D to GN D, causingthe dissipa-
tion of short-circuit power (PSC ). Figure 5.2 also illustrates where exactly

t
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VDD
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Figure 5.2: Components of power dissipation illustrated in the caseof an
inverter: I LK , I SC , and I SW are leakage,short-circuit and switching currents
respectively.

dynamic (switching and short-circuit) power is dissipated.

2Capacitance limitation is also the key factor that has to be minimized in order to
avoid timing violations.
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In the following sectionswe will talk about the work carried out in mea-
suring and reducing switch (especially crossbar)power consumption,brie
y
introducethe Gate Level and Placement & Routing power estimation 
o ws,
and present the power estimation results of our 32� 32 bu�ered crossbarde-
sign. In the appendix we talk about the most important power minimization
techniquesthat can be applied in the RTL and Gate Level designstages.

5.1 Crossbar Switc h Power Consumption Es-
timation: Work Done Sofar

Various researchershave tried to comeup with crossbarpower consumption
conclusions,as well as discover the most power consumingcomponents of
such devices. Ye et al. [44] performedVerilog RTL simulations on the four
most important switch fabric topologies(crossbar,fully connected,Banyan
and Batcher-Banyan) and introduced a framework to estimate their power
consumption3. They divided a switch into four main parts (ingressandegress
packet processingunits, arbiter and switch fabric) and analysedonly the lat-
ter component. \Bit Energy" is also introduced; it comprisesof the energy
consumedby a single bit travelling on switching nodes, in bu�er memories
and on interconnection wires. They concluded that (a) interconnect con-
tention increasessigni�cantly switch power consumption 4; (b) for switches
with small number of ports, internal node switching dominates, while in
multi-p ort switches(beyond 32� 32), interconnectpower is the dominant fac-
tor. Their simulation resultsshow that a 32� 32bu�erless crossbarswitching
fabric consumesapproximately 300mW, underuniform tra�c conditionsand
load almost 60%.

Wanget al. [45]developed an architectural-level power-performancesim-
ulator for switchesand routers, called Orion. They introducedrouter power
models of the three most power consumingrouter building blocks, namely
memories,crossbarsand arbiters. The authorsapplied their theoretical mod-
els to two commercialrouters, the Alpha 21364and the IBM In�niband 8-
port 12X. Their most interesting (for the purposesof this work) result was
the power estimation of the Alpha 21364'sswitching fabric, which comprises
of two 8� 5 crossbars:the estimatedaveragepower consumptionwas about
700mW, for 100%input load, whereasworst casepower estimation is almost
double the �gures of the averagecase. Their results were closeto the esti-
mated valuespublished by the companiesthat designtheseproducts. They
also came to the conclusion that: (a) crossbarand bu�er memory power
consumption grow approximately linearly to the data arrival rate, as they
are both \datapath" components; (b) the larger the memory, the higher the

3Switch I/O consumption is not taken into account in their study.
4Nevertheless,a crossbarswitching fabric doesnot su�er from internal blocking, hence

interconnect contention is negligible in our case.
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power it will comparablyconsume;(c) router links 5 consumea largeamount
(almost double) of the switch core total power consumption. Basedon the
above assumptions,we can concludethat our switch's crosspoint datapath
power consumptionwill be at least 500mW 6.

Various researchershave provided approximate I/O and power consump-
tion �gures and predictions, in order to assistdesignersin performinge�cien t
power budgeting. According to [35], single-chip I/O power consumptionfac-
tor is expectedto grow, from 16%in the caseof a 6 Gbit=sec16� 16 switch,
to 50%for a 64 Gbit=sec32� 32 switch. [18] statesthat any state-of-the-art
switch is severely limited by I/O pins and their power consumption: high-
speed and high-density SERDES (tranceivers) available in ASIC libraries
today give approximately 125 mW per 2.5 Gbit=secuseful bandwidth full-
duplex (3.125Gbit=secin 8B/10B encoding); asa result, a 4 Tbit/sec switch
would require about 104 pins and would dissipate roughly 256 W of I/O
power! This is obviously prohibitiv e for single-chip implementations: in or-
der to comply with Network Equipment Building Standards (NEBS) rules
[33], a singleboardmust not dissipatemorethan 150-250W, while single-chip
power dissipation must remain under 25 W to avoid hot spots and expensive
cooling solutions.

Last of all, [31] states that on-chip bu�er memories(0:18�m ) consume
5-10 mW in order to support sustainableGbit bandwidth, while the same
�gure for chip I/O power consumptiongrows to 40mW=Gbpsin 0:18�m and
25 mW=Gbpsin 0:13�m . Thus, I/O throughput is 5 to 10 times higher than
on-chip bu�er memory throughput in terms of power consumption, which
eventually limits the total achievable single-chip switch throughput: a single
switch chip with 6410Gbit=secincoming links will have an approximate I/O
power consumptionof 32W in a 0:13�m technology. To make matters worse,
in order to limit package pin count, the designerswould favor high-speed
links (e.g. 3.125 Gbit=sec SERDES/ tranceivers), which are large enough
(almost 1mm2 per 3.125Gbit=sectranceiver in 0:18�m [27]) to result in a
pad-limited chip core. Hence,I/O power consumptionis possiblyoneof the
most important factors when designingsingle-chip switches; moreover, in a
bu�ered crossbar,special careshould be taken for memory consumption,as
well.

5.2 Power Analysis Flo w: RTL vs. Gate Lev el
vs. Post-P&R

Power analysis can be carried out in many designstages,the lowest levels
being RTL, Gate Level and post-P&R. The more \abstract" the circuit's

5Links include expensive Serializer-Deserializer(SERDES) circuits; the term \tran-
ceiver" is usually used instead.

6The actual �gure will grow, due to the extra logic included in each crosspoint; such
logic is not neededin the unbu�ered crossbarimplementations analyzedabove.
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description is, the more imprecisethe power analysisresultsare; hence,RTL
power estimation is considerederroneous,whereasthe Gate Level and post-
P&R onesare more accurate. In this thesis we estimated the power con-
sumption on both the Gate Level and post-P&R level (on somedesigncom-
ponents). In the remainderof this sectionwe will brie
y present thesepower
analysis
o ws, both in the Gate and post-P&R level.

5.2.1 Gate Level Power Estimation

The Gate Level power estimation is carried out by the SynopsysPower Com-
piler, which is included in the framework of the SynopsysDesignCompiler
[47]. SynopsysPower Compiler usesvarious formulas and the information
modeled in the logic cell technology library, in order to evaluate the static
power of a design.Apart from usingequations,Power Compiler usestwo- or
three-dimentional lookup tables that contain power consumption valuesfor
various output load capacitancesand input transition times. Note that cells
often consumedi�erent amounts of internal power dependingon which input
pin transitions take placeor depending on the state of the cell; hence,inter-
nal power is state- and path- dependent. For example, in a cell with many
levels of logic (seeFigure 5.1), a transition on an input signal that a�ects
many levels consumesmore power than that of an input signal that a�ects
less levels; Power Compiler takes such di�erences into account. An exam-
ple of a cell with varying state-dependent internal power consumption is a
RAM, wheredi�erent amounts of power is dissipateddepending on whether
it is in read or write mode. Dynamic power is computed by the formula
mentioned in the introductory section; capacitanceinformation is obtained
by the wireload model 7 speci�ed by the user or the tool, as well as by the
technology library information for the gatesconnectedto the net 8.

Cell internal power and net toggling (i.e. the frequency of the input
transitions) have a direct e�ect on the dynamic power of a design. Power
Compiler needssuch information in order to perform power reporting or op-
timizations; net toggling is also called switching activity. Switching activit y
canbegivento the tool in two ways: (a) by specifyingthe togglerate in terms
of static probability, in which casethe results are probably inaccurate; and
(b) by measuringthe switching activit y under a certain simulation scenario
and back-annotating it to the power estimation tool; measurements can be
carried out on someor all designobjects. Switching activit y annotation is
performedby compiling and simulating the designwithin an HDL simulator
that can capture switching activit y; in our case,CadenceVerilog XL [20]
verilog_toggle commandwas used. We can also include interconnectand
cell delay information into the annotation tool; this is carried out by loading

7A large wireload model, e.g. 80K, should thus be pre�ered upon a smaller one in
caseswhen the module under synthesis includes large amounts of wiring. This decision,
however, cannot be usually made unlessphysical layout decisionshave beenmade.

8Capacitanceinformation can be also back-annotated after physical design.
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the \Standard Delay Format" �le (.sdf ) written out by DesignCompiler dur-
ing the synthesisphase.Furthermore, a library forward-annotation �le, that
contains information from the technology library regarding the cells' state-
and path-dependent power models,can be used;this �le, aswell as the sim-
ulator switching activit y annotation result �le, is written in the Switching
Activit y InterchangeFormat, henceits extensionis .saif . After switching
activit y is annotated, it is loaded into the Power Compiler, read and ana-
lyzed. The power estimation 
o w is shown in Figure 5.3. In the Appendix,
we describe this procedurein detail.

power estimation & report

�Gate level netlist (.v)
�Net interconnect file (.sdf)
�Library forward�annotation file (.saif)

Capture switching activity
through HDL simulation

(e.g. verilog_toggle)

Back�annotation SAIF file

Power Compiler

Figure 5.3: GeneralGate level power estimation 
o w.

5.2.2 Post-P&R Power Estimation

The post-P&R power estimation is carried out after the circuit is placed
and routed. This kind of power estimation requiresthe sameinformation as
the Gate Level one; that is, the net and cell delay �le (.sdf ), the library
annotation �le (.saif ) and, of course,the post-P&R netlist of the design
(.v ). The latter �le, as well as the Standard Delay Format (.sdf ) �le are
producedby the P&R tool; the .saif �le is the sameonethat was usedfor
synthesis. The power estimation procedure is carried out in the Synopsys
environment by the Power Compiler tool, and the stepsdescribed in the last
sectionare followed.
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5.3 Switc h Power Consumption Breakdo wn

We measureboth Gate Level and post-P&R steady-state9 power consump-
tion of the 32� 32 bu�ered crossbarswitch; in this section we present the
most accuratepost-P&R results 10. Power estimation is carried out by send-
ing minimum-sizepackets (40 Bytes) back-to-back (100%load), from every
input to uniformly selectedoutputs. Packet payload is selectedso as to
maximize net switching.

The power consumptionbreakdown can be seenin �gures 5.4 and 5.5.

Total chip power consumption: 28.75 W

XPM
1

OS CS
0.40.5

OutputLineInput Line Wiring

0.6
Wiring3

Chip core power consumption: 5.75 W
SERDES power consumption: 23 W

0.25
XPD

Figure 5.4: Power consumption breakdown: XPD = crosspoint datapath,
XPM = crosspoint memories,OS = output schedulers,CS = credit sched-
ulers. All numbers are in Watt.
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Figure 5.5: Power consumptionpercentage breakdown of the 32� 32 bu�ered
crossbarswitch.

Crosspoint datapath consumes250mW of power, while output and credit
schedulersdissipate500and 400mW respectively. Crosspoint memoriescon-

9\Steady-state" power consumption di�ers from the absolute worst-caseone; this is
analyzedshortly.

10Post-P&R power estimation is followed in order to measurethe consumption of each
switch component. Power estimation of the total switch core, however, is carried out at
the Gate Level.



CHAPTER 5. POWER CONSUMPTION 53

sume1W of power; this is measuredfrom the memorydatasheet[43]. Wiring
accounts for 3:6W of a total of 5:75W chip core power consumption; this
breaks down into 3W for the long input data lines and sop and eop sig-
nals that traversethe chip's longestdimension,and 600mW for the output
data wires that traversethe switch columns. It is reminded that there are
thirt y-two 32-bit input wires and 64(32+ 32) sop and eop signals. These
signalsare fed into each switch column through high-metal layers. Becausea
hierarchical P&R approach was imposed,each column should be optimized
before importing it into the top-level core; as a result, small bu�ers were
addedat each column output, in order to avoid possiblefuture top-level tim-
ing violations (seeFigure 5.6). This inevitably increasesinput wire power

borders

32
line in

1 3

crosspoint
row 2 4 31 32

column

Figure 5.6: Bu�ering of long input lines: each 32-bit long input line is
bu�ered at the outputs of each column. For 32such linesand their 64(32+ 32)
accompanying signals,approximately 32� 32� 32 = 32000bu�ers areneeded.
Thesecontribute by 85%to total input wire power consumption.

consumption. From the 3W consumedfor wiring, 2:5W are dissipatedfrom
the bu�ers themselves, whereasthe rest 500mW account for \net switch-
ing" power consumption (power dissipated during charging/discharging of
wires). If we could P&R the core in a 
at manner, then lessbu�ers would
be needed. In fact, after synthesizing and placing & routing a single32-bit
input line of length 3cm (like the onesneededin this work), its power con-
sumption dropped from 3mW to 2:2mW , and a di�erent bu�ering approach
was followed by the P&R tool (half the bu�ers wereused,but with stronger
drive strengths); bu�er to wiring consumptionratio remainedthe same.One
solution to decreasewiring power consumption would be to switch o� the
wire from the last receiver crosspoint on; this can be accomplishedby using
pipeline registersand disabling the path that doesnot have to be switched.
Adoption of this idea could decreasewiring power consumption of the long
horizontal wires considerably, but would increaseswitch latency, too. It
should be noted that this typical switch core steady-state consumption of
5:75W drops to 3:2W in a 0:13�m technology 11.

