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ABSTRA CT

The computational requirements imposedby cellular telephony standardsneces-

sitate more performancethan is currently available on embeddedprocessors.The

problem will persist in the future since algorithmic complexity is growing faster

than Moore'sLaw. The additional challengeto embeddedprocessorsis how to meet

theseperformanceneedsunder stringent energybudgets. The rapid rate of change

in cellular telephony requirements motivatesthe creationof newarchitectureswhich

are also
exible. Achieving high-performanceand 
exibilit y within a limited power

budget is a di�cult task.

The traditional approach for applications requiring both high-performanceand

low power is to employ dedicatedintegrated circuit solutions for computeintensive

components. In areaswhere applications evolve rapidly, 
exibilit y is also an im-

portant factor, and a generalpurposeor embeddedprocessorapproach has often

beenusedfor this reason. Moore's Law scaling has allowed embeddedprocessors

to becomemore powerful. This improvement is insu�cien t for portable computing

andcommunication devicesthat increasinglyemploy rapidly evolving, sophisticated

and power hungry signalprocessingtechniques. Moreover, theseprocessorsincur a

signi�cant overheadin terms of power and areacomparedto specializedhardware.

This is causedby excessdie areabeingconsumedfor control functions which leaves

insu�cien t resourcesfor data path executionduties.

Theseproblemsmotivate the investigation of an alternative approach. In this

dissertation,the approach is to trade programmingcomplexity for e�ciency in order

to reducehardware complexity and explicitly control the communication resources.

The idea is to design a processorwith a recon�gurable data path where special

purposecomputational pipelinescanbedynamically establishedthat resemble data


o ws found in the dedicated circuit solutions. These pipelines can be instantly



recon�gured to support a new processingphase.By executingthesealgorithms on

dedicatedpipelines,signi�cant energysavingsandperformanceimprovement is pos-

sible. Flexibilit y is achieved by �ne-grained program control of the communication

betweenthe pipeline stages.

The main contribution of this work is a low power 
exible architecture for

adaptive cellular telephony (ACT) algorithms. The architecture is 
exible enough

to e�cien tly support diversealgorithms. The e�ectivenessof the design,in terms

of power, 
exibilit y, and performance,is evaluated on algorithms taken from the

wirelessdomain and genericDSP kernels. ACT is within one order of magnitude

of the energy-delay product of an application speci�c integrated circuit and three

to four orders of magnitude more e�cien t than a low power embeddedprocessor

implementation.

v
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CHAPTER 1

INTR ODUCTION

Future mobile cellular telephony terminals will need to support higher data

rates, full motion video and multimedia applications, and a variety of wireless

standards. They must also be energy e�cien t and 
exible, have a low time to

market, and be low cost. Flexibilit y and low time to market require the use of

programmableprocessorsfor the implementation of the increasinglysophisticated

digital signal processingalgorithms, especially those oriented toward the wireless

domain. Low power, on the other hand, requires the use of a more dedicated

solution. Hence, there is a direct con
ict between the requirements of 
exibilit y

and low power.

The computational requirements imposedby cellular standardshave increased

exponentially sincethe introduction of the �rst-generation (1G) wirelesstelephony

devices. This is due to the increasedcomplexity of algorithms used to reduce

the bit error rate (BER) and to enablemore e�cien t useof the wirelessspectrum.

Thesealgorithms requiremoreperformancethan is currently availableon embedded

processors.The problem will persist in the future sincealgorithmic complexity is

growing faster than Moore's Law [116,96, 42].

Userswill bene�t from future wirelesscommunications systemsonly if mobile

terminals can operate in several or even all di�erent wirelessstandards. Mobile

terminals intrinsically needto be connectedanytime and anywhere. Another major

problem in these mobile computing devicesis power dissipation. Mobile devices

are typically poweredby batteries. Although algorithmic complexity has increased

exponentially , battery capacity hasmanagedto improve by only 1.03per year [97].