11This result is estimated by extrapolation basedon the technology libraries.
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Note that, asalsodescribed in [19], worst-caseinstantaneouspower con-
sumption occurs when all inputs receive multicast packets destined to all
outputs, in which caseall 1024crosspoint bu�ers perform write operations.
This situation can last up to 1.6 �seconds, which is the time neededto �ll
up a 2 KByte bu�er at 10 Gbit=sec link speed. Following that, backpres-
sure stops the incoming tra�c, and bu�er memoriesperform read accesses
only, one crosspoint memory per column (i.e. output) at a time. The read
power cosumption of crosspoint bu�ers corresponds to their read through-
put, which never exceeds32 bu�ers operating in parallel. Thesebu�ers are
locatedon the diagonalof the switch. Write power consumptioncorresponds
to write throughput; the long-term averagewrite throughput cannot exceed
read thoughput, sinceevery byte that is ever written once,must alsobe read
once. Last of all, all 32 output and credit schedulersare functioning at all
times during the simulation. Worst-casesteady-statescenariois illustrated
in Figure 5.7.

output schedulers

credit schedulers

crosspoints

Figure 5.7: Module power activit y in worst-casesteady-stateoperation: in
the scenariopresented (all inputs send randomly minimum-sizepackets to
all outputs), all output and credit schedulersare active. On the other hand,
only onecrosspoint placedon the diagonalis active per-row and per-column;
all others are \�lled" with packets. Active modulesare in grey.

5.4 Conclusions

It is evident that averagepower consumptionis dominatedby paddriversand
SERDES;coreconsumptionaccounts for just 20%of the total chip consump-
tion. In turn, core consumption is dominated by long-wire drivers: driving
1024input data wires acrossthe chip width and 1024output data wires to
the chip outputs (32 links x 32 bits/link = 1024 wires). Bu�er memories
end up consuming,on the average,only 15%of the corepower and 3-4%of
the chip power. The almost 30 W total switch power consumptionshows the
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feasibility of our design,as with a medium-pricedpackaging technology, its
power dissipation will not causeany problems.



Chapter 6

Conclusions and Future Work

In this work we presented a novel bu�ered crossbarorganization,and proved
its feasibility by designinga 32� 32 speedup-lesssuch switch core, with ag-
gregateincoming throughput of 300 Gbit=sec; �nal chip core area was 420
mm2 in a 0.18 �m and 200 mm2 in a 0.13 �m CMOS technology, while its
power consumption dropped just below 6 Watts (3.2 W in 0.13 �m ). Tak-
ing into account that a similar switch would approximate 110 mm2 in the
emerging0.09 �m technologies,we can claim that the adoptedorganization
can becomethe switching building block of the future.

The fact that output scheduling was distributed over every output, re-
moved the needfor a very fast, complicatedscheduler, that would control all
connectionrequests;asa result, speedupdue to scheduling ine�ciencies was
eliminated. Switch novelty stemsfrom the fact that no packet segmentation
and reassembly (SAR) had to be carried out; henceno speedupdue to SAR
had to be adopted, either.

We divided the switch into 2 clock domains: the use of 2-port SRAMs
at each crosspoint removed the needfor elastic bu�ers at the switch inputs,
in order to synchronize all incoming data to a single local clock; the only
other synchronization neededconcerneda single-bit control signal at each
crosspoint, and was dealt with an e�ective 1-bit synchronizer. The simple
and e�ective Round Robin policy wasfollowed at both the output and credit
schedulers. The latter sendscredits to the input line cards in a QFC-like
manner, thus compensatingfor possiblecredit losses.

We synthesizedand placedand routed the switch by following hierarchi-
cal 
o ws, which was due to the large number of memories(1024) and the
resulting chip size. Such 
o ws are usually carried during the development
of large or complicateddesigns,and were completely new approachesto us.
Hierarchical 
o ws posedsomedi�culties though, in particular choosing the
optimal hierarchy organization that would assistthe tools in producing fast
results. P&R, being more complicated, error-prone, and time consuming,
coveredalmost half of this work's duration.

Multiple priorit y support is a usual feature of commercialswitches. To
support multiple priorities under the proposedarchitecture and maintain full

56
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e�ciency (no HOL or bu�er hogging)we needL � 2K B of bu�er space,where
L is the number of priorities. For example, if 8 priorities were used, then
our implementation would need8 � 2 � 1024= 16M Bytes of total memory,
which will be only feasible in future CMOS and/or memory technologies.
Fortunately, asChrysoset al. [24] have shown, only two 2KByte bu�ers are
neededper crosspoint: through simulation, and assuming8 priorit y levels,
the 2 � 2K Byte per-crosspoint proposedsystemperformsalmost identically
to the 8� 2K Byte per-crosspoint ideal systemunder realistic tra�c, whereas,
even under highly irregular tra�c, averagedelay of any priorit y level is not
increasedby more than 75%, comparedto the ideal system. If this organi-
zation is adopted, then 8 priorities will only need32 Mbits of total SRAM
memory, divided into 20482Kbyte SRAMs, which is feasiblein current state-
of-the-art CMOS technologies(0:13=0:09�m ).

Also, another interestingpoint is the fact that, in fast networks, maximum
packet sizehas been increasedfrom 1500Bytes, to almost 9 KBytes. This
posessigni�cant di�culties in casethe proposedorganization is followed,
due to the fact that bu�er sizeequalsRTT + M aximumP acketSize; hence,
under medium RTT values,each bu�er would have to be almost 10 KBytes,
as a result, a 32� 32 single-priority, bu�ered crossbarwould need80 Mbits
of distributed, on-chip SRAM memory, in order to operate e�cien tly under
heavy load. This memory area is too large, even if we take into account the
technology downscalingfashion. EmbeddedDRAM (eDRAM) is a possible
solution as,beingup to 4 times denserthan conventional SRAM, could lower
chip areato normal sizes.eDRAM adoption would, of course,impact on the
crossbarorganization, aswell.



App endix A

Organization of a 4-input WRR
Scheduler

As noted in chapter 2, during the initial stagesof this thesis we investi-
gated the designand implementation of a 4� 4 bu�ered crossbarswitch that
would bedownloadedin an Altera FPGA. The number of input/output ports
(switch size) was bounded by the memory requirements, as 32 KBytes are
neededfor a 16-crosspoint switch. Operating frequencywas speci�ed to 50
MHz, hencethe switch would have link speedof 1.5 Gbit/sec link. Although
this attempt was later abandoned(and replacedby the more \ambitious"
32� 32 bu�ered crossbarASIC chip design & implementation), a 4-input
Weighted Round Robin output schedulerwasdesigned,in order to selectthe
appropriate 
o w amongthe 4 crosspoints of each column of the 4� 4 switch.
In the next sectionswe will brie
y present various scheduling policies that
are being used in network tra�c management circuits, followed by a short
introduction to Weighted Round Robin (WRR) discipline. Finally, we will
present the internal organization and operation of our 4-input WRR output
scheduler.

A.1 In tro duction to Scheduling Policies

In this subsectionwewill assumeN 
o wsandP priorities; each 
o w hasoneof
theseP priorities [31]. The simplestscheduling discipline is the strict (static)
priority scheduling, where each 
o w 1 belongs to a certain static priorit y
level. The scheduler'sgoal is to serve the highest-priority eligible 
o w. This
discipline is very easy to implement by using a priorit y enforcer/encoder.
Unfortunately, the strict priorit y scheduling schemesu�ers from a starvation
issue: if 
o w i is not policedor regulatedand becomespersistent (i.e. always
hasa non-empty, eligible queue),then all levelsbelow i will be starved; that
is why we have to ensurethat all levelsbut the last (lowest priorit y) onewill
be be policed or regulated.

1Each 
o w may be an aggregateof many sub-
ows
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The other extreme of priorit y scheduling is plain round robin (equality)
scheduling, which was actually the only scheduling discipline used in the
32� 32bu�ered crossbarswitch presented in this thesis. In plain round robin,
the schedulervisits each eligible 
o w, regardlessof its priorit y or persistency;
hence,all 
o ws have the samepriorit y. Round robin scheduling can be im-
plemented in two ways: (a) by usinga circular priorit y encoder/enforcerand
(b) by using a linked list of the eligible 
o w IDs. Method (a) needssimple
circuitry (round robin priorit y enforcers),while e�cien t organizationsexist
for small, medium, or large number of 
o ws. Implementation (b) has the
di�cult y of whereto reinsert a 
o w that was ineligible and has just become
eligible, with most of the possiblesolutions leading to unfairness.

A.2 Weighted Round Robin Scheduling

Last of all, there is a way to serve each 
o w according to its priorit y, but
with a round robin manner as well. If each 
o w had a weight, that would
correspond to its priorit y, then the round robin policy could be changed
by the following way: assumethat we maintain a (varying) set of eligible

o ws and we associate a value, called \Next ServiceTime" (NST) with each
of them. Then, in summary, the scheduler has to (a) �nd and serve the
(eligible) 
o w that has the minimum (earliest) NST, and (b) re-schedulefor
a future time the 
o w just served.

When scheduling starts, each 
o w is possibly served randomly 2. When
a 
o w is served, the (virtual) time it will be served again is computed by
multiplying its weight 3 by the packet size that is being dequeuedby the

o w and adding the result to its current \service time". Thus, intuitiv elly,
the 
o w will be served some (virtual) time in the future, relative to the
time it was being served and its priorit y (weight). An WRR scheduling
exampleis shown in Figure A.1, where4 
o ws, A to D, with various weights
and eligibilit y statuses are being scheduled. Flow initial service order is
random. Last of all, it should be noted that according to the reinsertion
time of a 
o w that was ineligible and suddenly becomeseligible, as well as
the Next ServiceTime computation, many variants of WRR scheduling have
beenexaminedin the past, with the most important being \W eighted Fair
Queueing(WFQ)", \Self-Clocked Fair Queueing(SCFQ)", \W orst-CaseFair
Weighted Fair Queueing(WF 2Q)", \Start-time Fair Queueing(SFQ)" and
\Virtual Clock".

2In the caseof multiple low-rate 
o ws and lesshigh-rate 
o ws, unfavorable initilization
may causelarge jitter to the latter; aggregationof low-rate 
o ws and round robin service
inside them solvesthe problem.

3Sometimesthe inversevalue is used,called \Service Interval" (SI).
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Figure A.1: Priorit y queueWRR scheduling example: Flows A to D have
weights 50%, 30%, 10% and 10% respectively; hencetheir ServiceIntervals
(SIs) are 20, 33, 100and 100. Initial serviceis random. Notice that 
o w A,
which wasserved at (virtual) time 0, will beserved againin time 0+ 20= 20,
whereas
o w B was served at time 10 and will be re-served at 10+ 33 = 43.

A.3 4� 4 Output Scheduler Organization

Output schedulerblock diagra can be seenin Figure A.2. The schedulerhas
4 32-bit input data buses,accompaniedby 4 synchronized\Start Of Packet"
(sop) signals.The block outputs a 32-bit data_out busto the switch outputs,
as well as a 4-bit wide deq bus, which connectsto the corresponding rd_en
signalsof the column crosspoints' memories.
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32
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line_out 3

line_out 2

line_out 1

32
data_out

4 4

clk_rd

reset

sync
sop

deq

4�INPUT

SCHEDULER
OUTPUT

Figure A.2: 4-input WRR output scheduler block diagram.

Figure A.3 presents the WRR scheduler internal organization. Flow eligi-
bilit y 
ags arecomputedvia 4 packet adders: if an adderequalszero,its 
o w
is ineligible. Packet counters are incremented by the synchronizedsop signal
that the column crosspoint that enqueuesthe packet sendsto the output
scheduler. This eligibilit y 
ag �res the FSM that controlls packet dequeues
and WRR operation.
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The most important operation of the speci�c scheduleris the computation
of the minimum NST, among4 values. This canbeaccomplishedin two ways:
(a) by using 3 comparators,organizedin a tree fashion,along with three 32-
bit multiplexors (top left of Figure A.3); (b) by using 6 comparators,which
compareall 4 NST valueswith each other (center of Figure A.3). Although
the �rst method needsonly half the comparatorscomparedto solution (b), it
also requires3 2-input, 32-bit multiplexors, which are consideredexpensive
in this context; hence,we eventually used method (b). By comparing all
NST values (from now on called NST_1to NST_4) with each other, 6 \less
than" signalsare generated:NST_4lessthan NST_3, NST_4lessthan NST_2,
NST_4lessthan NST_1, NST_3lessthan NST_2, NST_3lessthan NST_1and
NST_2lessthan NST_1. Thesesignals,along with the 4 eligibilit y 
ags, are
fed into a combinational logic 3-level circuit, which choosesthe next eligible,
minimum NST value. For example,the logic usedfor NST_4is as follows:

if (NST_4 eligible)
if (NST_3 eligible ANDNST_4< NST_3) ORNST_3ineligible, OR
if (NST_2 eligible ANDNST_4< NST_2) ORNST_2ineligible, OR
if (NST_1 eligible ANDNST_4< NST_1) ORNST_1ineligible, OR
then min_NST= NST_4

...

wheremin_NSTis the minimum Next ServiceTime amongthe 4 
o ws. Three
similar if clausesare used for the rest of the 
o ws. The flow_sel result
of the combinational logic curcuit is used to select (a) the line_out bus
that will be sent to the scheduler output, (b) the SI value that will be used
for multiplication with the packet's size, (c) the NST register that will be
updated with the new NST value.

Four 16-bit registersare usedto store the SIs; thesevaluesare multiplied
by packet size, in order to compute the NST of the 
o w currently being
dequeued. The multiplier has a two clock cycle latency and its exit is the
16x16 = 32� bit valuethat must beaddedto the previousNST of the speci�c

o w. After the NST is updated, all ineligible NSTs have to be brought to
the current NST, too (Weighted Fair Queueingpolicy).

Dequeueingstops either when the packet is fully dequeued(eop_deq)
and there is no other eligible 
o w, or when there still exist eligible 
o ws,
thus next-
o w minimum NST computation has to start beforethe currently
dequeueing�nishes (pre_schedule ).

Last of all, it shouldbe noted that the 32-bit adder, the 16-bit multiplier
and the 32-bit comparators all have a 2 clock cycle latency, thus they all
need 40 nsecto produce a result. This constraint was imposedby FPGA
limitations.
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Figure A.3: Weighted Round Robin (WRR) output scheduler internal or-
ganization. 6 comparatorsare used in order to compareall 4 Next Service
Times (NST) with each other. This comparisonstagecan be otherwiseim-
plemented by using3 comparators,in a tree order, and 2 32-bit multiplexors.
This organization is shown on the top left of the �gure.

A.4 WRR Output Scheduler Implemen tation

We intended to download the WRR output scheduler (along with the rest
of the switch) in an Altera EP20K1500EFPGA (1; 500; 000ASIC-equivalent
gates, 51; 840 Logic Elements, 442; 368 RAM bits), located on the Altera
SOPC Development Board [26]. Target operating frequencywas 50 MHz;
this would result in a 4� 4 crossbarswitch with link rates of 1.5 Gbit/sec.
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This attempt was later abandonded,since it was decided to move on the
design& development of the 32� 32 crossbarswitch, which was thoroughly
presented in the �rst chapters of this thesis. Nevertheless,we measured
output schedulerareaand speed,in the caseof an ASIC construction. Thus,
we followed the chip design
o w presented in the previouschapters to design
an single output scheduler chip 4. Scheduler clock achieved was 100 MHz
5 , while chip area was 360� 360 �m . The chip, along with the scheduler's
major part physical placement, can be seenin Figure A.4.

Figure A.4: WRR output scheduler chip layout: total chip area is 360� 360
�m (0.13 mm2).

4Multiplier, adder and comparator latency contrain ts were insigni�can t in the case
of the ASIC implementation, since almost double operating frequenciescould be accom-
plished.

5This could result in a 4� 4 3.2 Gbit/sec link speedcrossbarswitch.



App endix B

Power Estimation Tutorial

Circuit power estimation can be carried out in all \detail" levels: system,
algorithm, RTL, Gate Level and post-P&R levels are possiblecandidates.
Although the largest power savings (nearly 75%) can be achieved at the
SystemLevel, power can be saved during the rest designstagesas well [22].
On the other hand, power estimation becomesmore exact as the design
proceedsto its latest stages(seeFigure B.1). In this chapter we will analyze

Gate
P&R

SiliconTransistor
Level

>75%

>50%

50�75%

25�50%

5�15%

10�20%

15�50%

15�40%

SavingsPower 3�5%

Accuracy Error 5�10%
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Algorithm
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Transfer
Register
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Figure B.1: Power savings vs. power estimation per designlevel: in the early
designstages(system/algorithm/R TL) power reduction decisionsare easily
madeand power saving decisionscanbesigni�cant. On the other hand, later
designstages(Gate Level/P&R) provide better power estimation results.

in detail the power estimation procedurefollowed in the two �nal stagesof
the designprocess,namely Gate Level and P&R.

B.1 Gate Lev el Power Estimation

In order to perform Gate Level power estimation, we must �rst decideon the
accuracyof the desiredestimation. If we want to analyze,not only cell power
dissipation, but interconnect consumption as well, we must synthesize the
circuit and write the interconnectand cell delay �le (.sdf ); this information
is readwith the command$sdf_annotate . The Gate Level netlist (.v) is also
needed. Notice that, if we aim at estimating the consumption of a speci�c
designcomponent, we can usethe RTL description for the rest of the design,
and the Gate Level netlist for the speci�c component. This accounts for the
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.sdf caseaswell. Last of all, the library forward annotation SAIF �le must
be included, too (its format is .saif ); this �le is written from the Synopsys
environment with the command

lib2saif -output XX.saif

were XX.saif is the library output annotation �le. Toggleregion must be
also speci�ed; in this way, the designerexplicitely de�nes the component
under power estimation. Switching activit y is captured with the command
$toggle_start and this processis �nished with the command$toggle_stop ;
switching activit y report is written with the command$toggle_report .

The �les mentioned above must be read and analyzedby an HDL com-
piler and simulator that supports switching activit y computation, such as
verilog_toggle . These�les must be included in the design'stestbench; for
example, in order to simulate a crosspoint column module called xp_col ,
we need the �les xp_col.sdf , tech_library.saif , as well as the compo-
nent's Gate Level netlist xp_col_mapped.v. The .sdf and .saif �les are
read wherever, in the testbench, the designerwants to compute the circuit's
switching activit y, with the following commands(this processis calledSAIF
annotation):

$sdf_annotate("x p_col .s df ", bufXbar32x32_tb.b x. xp_col_ ins t_ 32, , "sdf_annot.log") ;
$read_lib_saif(" xp_col. saif" );
$set_toggle_regi on(bu fXbar32x32_t b. bx.xp _col_ in st_ 32);
$toggle_start;
...
... ( t e s t b e n c h )
...
$toggle_stop;
$toggle_report(" xp_col. rp t.s ai f", 1e-12, "bufXbar32x32_tb .b x.x p_col_i nst_3 2" );
$finish;

This procedureoutputs the SAIF back-annotation �le, which is then im-
ported to the SynopsysDesignCompiler (Power Compiler). The designmust
be annotated with the information written in the SAIF back-annotation �le
beforeand after each compile of the design;for example,in the caseof the
crosspoint column presented above, the DesignCompiler script will look like
the following:

...
read_saif -input xp_col.rpt.saif -instance bufXbar32x32_tb/ bx/ xp_col_ in st_ 32
compile -incremental
change_names-rules verilog -hierarchy
read_saif -input xp_col.rpt.saif -instance bufXbar32x32_tb/ bx/ xp_col_ in st_ 32
report_power
...

Note the change_namescommand; it is invoked in order to prevent De-
signCompiler from changingthe designnaming rules, from the \traditional"
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Verilog format to Synopsysinternal naming conventions. For example,Syn-
opsysinternal naming conventions might changea bus name, from XX[] to
XX_1, XX_2etc. Failing to do sohas the result that Synopsyswill not recog-
nisethosenets' toggling behavior 1. Incremental compileensuresthat Design
Compiler will only make changesthat will not a�ect the previously achieved
contraints. The processdescribed above is presenedin Figure B.2.

toggle_report
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SAIF
file file

DC
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Annotate Gate�level
simulation

dc_shell> read_saif

SAIF

file
design

back�
annotation

Gate�level
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Technology

library

Testbench

design

Verilog simulator

sdf_annotate
read_saif

toggle_start
toggle_stop

Figure B.2: Detailed Gate-Level power estimation 
o w.

B.2 Post-P&R Lev el Power Estimation

In order to perform post-P&R power estimation, we need the post-P&R
netlist of the module under estimation, as well as the net interconnect and
cell delay �le (.sdf ) from the samephase; the library forward annotation
�le (.saif ) remains the same. The procedurefollowed is exactly the same
as the onefollowed in the Gate Level power estimation.

1Depending on the Synopsysenvironment setup, name changesmay not be needed.
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Cadence Encoun ter Tutorial
and Scripts

As mentioned in chapter 4, P&R was carried out in the CadenceEncounter
environment. The tool is very memory-consuming,especially in the caseof
large designs1. In the following sections,we provide a quick tutorial on the
usageof the tool, accompaniedby conclusionsdrawn during the P&R phase
of the switch design.

C.1 Setting the Environmen t

CadenceEncounter is run with the commandencounter , after an include
script is executed. The tool is operated in two modes, command line and
graphics. The �rst is usedto output the tool's results after each operation;
thoseresults are alsowritten in log �les (extension.logXX , were X is a �le
serial number), whereasthe commandsexecutedare appendedin command
�les (extension .cmdXX). The graphicsmode is usedto o�er the freedomto
the designerto observe the placedand routed designand physicaly alter it.

Beforerunning the tool, it is crucial to have a concretedirectory organi-
zation. This is due to the large number of di�erent typesof �les neededto
import and useduring the P&R phase.Thesedirectoriesare:

� /lef , with the layout headerand technology �les. Layout �les contain
the real physical layout of all standard cellsof the technology library.

� /lib , with the technology library �le. This directory contains the elec-
trical characteristics(capacitance,timing) of all the standard cells.

� /tlf , with the timing library �les of black boxes. When black boxes,
likememories,areusedin the design,it is usualto describe their timing
characteristicsby using such tlf �les; lib �les can be usedinstead.

1For example, in order to fully P&R in tight spaceconstraints a 32-crosspoint switch
column, along with its output scheduler, time consumedwas almost 8 hours.
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� /verilog , with the verilog descriptions. This directory contains: (a)
the interfacesof all standard cells and/or black boxes; (b) the HDL
Gate-Level netlist of the design,which is written by the synthesistool.
This HDL �le must be uniqui�ed by running the Encounter command
uniquifyNetlist . Uni�cation simply changesmulti-instantiated mod-
ule namesinto discreetones.

� /save , where Encounter will save the design after each phaseof its
execution. A rule of thumb is: (a) to save the whole designafter each
phaseis complete;(b) the nameof the saved �le and directory should
be design_name_AFTER_phase_name, where phase_nameis a discreet
namefor the phasethat has just completed,like TRIAL_ROUTE.

The last two other �les neededare related to the circuit clock(s): (a)
the .sdc �le contains the clock net namesand their frequencies;(b) the
.clockspec �le refers to the �rst and also informs the tool about the elec-
trical characteristicsof the clock net and of the bu�ers that the tool may use
when creating the clock tree. The .clockspec �le is the only �le imported
at a later stage. All other �les must be imported during the initial stageof
the P&R process(Design Import phase).

C.2 Placemen t & Routing Stages

In this sectionwewill present the exact 
o w followedduring the P&R process
and also provide the readerwith useful advices. In Figure C.1 we can seea
chip core,along with the most often usedterms in this short tutorial.

C.2.1 Design Imp ort

As mentioned earlier, in this stageall �les neededby the tool are loadedinto
memory. The tool loadsthe standard cell library and the designin memory,
aswell asperforms initial checks on the design. Obvious mistakesthat have
not beencorrectedduring the synthesisstageare reported during this phase.

C.2.2 Flo orplaning & Pin Assignmen t

During this phasethe designis 
o orplaned; this meansspecifying the exact
sizeof the chip core and the width of the power ring, putting certain black
boxesinto certain locationsetc. Initially , the designerhasto decideupon the
sizeof the core,its utilization and the power ring width. The coredimensions
can be either explicitly stated, that is to give the exact dimensionsof the
rectangle,or given by a row utilization number. In the latter case,the core
remains squareand the utilization percentage de�nes its exact size. Row
utilization is entered as a percentage and determinesthe amount of unused
row spacethat will be put betweenadjacent rows. This spacewill be later
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Figure C.1: Chip Overview: Chip core,rows,power ring, power stripes,black
boxesand standard cellsare visible; routing is omitted.

used for wiring. Should the designerdecideto use the secondapproach in
order to de�ne the core size,care should be taken in casethe designhas a
lot of \wiring", as is the casewith switches. In that case,a row utilization
of 50%seemsenough;in other cases,usual utilization �gures are in the area
of 70%.

Floorplaning alsoinvolvessetting the width of the power ring. The power
ring is madeof two parallel metals,oneof which carriesthe power, while the
other acts as the ground. The power rings shouldbe wide enoughto be able
to feedthe whole circuit with power. In casesof large chips, power/ground
stripes should also be included. These traverse the chip in horizontal or
vertical parallel lines at certain distancesfrom each other.