Research in energy e�cien t circuits has beenextensive. One important tech-

nological innovation was the transition from NMOS circuits, which su�ered from
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continuous static power dissipation, to CMOS. CMOS has beenadvancing along

an exponential path of shrinking device dimensions,which increasesboth device

density and speed. Recently, power dissipation has emergedagain as a major

concerndue to leakage currents. Power dissipation due to leakage is one of the

fundamental problemsthat will ultimately restrict scalinggains in the future.

To provide adequateperformancewhile meeting power constraints, designers

typically useApplication Speci�c Integrated Circuits (ASICs). ASICs, due to their

high level of functional specialization, are very e�cien t in terms of area, power,

and performance. However, ASICs lack 
exibilit y and the high designcosts and

lengthy design cycles are problematic in the rapidly evolving cellular telephony

domain. Digital signal processors(DSPs) and generalpurposeprocessors(GPPs),

on the other hand, are 
exible but lack the processingpower necessaryto meet

the real-time processingrequirements of new third-generation (3G) standards. In

addition, GPPs and DSPsare both signi�cantly lessenergye�cien t than the ASIC

approach. Thus, the trade-o� is between
exibilit y and power e�ciency . Flexibilit y

requiresan architecture that is generalenoughto support di�erent algorithms with

di�erent requirements in term of computation and storage. Low power, on the

other hand, necessitatesan architecture that is morecustomizedto the exactneeds

of a particular algorithm or a particular domain.

Recon�gurablecomputing technologyusing�eld programmablegatearrays(FP-

GAs) as computing devicesis one option. Although this technology provides the

required
exibilit y and performance,it lacks the necessaryenergye�ciency . Hence,

thesedevicesare mostly deployed in environments wherepower dissipation is not

as critical as that of mobile devices.

1.1 Ob jectiv es and Con tributions

Traditionally di�erent wirelessbasebandalgorithms were designedseparately

and optimized more or less independent of each other. Algorithms with high

computational complexity were implemented using ASICs. Lesscompute-intensive

algorithms, on the other hand, were implemented on a DSP processor.
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The main goalof this dissertation is to develop a programmablecoprocessorfor

wirelesstelephony algorithms that will remove the needfor ASICs. The coreof the

research is to show how to designan energy-e�cient processorthat provides per-

formancecomparableto that of a dedicatedsolution while retaining the 
exibilit y

to support multiple algorithms or multiple phasesof a complexalgorithm.

The key in designinglow power, high-performance,and 
exible devicesrelies

on �nding opportunities for customization for a particular domain. Ideally, cus-

tomization will allow oneto changean architecture to bene�t a set of applications

while maintaining the 
exibilit y to run other applications. There are a myriad of

architectural decisionsto be made when designinga processor,including memory

con�guration, fetch and decode logic, the number of functional units, and register

�les. Each decisioncan have a big e�ect on the level of performance,power, and


exibilit y. These decisionsdepend on the algorithmic characteristics. Wireless

algorithmsaredominatedby small regular loopsthat consumea largefraction of the

executiontime and dissipatedpower. They alsoexhibit an abundanceof data-level

parallelism(DLP), instruction-level parallelism(ILP), and address-level parallelism

(ALP). By exploiting the existingparallelismandexecutingtheseunderlying kernels

on optimized processingelements that can executethose kernels with minimum

energyoverhead,signi�cant energysavings can potentially be gained.

The main contribution of this dissertation is a low power, high-performance,


exible architecture for the wirelessdomain called ACT (adaptive cellular tele-

phony). The architecture represents a middle ground between generalembedded

processorsand ASICs. The design relies on a cluster of homogenousprocessing

units connectedby a 
exible communication fabric. Power and performanceare

achieved by the abilit y to createcustompipelinesthat resemble data 
o ws found in

ASIC solutions. Flexibilit y, meanwhile, is achieved by �ne-grain programcontrol of

the interconnectionfabric. The �ne-grained control permits changingthe data 
o w

in the pipelines to e�cien tly adapt to di�erent algorithms or to di�erent stages

in the same algorithm. This dissertation also employs distributed control as a

way of reducing dissipatedpower in the control circuitry. To show the bene�ts of
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this approach, a Verilog implementation of the ACT architecture wasdesignedand

evaluated on a variety of algorithms taken from 3G wirelessbaseband,voice over

IP, typical DSP algorithms, and kernelstaken from the MPEG decoder.