When black boxes are included, care must be taken. The designerusu-
ally wishesto place them at certain positions inside the core, so the tool
provides this freedom. Thoseblack boxeshave to be connectedto the chip's
power/ground lines and must be surrounded by a very narrow power ring
themselves. This is becausethe power lines which will be at the top and
bottom of each cell row need to be terminated and the black boxes would
obscurthem from reaching the other end of the core. Last of all, black boxes
must be surroundedby a \blo ck halo", on top of their power rings, which
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will prevent standard cells from being placedtoo closeto them.
Pin assignment should also be carried out in this phase. This is accom-

plished through an Encounter embedded application, called \Pin Editor".
Although the Graphical User Interface (GUI) of the application is staight-
forward, care should be taken in the assignment: before it starts, \group
bus" should be enabled, in order to make the assignment easier. Also, it
was noted that, although we choseto placesomepins on the north, or east,
or west sidesof the chip, the application put them all on the south side.
This bug is overcomeby re-placing the wrongfully placed pins. Note that
the \preplace pin" opion must be always selected,asin the oppositecasethe
pins are not �xed and it wasnoticed that sometimesthe tool moved the pins
to other sidesof the chip during the later stages. After pin assignment is
complete,it must be saved with the command

saveIoFile XX.io

whereXX.io is the pin assignment �le and then immediately loadedwith the
command

loadIoFile XX.io

in order to prevent the tool from \forgetting" the assignment. After the pin
assignment is saved, it canbeloadedfrom the beginningof the designprocess,
along with the other design �les (\setting the environment phase"); as a
result, concurrent P&R attempts will do not require new pin assignments.

C.2.3 Medium E�ort Placemen t

After the designis 
o oplaned,an initial placement of cellsand/or black boxes
has to be performed. This task is carried out automatically by Encounter
and provides the designerwith the initial results of the P&R process,which
must always be taken into account. The tool reports initial net length, which
includesthe length of all wiresconnectingthe placedstandard cellsand tries
to improve this result, by running the mediume�ort placement algorithm for
about 15 times. If the design�ts into the areaprovided by the 
o orplaning
phase,medium e�ort placement is successful;otherwisethe tool will inform
the designerabout the violations. Another form of violation is the \black
box" one,and is createdwhena black box is wrongfully placedby the designer
outsidethe chip borders,or when the block halo doesnot exist and standard
cells are located too closeto the black box. Medium e�ort 
o orplaning is
run with the Encounter shell command

amoebaPlace

while placement can be checked with the command

checkplace
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A possiblemedium e�ort report might look like the following text:

<CMD>amoebaPlace
Extracting standard cell pins and blockage ......
Pin and blockage extraction finished
Extracting macro/IO cell pins and blockage ......
Pin and blockage extraction finished
*** Starting "Amoeba(TM) placement v0.254.2.15 (mem=244.1M)" ...
Options: gp=mq-mediumdp=medium
Options: congestDrivenI7 5 congestDrivenQ congestDrivenR1
*info: there are 2 cells with cell padding / block halo
#std cell=47808 #block=2 (0 floating + 2 preplaced) #ioInst=0 #net=52033 #term=156067 #term/net=3.00, #fixedIo=2624, #floatIo=0, #fixedPin=2368,
#floatPin=1

Total std cell len = 237.4733 (mm), area = 1.4628 (mm^2)
*info: identify 1 tech site => 1 tech site pattern
*info: estimated cell pwr/gnd rail width = 0.770 um
*info: average module density = 0.024
*info: AmoebaPlace has switched to wireLength driven mode for this low density design.
*info: density for module 'crs_pes_col_in st ' = 0.024

= stdcell_area 359808 (1462835 mu^2) / alloc_area 14715214 (59826174 mu^2).
*info: density for the rest of the design = 0.000

= stdcell_area 0 (0 mu^2) / alloc_area 12975183 (52751904 mu^2).
*info: identify 96 spare/floating instances which are grouped into 96 clusters.
*info: fixed term percentage = 5.906%
*info: fixed term center of gravity = (9751152 6169775) in coreBox (100320 100240, 35100320 19100240)
*info: partition deviation = 0.770
0|: Est. net length = 1.806e+08 (7.48e+07 1.06e+08) cpu=0:02:24 mem=890.3M
1-: Est. net length = 1.132e+08 (7.41e+07 3.91e+07) cpu=0:00:14.9 mem=890.3M
2|: Est. net length = 1.029e+08 (6.39e+07 3.91e+07) cpu=0:01:15 mem=890.3M
3-: Est. net length = 8.440e+07 (6.12e+07 2.32e+07) cpu=0:00:33.4 mem=890.3M
4|: Est. net length = 7.671e+07 (5.35e+07 2.32e+07) cpu=0:01:17 mem=890.3M
5-: Est. net length = 7.283e+07 (5.33e+07 1.95e+07) cpu=0:00:33.1 mem=890.3M
6|: Est. net length = 7.052e+07 (5.10e+07 1.95e+07) cpu=0:01:03 mem=890.3M
7-: Est. net length = 7.104e+07 (5.06e+07 2.04e+07) cpu=0:01:01 mem=890.3M
8|: Est. net length = 6.956e+07 (4.92e+07 2.04e+07) cpu=0:01:01 mem=890.3M
9-: Est. net length = 6.720e+07 (4.76e+07 1.96e+07) cpu=0:00:54.4 mem=890.3M

10|: Est. net length = 6.656e+07 (4.70e+07 1.96e+07) cpu=0:00:36.4 mem=890.3M
11-: Est. net length = 6.512e+07 (4.53e+07 1.98e+07) cpu=0:01:43 mem=906.6M
12|: Est. net length = 6.515e+07 (4.49e+07 2.02e+07) cpu=0:03:11 mem=916.1M
13-: Est. net length = 6.537e+07 (4.51e+07 2.02e+07) cpu=0:03:41 mem=931.2M
14|: Est. net length = 6.555e+07 (4.50e+07 2.05e+07) cpu=0:03:06 mem=952.0M
..+: Est. net length = 6.761e+07 (4.76e+07 2.00e+07) cpu=0:05:01 mem=1054.9M
*** cost = 6.761e+07 (4.76e+07 2.00e+07) (cpu for global=0:27:35) ***
*info: there are 2 cells with cell padding / block halo
Options: gp=mq-mediumwireLengthDrive n dp=medium
Starting fine tune place ...

CPUTime for Phases I and II = 0:00:21.8, Real Time = 0:00:22.0
Statistics of distance of Instance movement in detailed placement

maximum(X+Y) = 137.50 um
inst (crs_pes_col_i nst /c rs _32x32_RR_4/RR_pe_cr/ PEnfA ll /U52) with max move: (35087.6, 18075.1) -> (34956.2, 18069)
mean (X+Y) = 12.23 um

*** cpu=0:00:34.6 mem=1054.9M***
Total net length = 5.992e+07 (4.238e+07 1.754e+07) (ext = 3.254e+07)
*** End placement (cpu=0:37:49, real=0:38:01, mem=1054.9M)***
<CMD>checkPlace
*info: there are 2 cells with cell padding / block halo
Options: gp=mq-mediumdp=medium
Check Place(new) starts ...
** Info: Total stdCell area is 5.535816e+08.
** Info: Total core area is 6.650000e+08.
** Info: Density is 8.324535e-01.
** Info: Placed = 47810
** Info: Unplaced = 0

We can seethat the placement algorithm tries to �t all standard cells
and/or black boxes into the speci�ed core area,while keepingnet length to
a minimum, in order to minimize possibletiming violations in later stages.

C.2.4 Trial Routing

Trial routing is carried out next. During trial routing, Encounter routes the
netsof the designand tries to minimize their length, or minimize the chip via
usage(vias add a lot to signal delays). From the trial route report, we can
seewhether the the designis routable or not. If the netsare routed too close
to each other, crosstalk interferenceis introduced,and the tool reports this
violation in a \congestion distribution" table (the \-" lines refer to violated
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routing). Too many and too strong violations of that kind make the design
unroutable and in that casethe designerhas to go back to the 
o oplaning
phaseand changethe area of the core, or the positions of the hand-placed
black boxes. Small violations (usually up to \-4"), on the other hand, might
be met during the optimization phasesof the P&R process,so they should
not be taken into account. Trial route is executedby the shell command

trialRoute -maxRouteLayer X

wheremaxRouteLayeris the maximum routing layer we wish to usedby the
tool 2. A possibleoutput of the trial route phasefollows.

<CMD>trialRoute -maxRouteLayer 6
*** Starting xroute (mem=312.5M)***

options: glbDetour reduceNode obstruct2 obstruct4 spreadOut multiOuterRow moveTermZfixAirConnect spacingTable pinAndObsSpacing multiVoidRow wid
eBlockageSpacing MSLayer
Number of redundant fterm=0
routingBox: (0 0) (37000560 22000160)
coreBox: (1000560 1000160) (36000360 20995520)
nrIoRowLo/Hi = 173/174 nrIoColLo/Hi = 123/123
Memfor trkArr = 446.2M, nrETrk used = 0.
Init all gpins ...
Number of multi-gpin terms=0, multi-gpins=0, moved blk term=1086/1086
Number of initial reassigned term = 0

Phase 1a route (0:00:14.8 1654.4M):
Est net length = 5.795e+07um = 3.872e+07H + 1.923e+07V
Suboptimal net = 2 out of 4738 (0.0% nets) (0.0% len over box)
Usage: (4.6%H 2.1%V) = (3.872e+07um 1.925e+07um) = (11531036 3141827)
Obstruct: 54606508 = 27303254 (70.0%H) + 27303254 (70.0%V)
OvInObst: 2228162 = 2220362/27303254 (8.13% H) + 7800/27303254 (0.03% V)
Overflow: 790340 = 635415 (5.44% H) + 154925 (1.33% V)
Number obstruct path=480 reroute=0
...
...
...
Phase 1f route (0:01:04 1730.4M):
Usage: (4.6%H 2.4%V) = (3.879e+07um 2.193e+07um) = (11547280 3576809)
OvInObst: 0 = 0/27303254 (0.00% H) + 0/27303254 (0.00% V)
Overflow: 1101 = 856 (0.01% H) + 245 (0.00% V)

Congestion distribution:

Remain cntH cntV
--------------- -- -- -- --- -- -- -- -- -- --- -
-4: 1 0.00% 0 0.00%
-3: 31 0.00% 0 0.00%
-2: 142 0.00% 1 0.00%
-1: 599 0.01% 244 0.00%

--------------- -- -- -- --- -- -- -- -- -- --- -
0: 172990 1.48% 61079 0.52%
1: 150670 1.29% 86077 0.74%
2: 44762 0.38% 32148 0.28%
3: 21519 0.18% 19627 0.17%
4: 22164 0.19% 13860 0.12%
5: 16793 0.14% 11306 0.10%
6: 19731 0.17% 8547 0.07%
7: 20861 0.18% 10747 0.09%
8: 18863 0.16% 7694 0.07%
9: 17268 0.15% 30224 0.26%

10: 16931 0.14% 346064 2.96%
11: 17222 0.15% 277659 2.38%
12: 15600 0.13% 5036916 43.09%
13: 14148 0.12% 4530174 38.76%
14: 14351 0.12% 27628 0.24%
15: 19822 0.17% 323453 2.77%
16: 16375 0.14% 1841 0.02%
17: 18400 0.16% 4238 0.04%
18: 23292 0.20% 426549 3.65%
19: 29309 0.25% 396033 3.39%
20: 10996138 94.08% 35873 0.31%

4000/4739 (84.41%) net (0:01:01 est=0:00:11.3 1961.4M)
Nr short=228 83%, med=135% medR=34long=0, huge=0
Phase 1l route (0:03:05 1961.4M):

2Sometimesit is useful to route a designup to a lower routing layer, eg. up to metal
5, so as to allow long wires of the upper hierarchy level to be routed over it.
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Number of deextended terms = 1086
Prep phase2 (0:00:00.0 1961.4M):
...
...
...
*** Completed Phase 1 route (0:35:35 1961.4M) ***

Phase 2a route (0:01:49 1961.4M)
Phase 2b route (0:01:45 1961.4M)

Total length: 6.070e+07um, number of vias: 23989
M1(H) length: 7.300e+00um, number of vias: 7
M2(V) length: 6.764e+06um, number of vias: 2925
M3(H) length: 1.833e+07um, number of vias: 5829
M4(V) length: 1.099e+07um, number of vias: 9178
M5(H) length: 2.046e+07um, number of vias: 6050
M6(V) length: 4.159e+06um
*** Completed Phase 2 route (0:03:34 1961.4M) ***

*** xroute (cpu=0:39:09 mem=1961.4M)***
<CMD>saveDesign /proj/carv/user s/ simos/u ni x/ MSc/ buf Xbar 32x32/ SOC_ENCOUNTER/bx _t op/s ave/ bx_to p_AFTER_TRIAL_ROUTE.e nc
*** Completed saveRoute (cpu=0:00:07.6 real=0:00:09.0 mem=1961.4M)***

We can seethe congestiondistribution table, with minor horizontal and
vertical violations; experienceshowed that such small violations can be min-
imized in later phases. Trial routing involves two phases,and each phase
consistsof many sub-phases;each phasetries to minimize congestionvio-
lations, obstructions and over
ows. Especially phase1.f shows the biggest
changes,comparedto the improvements achieved betweenother concurrent
phases. If the design still includes large distribution violations after that
phase,it is certainly unroutable 3 .

C.2.5 Clo ck Tree Synthesis

The clock nets are by far the most important onesin a synchronousdesign;
hence,they arerouted separatelyin the clock tree synthesisphase.Of course,
clock nets must be bu�ered inside the chip asevenly aspossible,in order to
avoid clock skew (uncertainty - seeFigure C.2).

The .clockspec �le is includedduring this phase,sothe tool knowswhich
typesof bu�ers to usewhenproducing the clock tree. Obviously, spacemust
be left inside the core, in order to placethosebu�ers, so 
o orplaning should
not \stress" the core area. The tool producesfull reports of the clock tree
depth and of the �nal clock skew. Clock tree synthesis is performedby the
following commands:�rst we have to specify the clock speci�cation �le,

specifyClockTree -clkFile XX.clockspec

Next we createthe clock save directory, with the command

createSaveDir dir_name

Clock checks are then performedby running

checkUnique

3Note that routing violations are visible in the Encounter graphics mode, but the
designermust have selectedthat option.
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clock pin

clock tree

circuit

Figure C.2: Clock TreeExample

Last of all, the actual clock synthesis procedureis executed,with the com-
mand

ckSynthesis -rguide dir_name/XX.guide -report dir_name/XX.ctsrpt

whereXX.guide and XX.ctsrpt are internal Encounter �les 4

A sampleoutput of the clock synthesis, though inevitably \cut" due to
spacelimitations, can be seenin the following text.

<CMD>specifyClockTre e -clkfile xp_col_rd.clock spec
specifyClockTre e Option : -clkfile xp_col_rd.clo ckspec
RouteType : FE_CTS_DEFAULT
PreferredExtraS pace : 1
Shield : NONE
PreferLayer : M2 M3
Avg. Cap : 0.157351 (ff/um) [0.000157351]
Avg. Res : 0.221429(ohm/um) [0.000221429]
M1 w=0.24(um) s=0.24(um) p=0.56(um) es=0.88(um) cap=0.146(ff/u m) res=0.321(ohm/u m)
M2 w=0.28(um) s=0.28(um) p=0.66(um) es=1.04(um) cap=0.153(ff/u m) res=0.221(ohm/u m)
M3 w=0.28(um) s=0.28(um) p=0.56(um) es=0.84(um) cap=0.162(ff/u m) res=0.221(ohm/u m)
M4 w=0.28(um) s=0.28(um) p=0.66(um) es=1.04(um) cap=0.153(ff/u m) res=0.221(ohm/u m)
M5 w=0.28(um) s=0.28(um) p=0.56(um) es=0.84(um) cap=0.162(ff/u m) res=0.221(ohm/u m)
M6 w=0.44(um) s=0.44(um) p=1.32(um) es=2.2(um) cap=0.129(ff/um ) res=0.0932(ohm/u m)
...
...
...
********** Clock clk_wr Pre-Route Timing Analysis **********
Nr. of Subtrees : 1
Nr. of Sinks : 2
Nr. of Buffer : 44
Nr. of Level (including gates) : 39
Max trig. edge delay at sink(R): xp_hier_col_2_ in st/ cl k_wr 4992.4(ps)
Min trig. edge delay at sink(R): xp_hier_col_1_ in st/ cl k_wr 4989.4(ps)

(Actual) (Required)
Rise Phase Delay : 4989.4~4992.4( ps) 0~5000(ps)
Fall Phase Delay : 5600.1~5679.3( ps) 0~5000(ps)
Trig. Edge Skew : 3(ps) 500(ps)
Rise Skew : 3(ps)
Fall Skew : 79.2(ps)
Max. Rise Buffer Tran. : 482.6(ps) 500(ps)

4Due to the large number of commandsthat must be executed,clock tree synthesis is
more pre�erably run from the Enounter graphics mode.
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Max. Fall Buffer Tran. : 471.7(ps) 500(ps)
Max. Rise Sink Tran. : 900.2(ps) 500(ps)
Max. Fall Sink Tran. : 628.5(ps) 500(ps)

Generating Clock Analysis Report bx_top_cts/bx_ to p_cts .c ts rp t ....
Generating Clock Routing Guide bx_top_cts/bx_ to p_cts .g ui de ....
Clock Analysis (CPU Time 0:00:00.2)

<CMD>saveClockNets -output bx_top_cts/bx_t op_cts .ct sntf
<CMD>saveNetlist bx_top_cts/bx_ to p_cts .v
Writing Netlist "bx_top_cts/bx _t op_ct s. v" ...
<CMD>savePlace bx_top_cts/bx_ to p_cts .p la ce
<CMD>saveDesign /proj/carv/user s/ simos/u ni x/ MSc/ buf Xbar 32x32/ SOC_ENCOUNTER/bx _t op/s ave/ bx_to p_AFTER_CLK_SYN.e nc

C.2.6 Timing Driv en Placemen t

After the clock tree is placedand routed, the placement stageis re-run, but
in a high-e�ort, timing driven mode. This allows the tool to possibly move
somestandard cells to new positions, in order to achieve timing goals. An
exampleoutput of this processis shown below. We canseethat, in this case,
the tool hasactually moved somecells.

<CMD>amoebaPlace
*** Starting "Amoeba(TM) placement v0.254.2.15 (mem=241.3M)" ...
Options: gp=mq-mediumdp=medium
Options: congestDrivenI7 5 congestDrivenQ congestDrivenR1
...
...
...
Starting fine tune place ...

CPUTime for Phases I and II = 0:00:22.6, Real Time = 0:00:23.0
Statistics of distance of Instance movement in detailed placement

maximum(X+Y) = 162.36 um
inst (crs_pes_col_i nst /c rs _32x32_RR_24/ cr _choose_reg_1) with max move: (761.64, 17791.8) -> (617.76, 17773.3)
mean (X+Y) = 18.84 um

*** cpu=0:00:35.9 mem=1052.0M***
Total net length = 4.134e+07 (3.025e+07 1.109e+07) (ext = 1.223e+07)
*** End placement (cpu=0:38:31, real=0:39:33, mem=1052.0M)***
...

C.2.7 Timing Driv en Final and Global Route

This is the last main phaseof the P&R process.In this phase,the tool routes
oncemore the designand tries to usethe minimum net length and number
of vias, choosethe appropriate metal layer for each net, and possibly add
bu�ers or resizecells, in order to achieve unmet timing constraints. 5 The
designercan choosewhich �nal router the tool is going to use: WRoute or
NanoRoute. The latter is a newrouter and is actually suggestedby Cadence,
as it is consideredto be faster and better, although the author hasobserved
that WRoute hasprovided better results in somecases;hence,possiblyboth
must be tried. A limited output of the NanoRoute �nal router, along with
the commandsexecuted,can be seenbelow 6:

5It is reminded that the time t neededto load a wire equals t = C� V =I , where C is
the wire's capacitance, � V the voltage drop/increase and I the current 
o wing through
the wire. Hence, for the same� V , time is reduced if (a) we allow more current to 
o w
through the wire, asa result the wire must be wider, in order to have small resistance;(b)
load capacitanceis small; this can be achieved by bu�ering the net.

6Due to the large number of commands that must be executed, we suggest to run
NanoRoute in the Enounter graphics mode, than in the command line interface.
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<CMD>getNanoRouteMode -quiet routeSiEffort
<CMD>getNanoRouteMode -quiet
<CMD>setNanoRouteMode -quiet drouteFixAntenn a true
<CMD>setNanoRouteMode -quiet routeInsertAnte nnaDiod e false
<CMD>setNanoRouteMode -quiet routeAntennaCel lName default
<CMD>setNanoRouteMode -quiet routeWithTiming Driv en true
<CMD>setNanoRouteMode -quiet routeWithTiming Opt true
<CMD>setNanoRouteMode -quiet optimizeBi true
<CMD>setNanoRouteMode -quiet optimizeGs true
<CMD>setNanoRouteMode -quiet optimizeFixSetu pTime true
<CMD>setNanoRouteMode -quiet optimizeTargetS et upSlack 0.000000
<CMD>setNanoRouteMode -quiet optimizeFixMaxC ap false
<CMD>setNanoRouteMode -quiet optimizeFixHold Ti me false
<CMD>setNanoRouteMode -quiet optimizeTargetH ol dSlac k 0.000000
<CMD>setNanoRouteMode -quiet optimizeFixMaxT ra n false
<CMD>setNanoRouteMode -quiet optimizeDontUse Cell Fil e default
<CMD>setNanoRouteMode -quiet routeWithSiDriv en false
<CMD>setNanoRouteMode -quiet routeSiEffort min
<CMD>setNanoRouteMode -quiet siNoiseCTotalTh re shold 0.050000
<CMD>setNanoRouteMode -quiet siNoiseCoupling CapThreshol d 0.005000
<CMD>setNanoRouteMode -quiet routeWithSiPost Rout eFi x false
<CMD>setNanoRouteMode -quiet drouteAutoStop true
<CMD>setNanoRouteMode -quiet routeSelectedNe tOnl y false
<CMD>setNanoRouteMode -quiet routeFixPrewire false
<CMD>setNanoRouteMode -quiet drouteStartIter at io n default
<CMD>setNanoRouteMode -quiet envNumberProcessor 1
<CMD>setNanoRouteMode -quiet routeTopRouting Layer default
<CMD>setNanoRouteMode -quiet drouteEndIterat io n default
<CMD>deleteSwitching Windows
<CMD>cleanupDetailRC
<CMD>globalDetailRou te

globalDetailRou te
...
...
...

WRoute is run with the command

wroute -timingDriven

WRoute and NanoRouteperform Physically KnowledgableSynthesis- PKS,
that is, they both try to optimize designtiming by actually changing some
standard cells(cell resizing),or adding bu�ers to nets, while having in mind
the actual physical layout of the design. Usually, after many optimization
attempts, the algorithm �nishes and reports the \w orst" path in therms of
timing. A possiblereport of that kind is shown below:

+-------------- -- -- -- --- -- -- -- -- -- --- -- -- -+
| Report | report_timing |
|-------------- -- -- +- --- -- -- -- -- -- --- -- -- -|
| Options | |
+-------------- -- -- +- --- -- -- -- -- -- --- -- -- -+
| Date | 20040417.162148 |
| Tool | pks_shell |
| Release | v5.9-s043 |
| Version | Apr 18 2003 19:47:51 |
+-------------- -- -- +- --- -- -- -- -- -- --- -- -- -+
| Module | crs_pes_col |
| Timing | LATE |
| Slew Propagation | WORST |
| PVT Mode | max |
| Tree Type | worst_case |
| Process | 1.00 |
| Voltage | 1.98 |
| Temperature | 0.00 |
| time unit | 1.00 ns |
| capacitance unit | 1.00 pF |
| resistance unit | 1.00 kOhm |
+-------------- -- -- -- --- -- -- -- -- -- --- -- -- -+
Path 1: METSetup Check with Pin crs_32x32_RR_32/ cr_ choose_r eg_4/ CK
Endpoint: crs_32x32_RR_32/ cr _choose_r eg_4/SE (^) checked with leading edge of 'clk_rd'
Beginpoint: crs_32x32_RR_32/ cr _change_32_re g/ Q (^) triggered by leading edge of 'clk_rd'
Other End Arrival Time 9.24
- Setup 0.11
+ Phase Shift 3.35
= Required Time 12.48
- Arrival Time 12.03
= Slack Time 0.45

Clock Rise Edge 0.00
+ Drive Adjustment 4.11
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= Beginpoint Arrival Time 4.11
+------------- -- --- -- -- -- -- -- --- -- -- -- -- -- -- --- -- -- -- -- -- --- -- -- -- -- -- --- -- -- -- -- -- -- --- -- -- -- -- -- --- -- -- -- -- -- -+
| Instance | Arc | Cell | Delay | Arrival | Required |
| | | | | Time | Time |
|------------- -- --- -- -- -- -- -- --- -- -- -- -- +- -- --- -- -- -- -- -+ --- -- -- -- -- -- --- -- -- -- -- -- +- --- -- -+ -- -- -- --- +- -- -- -- -- -|
| | clk_rd ^ | | | 4.11 | 4.56 |
| clk_rd__L1_I0 | A ^ -> Z ^ | BUFD16 | 2.49 | 6.60 | 7.06 |
| clk_rd__L2_I0 | A ^ -> Z ^ | BUFD16 | 1.01 | 7.61 | 8.07 |
| clk_rd__L3_I0 | A ^ -> Z ^ | BUFD16 | 0.15 | 7.76 | 8.21 |
| clk_rd__L4_I0 | A ^ -> Z ^ | BUFD16 | 0.10 | 7.86 | 8.31 |
| clk_rd__L5_I0 | A ^ -> Z ^ | BUFD16 | 0.21 | 8.07 | 8.52 |
| clk_rd__L6_I0 | A ^ -> Z ^ | BUFD16 | 0.39 | 8.46 | 8.91 |
| clk_rd__L7_I13 | A ^ -> Z ^ | BUFD16 | 0.63 | 9.09 | 9.54 |
| crs_32x32_RR_32 | clk_rd ^ | cr_sched_32x32_RR_SPC_31 | | 9.09 | 9.54 |
| crs_32x32_RR_32/c r_ change_32_reg | CK ^ -> Q ^ | DFEPQ2 | 0.46 | 9.55 | 10.01 |
| crs_32x32_RR_32/RR_pe_cr | In[0] ^ | RR_prior_enf_cs _SPC_31 | | 9.55 | 10.01 |
| crs_32x32_RR_32/RR_pe_cr/ U3 | A1 ^ -> Z ^ | NOR2M1D2 | 0.16 | 9.71 | 10.16 |
| crs_32x32_RR_32/RR_pe_cr/ PEnfPar | In[0] ^ | CRS_0_SPC_31 | | 9.71 | 10.16 |
| crs_32x32_RR_32/RR_pe_cr/ PEnfPar /U95 | A4 ^ -> Z v | NOR4M1D2 | 0.04 | 9.75 | 10.20 |
| crs_32x32_RR_32/RR_pe_cr/ PEnfPar /U90 | A2 v -> Z ^ | NOR4D4 | 0.19 | 9.94 | 10.39 |
| crs_32x32_RR_32/RR_pe_cr/ PEnfPar /U14 | A4 ^ -> Z v | NAN4M2D1 | 0.15 | 10.09 | 10.54 |
| crs_32x32_RR_32/RR_pe_cr/ PEnfPar /U47 | A v -> Z ^ | INVD2 | 0.10 | 10.18 | 10.64 |
| crs_32x32_RR_32/RR_pe_cr/ PEnfPar /U83 | A2 ^ -> Z v | NAN2D1 | 0.07 | 10.26 | 10.71 |
| crs_32x32_RR_32/RR_pe_cr/ PEnfPar /U81 | A3 v -> Z ^ | NAN4M2D2 | 0.08 | 10.33 | 10.79 |
| crs_32x32_RR_32/RR_pe_cr/ PEnfPar /U85 | A2 ^ -> Z v | NOR2D2 | 0.08 | 10.41 | 10.87 |
| crs_32x32_RR_32/RR_pe_cr/ PEnfPar /U92 | A4 v -> Z ^ | NAN4M2D2 | 0.06 | 10.47 | 10.93 |
| crs_32x32_RR_32/RR_pe_cr/ PEnfPar /U21 | A4 ^ -> Z v | NAN4M1D2 | 0.08 | 10.55 | 11.01 |
| crs_32x32_RR_32/RR_pe_cr/ PEnfPar /U87 | A1 v -> Z ^ | NOR4D1 | 0.12 | 10.68 | 11.13 |
| crs_32x32_RR_32/RR_pe_cr/ PEnfPar /U69 | A2 ^ -> Z ^ | AND2D2 | 0.15 | 10.83 | 11.28 |
| crs_32x32_RR_32/RR_pe_cr/ PEnfPar /U38 | A ^ -> Z v | INVD1 | 0.08 | 10.91 | 11.36 |
| crs_32x32_RR_32/RR_pe_cr/ PEnfPar /U74 | A3 v -> Z ^ | NOR4D2 | 0.13 | 11.04 | 11.49 |
| crs_32x32_RR_32/RR_pe_cr/ PEnfPar /U73 | A2 ^ -> Z v | NAN2D2 | 0.08 | 11.12 | 11.57 |
| crs_32x32_RR_32/RR_pe_cr/ PEnfPar /U15 | A3 v -> Z ^ | NOR3M1D2 | 0.12 | 11.24 | 11.70 |
| crs_32x32_RR_32/RR_pe_cr/ PEnfPar /U116 | A3 ^ -> Z v | NAN3M1D2 | 0.10 | 11.34 | 11.79 |
| crs_32x32_RR_32/RR_pe_cr/ PEnfPar /U11 | A3 v -> Z v | OR4D1 | 0.24 | 11.58 | 12.03 |
| crs_32x32_RR_32/RR_pe_cr/ PEnfPar | OneDetected v | CRS_0_SPC_31 | | 11.58 | 12.03 |
| crs_32x32_RR_32/RR_pe_cr/ U65 | A v -> Z v | BUFD20 | 0.13 | 11.71 | 12.16 |
| crs_32x32_RR_32/RR_pe_cr/ U24 | SL v -> Z ^ | MUX2DL | 0.32 | 12.03 | 12.48 |
| crs_32x32_RR_32/RR_pe_cr | Out[4] ^ | RR_prior_enf_cs _SPC_31 | | 12.03 | 12.48 |
| crs_32x32_RR_32/c r_ choose_r eg_4 | SE ^ | SDFPQ1 | 0.00 | 12.03 | 12.48 |
+------------- -- --- -- -- -- -- -- --- -- -- -- -- -- -- --- -- -- -- -- -- --- -- -- -- -- -- --- -- -- -- -- -- -- --- -- -- -- -- -- --- -- -- -- -- -- -+

Timing driven total CPUtime = 620.930000 seconds. <PLC-530>.
Info: Writing "/dev/null" ... <PLC-601>.
Info: Written out 582720 gcells for 6 layers <PLC-601>.
Info: End routability analysis: cpu: 0:12:30, real: 0:12:38, peak: 387.36 megs. <PLC-601>.

...

...

...
Begin antenna checking ...
Layer H-Length V-Length Down-Via Violation ( Antenna)
--------------- -- -- -- --- -- -- -- -- -- --- -- -- -- -- -- -- --- -- -- -- -- -- --- -- --
1st routing 189230 987 0 0 ( 0)
2nd routing 7714 918427 235465 0 ( 0)
3rd routing 1906908 366 128602 0 ( 0)
4th routing 150 195163 46695 0 ( 0)
5th routing 410392 51 4363 0 ( 0)
6th routing 333 138479 1752 0 ( 0)

--------------- -- -- -- --- -- -- -- -- -- --- -- -- -- -- -- -- --- -- -- -- -- -- --- -- --
2514730 1253475 416877 0 ( 0)

End antenna checking: cpu: 0:00:19, real: 0:00:20, peak: 94.87 megs.
End final routing: cpu: 0:17:20, real: 0:17:29, peak: 94.87 megs.

Begin DB out ...
Writing "crs_pes_col. wdb" ...
Written out 11 layers, 6 routing layers, 0 overlap layer
Written out 510 macros, 82 used
Written out 47975 components

47975 core components: 0 unplaced, 47975 placed, 0 fixed
Written out 1538 physical pins

1538 physical pins: 0 unplaced, 1538 placed, 0 fixed
Written out 49129 nets, 49033 routed
Written out 2 special nets, 2 routed
Written out 263166 terminals
Written out 232684 real and virtual terminals
End DB out: cpu: 0:00:00, real: 0:00:04, peak: 94.87 megs.
...

C.2.8 Timing Rep orts and Design Optimizations

Timing violations are obviously the most important onesin the wholedesign
process. Therefore, Encounter is able to report design timing violations,
both in pre- and post-routed clock designinstances. In the �rst case,clock
is consideredto be ideal. This report is generatedin the very early design
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stages,that is right after the trial route phase.In this way, the designercan
have a very early picture of the design'stiming violations, and thus conclude
on whether it is worth continuing the P&R process,or go back to earlier
stages. The sametiming report can be generatedafter the global and �nal
routing phaseandprovidesthe designerwith the actual timing violations that
possiblyexist. In order to producea timing violation report, the designmust
�rst be RC extracted: at �rst, the designerhas to de�ne the RC extraction
model detail, with the command

setExtractRCMode -detail/-default -reduce 5 -noise

and then RC extraction is performedwith the shell command

extractRC -outfile XX.cap

whereXX.cap is the capacitanceinformation output �le. A possibleoutput
of thesetwo commandsis shown below:

RC Extraction for instance crs_pes_col
RC Database Name: crs_pes_col.rcd b.g z
Detail Parasite RC Extraction for crs_pes_col
wire [660 220 20019570 169940] IOBox[0 0 20020560 170080]
bounrary [0 0 20020560 170080]
max_track=10
**WARN:Since cap. table file was not provided, it will be created internally with the following process info:
* Layer Id : 1 - M1

Thicknesss : 0.48
Min Width : 0.24
Layer Dielectric : 4.1

* Layer Id : 2 - M2
Thicknesss : 0.58
Min Width : 0.28
Layer Dielectric : 4.1

* Layer Id : 3 - M3
Thicknesss : 0.58
Min Width : 0.28
Layer Dielectric : 4.1

* Layer Id : 4 - M4
Thicknesss : 0.58
Min Width : 0.28
Layer Dielectric : 4.1

* Layer Id : 5 - M5
Thicknesss : 0.58
Min Width : 0.28
Layer Dielectric : 4.1

* Layer Id : 6 - M6
Thicknesss : 0.86
Min Width : 0.44
Layer Dielectric : 4.1

...

...

...
Nr. Extracted Resistors : 258800
Nr. Extracted Ground Cap. : 211830
Nr. Extracted Coupling Cap. : 2001384
Detail RC Extraction Completed (CPU Time= 0:01:25 MEM=260.6M)
RC Extraction Completed (CPU Time= 0:01:25 MEM=260.6M)

Last of all, the actual timing model is extracted by the command

genTlfModel

whereas,after thesecommandsare executed,timing report canbe generated
with the command

reportViolation -outfile XX.tarpt -num 50
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where XX.tarpt is the output �le and -num50 is the maximum number of
reported violations. In the casewhen violations still exist, the designercan
run \P ost-route Optimization", with the following command

runPostRouteOpt -allEndpoints -dfUseOpt 0 -dfAllPt 1 -ffUseOpt 0
-ffAllPt 1 -inAllPt 1 -outAllPt 1 -fdAllPt 1
-macUseOpt0 -macAllPt 1

It is suggestedto run the last command from the graphics mode, in order
to handle all possibleoptimization options in a more convenient way. It is
also noted that Encounter includes other optimization algorithms, as well;
depending on the designand its violations, the designercan try them, too.
During post-route optimization, the tool �nds all violating paths and tries
to minimize each by cell resizing(thus area increases).By minimizing local
slacks, the tool alsominimizesthe up-to-now worst slack of the circuit. There
are times, however, when, after many attempts and running time, the tool
\giv es up" for speci�c violating paths. A samplesnapshotof a post-route
optimization processis shown below:

...
+-------------- -- --- -- -- -- -- -- --- -- -- -- -- -- -- --- -- -- -- -- -- --- -- -- -- -- -- -+
| xp_col |
|-------------- -- --- -- -- -- -- -- --- -- -- -- -- -- -- --- -- -- -- -- -- --- -- -- -- -- -- -|
| Cell area | Utilization | Worst slack | Local slack | CPU(s) Mem(M)|
|-------------+ -- --- -- -- -- -- +- --- -- -- -- -- -+ -- --- -- -- -- -- +- --- -- -- -- -- -- -|
| 99053.00 | 13.07% | -2.6842 | -0.0699 | 904 181 |
+-------------- -- --- -- -- -- -- -- --- -- -- -- -- -- -- --- -- -- -- -- -- --- -- -- -- -- -- -+

Critical Begin Point(s): os_32x32_RR_inst /d eq_mask_r eg_18/ Q
<TOPT-515>.
Critical End Point(s): xpoint_14_x/T P512X32_i nst/ REN{TO_MACROS}
<TOPT-516>.

...

Note that if post-route optimization doesnot succeedin meetingall tim-
ing requirements, P&R processhasfailed. Also, it is interesting to note that
the tool's global and �nal algorithms (WRoute and NanoRoute), as well as
the post-synthesisoptimizer, can cope with very strict timing requirements,
even in caseswhen the initial timing analysesreport violated slacks of even
15 nsec!
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Switc h Synchronization Details

D.1 In tro duction

Switchesare multi-clock ASICs. This is because,if the input links are fast
(i.e. more than 1 Gbit/sec), tranceiver circuits usedalsocarry the other-end
transmitter clock; this clock is recovered by the tranceiver circuits located
at the switch inputs (seeFigure D.1). If the links are long, then the phase
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Figure D.1: The problemof communicating acrossclock domains: clocks clk1
to clk4 are the recoveredversionsof the initial line card (LC) clocks clk1 i to
clk4 i. Clock recovery is carried out by the switch tranceiver circuits. These
clocks di�er from each other, due to phasevariations, and they all have to
be synchronized to the switch core'sclock.

of the recovered clock, at the receiver (i.e. switch), can vary widely relative
to the phaseof the transmitted clock (i.e. line card), at the other end. This
posesmetastability issues.

D.2 The Metastabilit y Problem

Figure D.2 shows a typical positive edge
ip-
op timing speci�cation. Input
data must bestablesetuptime (tSU ) beforethe edgearrivesand must remain

80



APPENDIX D. SWITCH SYNCHRONIZATION DETAILS 81

the unchangedhold time (tH ) after it is latched. If theserequirements are
met, the 
ip-
op will output the latched value after its propagation delay
(tP RO P ). If the new value arrivesinside the setup & hold time window, then

PROP

tHtSU

new

newold

clock

input

output

t

Figure D.2: Flip-
op timing speci�cation.

con
icts occur (seeFigure D.3): the new output value may be delayed if it
arriveswithin the \long delay dangerwindow" (W), whereasarrival within
the \metastabilit y danger window" (w) may lead to unknown output; this
behavior is called metastability. Usually, the long delay window is 10 times
larger than the metastability one (W � 10 � w). Becauseboth long delay

(W = 10 w)

t SU+tH

t SU+tH

in 1

out 1

in 2

out 2

t PD

data conflict

conflict
terrible data

metastability

long delay

in 3

out 3

normal behavior

Clock
cycle

FF prop.
delay

Data arrival
time

Center of danger window

(a) (b)

metastability
danger window (w)

long delaydanger
window

Figure D.3: Long delay and metastability dueto data con
icts: (a) illustrates
the results of data arriving inside the setup and hold window. (b) shows the
relationship betweenthe \long delay" and \metastabilit y" dangerwindows.

and metastability areundesirablee�ects, the designershouldbe aware of the
combined window; from now on, we will useW for the whole window.

The probability that the arriving data enters metastability is a function of
the clock cycleT (or its inverseclock frequencyFC ), the width of the danger
zone,W, and the data arrival rate FD . If data arrives during every cycle,
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then the probability p equals p(enter metastability) = W=T = W � FC .
When data arrival rate is FD , the rate R of entering metastability equals
R(entering metastability) = W � FC � FD . As an example,considerthe \new
packet" noti�cation pulsethat traversesthe two clock domainsof the switch
presented in this work. In a 0:18�m technology, gate delay is approximately
60psecand W is estimated to be approximately 90psec; clock frequencyis
300M H z (clock cycle 3:35nsec). If data must be synchronized every 10
clock cycles(as is the worst casewith the \new packet" signal), then the
metastability rate equalsR = W � FC � FD = 800K H z, that is, onceevery
1.25nsec,which is unacceptablylarge.

After a metastability con
ict occurs: (a) the output may sendthe correct
value after a long delay; or (b) the output may go to 1 or 0 in random. In
practice, the decisiontime of a synchronizer is exponentially distributed [32].
Thus, if a systemis designedto wait a time, � , beforesamplingthe synchro-
nizer, the probability of synchronization failure decreasesexponentially as �
is increased. Given metastability at t = 0, the metastability probability at
t > 0 is e� t=� . A failure exists if metastability remainsduring the next clock
cycle, too. Failure will be thus p(enter m.s.) � p(stil m.s. after T), and the
corresponding failure rate will equal

Rate(f ail ur e) = Rate(enter m.s.)� p(still m.s. after T) = W� FC � FD � e� T=�

Mean Time BetweenFailure (MTBF) will then equal

M TBF = 1=Rate(failure) = eT=� =W � FC � FD

Depending on the parameter � , MTBF can be almost eliminated.

D.3 Synchronizer Requiremen ts

From the above, it is evident that all recoveredclocks have to besynchronized
to a common clock, clk_s . Switch outputs, on the other hand, can be
synchronized to the switch coreclock clk_s ; this reducesoutgoing latency.

There is largenumber of possiblesynchronization solutions. The decision
on which to use depends mostly on the latency requirements and the syn-
chronization protocol used. Switchesusually useelasticbu�ers at the inputs,
in order to synchronize the received multi-bit information (packet data) [31].
Elastic bu�ers are merely 2-port SRAMs with two asynchronous ports; a
read and a write pointer are used to select the read and write position in
the memory array; these two pointers are synchronized to their respective
clocks. Elastic bu�ers are large and complicated circuits, and require the
use of an SRAM in every synchronization boundary. The 32� 32 bu�ered
crossbarswitch would needonesuch elastic bu�er at each input.

But sinceSRAMs were inevitably usedat the switch crosspoints, choos-
ing to use2-port versionswould immediately solve the data synchronization
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problem,without the needfor elasticbu�ers. The only other information that
has to be synchronized is a control signal: the 1-bit \new packet" noti�ca-
tion pulse. This signal is producedat most every minimum-sizepacket time,
10 clock cycles. Since1024(32� 32) such signalshave to be synchronized,
the synchronization circuit has to be the simplest possible. Also note that
the various incoming clocks must have approximately the samefrequencyas
the switch core's clock, as the switch incoming throughput is the sameas
the outgoing one, and no speedupis required, due to the adopted architec-
ture; hencethe synchronizer usedmust be able to e�cien tly deal with small
frequencyand phasevariations, while keepingits complexity to a minimum.

D.4 1-bit Synchronizer Design

The two 
ip-
op synchronizer is possibly the most e�cien t solution in such
pleisiochronoussituations (seeFigure D.4). Two 
ip-
ops areusedin order to

achnowledgment signal

bit_d0 bit_d1 bit_d2 bit_det

(synchronized to sender's
input value

clock clk_in)

synchronized
value

positive edge detector

clk outreceiver's clock

Figure D.4: The 2 
ip-
op synchronizer.

allow the single-bit data a completecyclefor settling; hence,settling time is 2
clock cycles,whereassynchronization latency is 3 clock cycles.Wedecidedto
use3 
ip-
ops for settling, in order to be more redundant. The synchronized
signal is driven into a positive edgedetector, which eventually lathes the
signaland outputs a completepulse. This protocol is called \4-phase", since
a completecycleof the incoming pulsetriggers onesynchronization event.
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Power Optimization Techniques

Low power consumptionhasbecomea crucial issuein IC design. In portable
devices,low power consumption has long beenconsideredone of the main
designcontraints. In high-performanceprocessors,on the other hand, power
consumption was traditionally the secondaryconstraining factor; however,
this has changed due to the concernson the cooling and packaging cost.
What is more, the increasein power consumption has resulted in higher
temperature, which in turn reducesreliabilit y 1. Therefore, low power tech-
niquesare important for current and future VLSI design. In this sectionwe
will examinetheoretically various methods which, if usedcorrectly, can de-
creasea circuits's power consumption. Someof thesemethodsareadoptedby
the SynopsysPower Compiler power optimization algorithms. The methods
presented can alsobe found in [25].

E.1 RTL Power Optimization

E.1.1 Glitc h Minimization

A design'sstructure in the RTL level can have a signi�cant a�ect on inter-
block glitches. This seemslogical when we face a circuit's blocks as large
gates that connect to each other. Glitch propagation through these RTL
blocks can a�ect power.

Path Balancing and Depth Reduction

Glitch can be reducedif we balancesignal paths, as well as by increasing
circuit depth 2. For example,in Figure E.1 we can seetwo implementations
of a 4-number adder. If all inputs arrive at the sametime, in the caseof

1Realiabilit y is a crucial demand in switching devices: 5 minutes/year downtime is
consideredto be a reasonablevalue.

2Of course,increasingthe depth , increasesthe capacitance;on the other hand, reducing
the depth imposesthe useof more registers,hencepower is increased.Such tradeo�s will
be largely encountered in the following techniquesas well.

84
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the chain adder of Figure E.1(a), adder 2 will compute twice every clock
cycle and adder 3 will compute 3 times per cycle. This results in useless
transitions that consumepower. On the other hand, in the caseof the tree
adder of Figure E.1(b), all paths are balanced,henceglitching is minimal.

(b)

Adder 1 Adder 2

Adder 2

Adder 2

Adder 2
A

B

C

D

OutAdder 3

D

C

B

A
Out

(a)

Figure E.1: Path balancing and depth reduction power optimization: case
(a) is an unbalancedchain adder,while (b) is a completelybalanced,almost
glitch free tree adder.

E.1.2 Exploitation of Resource Sharing

Resourcesharing is a tradeo� between area and performance, but it can
a�ect power consumption as well. Usually, when we sharea unit, we need
multiplexors at its inputs, which resultsin increasedpower consumption. For
example,we can chooseto usea parallel architecture (by duplicating the re-
sources)in casewe need a high-throughput circuit, or a time-multiplexed
architecture for low-throughput circuits. As an example, in Figure E.2,
the parallel implementation (E.2(a)) approach consumeslesspower than the
time-multiplexed one (E.2(b)), becausethe latter involves using multiplex-
ors and due to the fact that the time-multiplexed approach destroys data
correlation.

O1Adder 1

Adder 2

B

A

C
Out

(a)

O1

OutAdder

(b)

C

B

A

Figure E.2: Exploitation of resourcesharing power optimization: case(a) is
a parallel implentation, while (b) time-multiplexes input data, in order to
consumelessarea,but is not aspower-aware as approach (a).
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E.1.3 Dynamic Power Managemen t

The ideaof dynamic power management is to shut down someblocks (ALUs,
registers) that are not performing valuable jobs all the time. There are 4
approachesto this idea.

Pre-computation

With pre-computation we compute someof the circuit outputs one or more
cyclesearlier, in order to decreasethe switching of the combinational cir-
cuit. This can be achieved by implementing predictor functions, which must
cover as many circuit states possible. This method can achieve as much as
60% power savings, but with small area overheadin pipelined circuits, and
is di�cult to implement in sequential circuits. For example, the predictor
functions in the caseof the comparator shown in Figure E.3 are very sim-
ple: If we comparethe multi-bit numbers C & D, functions g1 and g2 are
g1 = C[n � 1]D[n � 1]

0
for C > D, and g2 = C[n � 1]

0
D[n � 1] for C < D;

as a result, g1 + g2 = (C[n � 1]X ORD[n � 1])
0
. For equiprobableinputs,

XNOR power consumption is p(X N OR) = 0:5, so we achieve an averageof
50%power reduction.

XNOR

R1

R2

en

C[n�1]

D[n�1]

D[n�2]

C[0]

D[0]

C[n�2]
R3

f

C > D

Figure E.3: Pre-computation power optimization: the result of the C > D
comparisonis evaluated by �rst comparingthe most signi�cant bits of C and
D and then by comparing the rest. Power consumption savings can be as
much as 60%.

Gated Clo cks

Clock gating can be directly implemented on our code. The designer�nds
the caseswhena speci�c subcircuit must remain idle and builds an activation
function. Gating is performed by AND-ing the real clock with the latched
output (in order to avoid glitches)of the activation function. Such techniques
can reducethe power consumptionof FSMs by almost 30%. For testability
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purposes,we wish to have a way to bypassclock gating. It is also better to
locate the clock gating latchesat the high hierarchy levels. Synthesis tools,
such as Synopsys,can automatically implement clock gating in circuits as
long assuch an option is explicitely activated in the synthesisscripts and the
code contains always clausesof the form

always @(posedgeclk)
if (enable)...

As an example,considerthe FSM block diagram of Figure E.4. When acti-
vation function f is 0, the gated clock stops.

GCLK

state inputs

logic
Combinationalinputs

primary

f

clk

r e g i s t e r

Figure E.4: Clock gating power optimization: when activation function f is
0, gated clock is stopped; through clock gating, power can be reducedeven
by 30%.

Extraction of Computational Kernels

Combinational circuits often \pass" through a relatively small set of states,
hencethey have a \t ypical" and a \non-t ypical" behavior. Typical behavior
can be built by using small, fast and low power logic, called \computational
kernel". Thus, the designercan use a parallel implementation, where the
\k ernel" logic of the FSM will be executedoften, while the rest of the FSM
logic will be seldomexecuted.This method achieves20-50%power savings,
but adds lessthan 15%delay, while its areaoverhead,due to parallelism, is
around 20-70%.

Op erand Isolation

This method is similar to clock gating, but is usedin computational elements:
components that will perform redundant operations are isolated by the use
of control logic. This method achievespower savings of 15-30%,but its area
overheadis in the rangeof 5-25%,while the slack is 30-50%larger.
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E.2 Gate Lev el Power Optimization

E.2.1 Technology-indep endent Techniques

Com binational Circuits

Don't Care Minimization Through this method the designertries to
minimize the cost function of each node, that is, it is favourable to have a
small number of cubes that implement the function in the Karnaugh-map.
Also, by trying out di�erent implementations of the function and by hypo-
thetizing on the node switching activities, an implementation can be found
that will minimize power, perhaps with an area overhead. Care must be
taken though, as this method doesnot always guarrantee power savings, so
it must �rst be ckecked thoroughly on paper or by special tools.

Sequential Circuits

State Assignmen t With state assignment, the designerattempts to
minimize the state-to-state transitions. The extreme caseis to use one-
hot encoding, but with area and possibly power (as capacitanceincreases)
overhead. As a result, statesmust be encoded in conjunction with how often
the speci�c transitions occur; this meansassigningstate codes with small
transitions to statesthat are often active. For example,in Figure E.5 we can
seea 4-state FSM. We can derive a cost function C =

P
i;j wij H (i; j ) which

is indicational of the switching activit y and area penalty of each case. By
correctly selectingstate assignments, we can decreasethe FSM cost C, from
1:2 to 0:8.

(b)
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Figure E.5: State assignment power optimization: by carefully selectingstate
encoding, the designercan minimize the cost function C =

P
i;j wij H (i; j ),

which indicates switching activit y. Case(a) is a power-consumingstate en-
coding selectiongiving C = 1:2, while (b) givesC = 0:8.
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FSM Decomp osition With this technique, the FSM is divided into
one ore more sub-FSMs;this is done becausenot all the sub-FSMswill be
active at any time, hencesomepower management can be achieved. FSM
partitioning into sub-FSMsis carefully carriedout in order to minimize inter-
FSM communication. The overheadof this method, an exampleof which can
be seenin Figure E.6, is the areaoverheadfor the addition of the sub-FSM
activation/inactiv ation logic.

(b)

S0 S1

S2

S3
S4

S5

(a)

M2
(S3,S4,S5)

(S0,S1,S2)
M1

Figure E.6: FSM decomposition power optimization: in (a) we can seea
traditional FSM, which can be partinioned into two sub-FSMs,M1 & M2,
(b), only oneof which will be active at any time.

Retiming & Guarded Evaluation Retiming is a performanceori-
ented method. Latches are added to the glitchy nodes and 5-10% power
savings can be achieved in pipelined circuits. Area overheadis not negligi-
ble, though. This optimization is not supported by SynopsysPower Com-
piler, thus the designerhas to perform it on his own (seeFigure E.7). With
guarded evaluation, dynamic power management is carried out, but in the
Gate-Level: guard logic (latcheswith enable)are addedto block inputs.

E.2.2 Technology-dep endent Techniques

Technology Mapping

The idea of technology mapping is to hide high-switching nodes inside the
gates. If, for example,the tool synthesizesa function f , at �rst it performs
\decomposition of f ", thus building the \sub ject graph", which is the circuit
that implements f , built from primitiv e elements. Next the tool performs
\sub ject graph covering", that is, it choosesthe appropriate gatesfrom the
technology library, in order to \hide" somehigh switching activit y inside the
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(b)(a)

Figure E.7: Retiming power optimization: lathes are added (b) to glitchy
nodes;power reduction is in the range of 5-10%,but area overheadcan be
signi�cant.

gate; thesegateswill be directly built on silicon, so their switching activit y
will as low possible.An exampleof this mapping can be seenin Figure E.8.

H

L L

Figure E.8: Technology mapping power optimization: the coveredcircuit on
the left is the \sub ject graph", which is then \covered" into a three input
NAND gate, shown on the right; thus, the high switching internal node of
the subject graph is \hidden" inside the gate implementation.

Gate Resizing

All technology libraries contain a number of basic primitiv es (gates, mul-
tiplexors, registers), but for every primitiv e, multiple editions exist, with
di�erent characteristics (size, speed,power consumption), as shown in Fig-
ure E.9. The synthesis tool chooseswhich instanceto usedepending on the
contraints the designerhas imposed. Hence, the tool choosesto use fast,
but power consumingprimitiv esin the critical path, and small, slow and low
power primitiv es for other, non-critical, paths. Power savings can be up to
30%.

Bu�er Insertion

Having a fully mapped gate level netlist, with exact timing data, we can add
bu�ers and thus decreasethe capacitanceand the transition time of a node.
For example, in Figure E.10 we can seehow a bu�er insertion between a
driving NAND gate and two receiver 
ip 
ops reducescapacitance(hence
power consumption) and node transition time.
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high power
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low power

small size medium size
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large
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Figure E.9: Technology library primitiv e characteristics: the library contains
di�erent editionsof the sameprimitiv es,which di�er in area,speedandpower
consumption. Hence,the synthesistool canchooseto usea speci�c primitiv e,
depending on the contraints set by the designer.
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Figure E.10: Bu�er insertion power optimization: case(a) shows a NAND
gate driving two 
ip 
ops in parallel. By adding a bu�er in the node (case
(b)), NAND gateand 
ip 
op power consumptiondecrease.Of course,bu�er
insertion should be carefully performed: mistakesmay increasetotal power.

Dual-v oltage Gates

Gateswith low supply voltageconsumesmall amounts of power, but areslow,
too. The synthesis tool might be able to replacegatesthat do not a�ect the
timing contraints with others of a lower supply voltage (seeFigure E.11).
Generally speaking, no more than two di�erent supply voltages should be
usedin a circuit; this method is alsopreferrably followed locally in a design,
asthe special circuits neededat the low voltageoutputs (level shifters), have
large areaand consumepower 3.

3Special algorithms do exist that minimize the useof level shifters.
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slow
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�low power
�slow

L Vdd (1.8 V)
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Figure E.11: Dual-voltagegatepower optimization: case(a) is a high voltage
(2.5V) technologylibrary of threeNAND gates,which arefast and non-power
aware. Case(b) is a low voltage (1.8V) versionof the sametechnology; it is
slower, but consumeslesspower.

Leakage Power Minimization

By synthesizingthe designwith gatesof high threshold voltageVT hr eshold, we
can achieve a minimum leakagepower implementation. Timing constraints
are then met by replacingthe gatesof the critical path with gatesof smaller
threshold voltage. Of course,switching power decreasesasthreshold voltage
drops, and at the sametime leakage power increases;thus, care must be
taken.
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LFSR Random Num ber
Generators

Switch veri�cation is a di�cult task, with the most challenging part being
the generationof realistic input tra�c that must resemble, asclosepossible,
real internet tra�c. Becauseof the high link bandwidth (almost 10Gbit/sec)
supported by our 32� 32 bu�ered crossbarswitch, emulating internet back-
bone tra�c wasdesirable.After tra�c analysisdata is acquired,tra�c must
be generatedand sent to the switch inputs. Although this task is usually
performedin software 1, generatingtra�c that follows speci�c mathematical
distributions is quite di�cult in hardware. In this section we will present
the most important internet tra�c analysis results, and proposea way to
produce number sequencesthat follow a speci�c distribution in hardware,
especially in FPGAs. Random number generationis mostly analysed,since
every other distribution can be implemented by transformating a random
number sequence.

F.1 Tra�c Analysis

Tra�c analyseswere found in [23], while a cumulative distribution of packet
sizes,and of bytes by the sizeof packets carrying them is presented in Fig-
ure F.1. The �gure is a good exampleof the di�erence betweenper-packet
and per-byte analyses. As we can see, there is a predominanceof small
packets, with peaksat the common sizesof 44, 552, 576, and 1500 bytes.
The small packets, 40-44 bytes in length, include TCP acknowledgement
segments, TCP control segments such as SYN, FIN, and RSTpackets, and
telnet packets carrying single characters (keystrokes of a telnet session).
Many TCP implementations that do not implement Path MTU Discovery
use either 512 or 536 bytes as the default Maximum Segment Size (MSS)
for nonlocal IP destinations, yielding a 552-byte or 576-byte packet size. A

1Such software tra�c generation is brie
y presented in [19], whereasa more technical
and detailed presentation can be found in [29].
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Figure F.1: IP packet length distribution: Data taken from a www.caida.org
year 2000simulation.

Maximum TransmissionUnit (MTU) sizeof 1500bytes is characteristic of
Ethernet-attached hosts. Almost 75% of the packets are smaller than the
typical TCP MSSof 552bytes. Nearly half of the packets are 40 to 44 bytes
in length. Note, however, that in terms of bytes, the picture is much di�er-
ent. While almost 60% of packets are 44 bytes or less,constituting a total
of 7% of the byte volume, over half of the bytes are carried in packets of size
1500bytes or larger.

F.2 Hardw are Random Num ber Generators

Generally speaking, there are several requirements that a random number
generator (RNG) must satisfy, the most important being: (a) uniformit y,
(b) independence,(c) long period, (d) repeatability, (e) portabilit y, and, of
course,(f ) e�ciency [28]. The latter requirement is the most di�cult to meet
in hardware and the most important, too, ashardware recoursesare critical,
both for ASICs and FPGAs.

RNGs can be either \truly random" or \pseudo random", with the for-
mer to excibit true randomness(so the value of the next number is unpre-
dictable), and the latter to only appear random. Truly RNGs can only be



APPENDIX F. LFSR RANDOM NUMBER GENERATORS 95

built in hardware by using thermal noise (possibly from a resistor), which
is then ampli�ed, latched and sampled. This obviously analogcircuit is not
preferrablein most cases.

The most e�cien t 1-bit RNG implementation usesthe Linear Feedback
Shift Register(LFSR). It is basedon the fact that the next random value is
a function of the older values,with 1 to 3 XOR operations between them.
The LFSR is a very e�cien t pseudo-RNG,as for an m-bit random number,
only an m-bit shift registerand 1-3XOR gatesare needed;it alsoshows very
nice statistical properties, while its period can becomevery large, too.

In order to designa multiple-bit RNG, various methods have beenpro-
posed.The most obvious is to usemultiple copiesof single-bit LFSRs. This
method hasthe sameoperation speedasthe signle-bit RNG, but hastwo ma-
jor disadvantages: (a) it requiresa di�erent seedfor each single-bit LFSR, in
order to avoid correlation; and (b) it is ine�cien t, as it needslarge hardware
resources.

The answer to the above problems is the \Multiple-bit Leap-forward
LFSR", which utilizes only one LFSR and shifts out several bits, with all
shifts being performed in one clock cycle. This method is basedon the ob-
servation that an LFSR is a linear systemand the registerstatecanbewritten
in vector format q(i + 1) = A � q(i ), whereq(i + 1) and q(i ) are the contents of
the shift registerat (i + 1)th and i th steps,and A is a transition matrix. After
the LFSR advancesk steps,the equationbecomesq(i + 1) = Ak � q(i ). If we
computeAk then we determinethe XOR structure and the circuit can leapk
stepsin oneclock cycle 2. An exampleof a 4-bit Leap-forward LFSR can be
seenin Figure F.2. Leap-forward LFSR method utilizes extra combinational

4�bit output
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Figure F.2: 4-bit Leap-forward Linear Feedback Shift Register(LFSR) orga-
nization.

circuit, insteadof duplicated LFSRs. For small k, this combinational circuit
2Transition matrix computation is presented in [28].
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is not very complexand is thus ideal for FPGAs, sinceit balancesregisterand
combinational circuitry. However, for large k, the XOR structure grows very
large and becomesthe dominant factor; in that case,a \Lagged Fibonnaci"
RNG can be usedinstead.

F.3 Non-uniform Num ber Hardw are Sequence
Generation

In order to producegeneral,non-uniform random numbersthat follow a spe-
ci�c distribution, a similar procedurecan be followed: �rst we generatea
uniformly-distributed random number, and then we perform an extra pro-
cessingstep, in order to produce the desiredvalue. There are two methods
to implement that extra step,but the easiestand most straightforward is the
\in versetranform method": assuminga random variable X , with a proba-
bilit y distribution function (pdf) P(X = x j ) = pj , where j = 1; : : : ; m and
P

j pj = 1. We generatean n-bit random number U and set X as

X =

8
><

>:

x1 if 0 < = U < p02n

x2 if p02n < = U < p1sn

� � �

Hence, in the worst case,we needa 2n by log2m ROM look-up table. By
computing the above valueso�-line, storing them in a ROM and addressing
it with a uniformly distributed random number (possibly computed by a
LFSR-RNG), the desiredvaluesare generated.
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Thesis Overview

This thesis was carried out from February 2003 until June 2004 and was
composedof 5 stages:(a) initial work, (b) switch architecture, HDL coding
and veri�cation, (c) synthesisand veri�cation, (d) placement and routing and
(e) thesisreport. Figure G.1 shows the time spent in each of thosestages;it
should be noted that most stagesoverlapped.

Thesis

Feb 03              Apr 03                                                       Sep 03               Nov 03                                                                   May 04   Jun 04

Placement &
Initial
work

Sw. architecture,HDL coding &
verification

Synthesis &
verification routing report

Figure G.1: Project timeline.

Entire code sizeof the project can be seenin table G.1. \Core Verilog
Code" code infers to the 32� 32switch codewritten from scratch; \Automat-
ically GeneratedCode" had to be producedin order to instantiate the 1024
crosspoints and the 32 credit and output schedulers,as well as organizethe
switch in columns. This was carried out by a C �le. \MiscellaneousVerilog
Code" was mostly written for the development of a 4� 4 bu�ered crossbar
switch with WRR schedulers,as well as for tests on LFSR random number
generators.

Core Verilog Code 5500
Autom. GeneratedVerilog Code 10500

MiscellaneousVerilog Code 2000
Synopsys& SoCEncounter Scripts 800

C Code 600

Table G.1: Thesiscode size.
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