1.2 Dissertation Outline

Chapter 2 givesan introduction to low power CMOS design,including a sum-

mary of the sourcesof power consumption in CMOS circuits as well as design

techniquesto reducethem. The chapter alsodiscussesthe metrics usedto compare

the energyconsumptionand performanceof di�erent designs.Chapter 3 presents

a detailed review and brief analysis of the di�erent techniques used in the im-

plementation of programmableprocessorsfor digital signal processingalgorithms.

Chapter 4 reviews the basic principles of wireless communication systems and

addressesvarious topics that provide the basebandfunctionalities of a 3G wireless

system. Moreover, this chapter describesthe properties of digital signal processing

algorithms that can be exploited in the designof a low power processor.Chapter 5

introducesthe ACT architecture. This includesa detaileddescriptionof the features

and aspects of the architecture. In order to illustrate theseconcepts,it will also

discussthe mapping of di�erent wirelessalgorithms onto the architecture. Chap-

ter 6 discussesthe single instruction multiple data (SIMD) function units (FUs)

implementation and its e�ect on power and performance.Chapter 7 introducesthe

data context switching techniqueand its e�ectivenessin enhancingthe performance

of a set of algorithms where loop-carried-dependenciesare present. Chapter 8

evaluates the ACT architecture in terms of power, performance,and 
exibilit y on

the suite of wirelessalgorithms. The results are comparedto implementations of

the samealgorithms implemented on ASICs and a low power embeddedprocessor.

Chapter 9 presents conclusionand suggestions.



CHAPTER 2

LO W POWER DESIGN

The needto support mobilit y, seamlessroaming, and portabilit y of hand-held

devicesplacessevere restrictions on size and battery power consumption. Even

though battery technologyhasimprovedover the years,energystoragecapacity has

managedto increaseby only 1.03per year [97]. Assumingthis slow pacecontinues,

low power circuit and architecture approacheswill be mandatory to support future

sophisticatedand power hungry digital signalprocessingapplications in the mobile

domain.

CMOS technologieshave been traditionally used for circuit designwhere low

power pro�les are essential. Applications that have had to meet this requirement

include hand-held calculators and integrated sensors.However, low power design

recently hasbecomethe most important factor in high-performancedesignsaswell.

One reasonis the emergenceof battery-poweredportable systems,such as pagers,

cellular telephones,personalaudio equipment, and laptop computers. The other

reasonis the increasedparasitic power component causedby decreasingintegrated

circuit sizes.

2.1 Power Dissipation in CMOS

Power consumptionfor CMOS circuits hasan active component and a parasitic

component. Active power is the power consumeddue to charging and discharging

of capacitors. Parasitic power is due to short circuit and leakage currents. Al-

though power due to leakageis becomingincreasinglysigni�cant, active power still

dominatesin current 0.13� m technology. A formula for averagepower is given in

equation 2.1.
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Pavg = Pactiv e + Pshor tcir cuit + Pleakage (2.1)

2.1.1 Activ e Power

Active power consumptionis due to the charging and the discharging of circuit

capacitancesasillustrated in Figure 2.1. This �gure shows a simpleCMOS inverter

consistingof two transistorstypes: NMOS andPMOS asshown in Figure 2.2. When

the input signal is low, the PMOS transistor is ON and the NMOS transistor is

o� as illustrated in Figure 2.3. In this state, the output capacitor will charge up

to the supply voltage Vdd. When the input goes high, the PMOS transistor in

Figure 2.4 will turn o� and the NMOS transistor will turn on. This will discharge

the output to ground. If we call � the averagenumber of rising transitions during

one clock cycle, f the clock frequency, and CL the output capacitance,the active

power dissipation can be described by equation 2.2:

Pactiv e = � � CL � V 2
dd � f (2.2)

2.1.2 Short Circuit

The previous section assumedthat all of the charge drawn from the power

supply is collectedby the output capacitances.This situation can happen only if

both transistorschangestate instantaneously. For real circuits, the input signalwill

Figure 2.1. Charging capacitance
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Figure 2.2. NMOS and PMOS transistors

Figure 2.3. PMOS ON

have �nite rise and fall times. During this transition there is a small period of time

whenboth transistorsarepartially conducting. Thereforecurrents will 
o w directly

from power to groundasshown in Figure 2.5. This parasitic short-circuit [104,127]

current is wastedenergy.

The averageshort-circuit current increaseswhen the rise and fall times of the

input waveform are slow due to large CL . The value of CL may be large due to

long wires or due to the needto drive large transistors that receive the signal. The

process-level solution of usinghigh thresholdvoltage(Vth ) devicesand circuit design

styles that ensurerapid rise and fall times alleviates the severity of the problem.
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Figure 2.4. NMOS ON

Figure 2.5. Short Circuit

At the architecture level, on the other hand, very little can be done to solve the

problem.

2.1.3 Leakage Curren t

Ideally, CMOS circuits dissipateno static power sincein steady state there is

no direct path from Vdd to ground. However, there are three other leakagecurrent

components [76, 31, 23, 135]. Power dissipation due to leakage is speci�ed in the

following equation:
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Pleakage = (I diode + I subthr eshold + I gatel eakage) � Vdd (2.3)

I diode is the current that 
o ws through the reverse-biaseddiodes formed between

the di�usion regionsand the substrate. I subthr eshold is the current 
o wing through

transistors that are nonconducting. Equation 2.4 shows how the subthreshold

leakagecurrent dependson threshold voltage and supply voltage:

I subthr eshold = K 1 � W � e
� Vth
nV � (1 � e

� Vdd
V� ) (2.4)

In the above equation K1 and n are experimentally derived; W is the gate width;

and V � is the thermal voltage. At room temperature, V � is about 25mv, increas-

ing linearly as temperature increases. Equation 2.4 suggeststwo ways to reduce

Isubthr eshold. First, one can turn o� the power supply, which meanssetting Vdd to

zero. Second,one can increaseV th , which can dramatically reducesthe speedas

illustrated in equation 2.5.

f /
(Vdd � Vth )�

Vdd
(2.5)

where� variesbetween1 and 2.

Igatel eakage is the current that is causedby carriers tunneling through the gate

oxide. This current increasesexponentially asgateoxide thicknessis reduceddueto

processscaling. Gate leakageis expectedto be comparableto subthresholdleakage

for a 65nm process.In this process,leakagepower is likely to exceedactive power.

2.2 Low Power Design Techniques

This dissertation usestransistor-level circuit simulations to evaluate the archi-

tectural options outlined later in the dissertation. Thesesimulations considerthe

short circuit and the leakage components of power consumption. However, since
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there is not much that canbe doneat the architecture level, this research is focused

entirely on architectural solutions to reduceactive power consumption.

Active power, as shown in equation 2.2, dependson three parameters: supply

voltage,capacitance,and switching activit y. In the following sections,we will study

the e�ect of these parameterson energy consumption as well as discussenergy-

e�cien t designtechniquesand their e�ect on theseparameters[131, 61, 13, 98, 93].

2.2.1 Voltage Scaling

Supply voltage scaling is an e�ective meansof Pactiv e optimization becauseof

the nonlinear dependenceof Pactiv e and Vdd asseenin equation2.2. Supply voltage

is limited by timing constraints and increasedleakagecurrents. Equation 2.6shows

the delay td of a CMOS inverter. The performanceof a circuit inevitably degradesif

the supply voltage is reducedwhile the threshold voltageremainsat the samelevel.

This problem can be overcomeonly by scalingboth supply and threshold voltages.

Low threshold voltages causeexcessive leakage power consumption, as discussed

in Section2.1.3. This meansthat aggressive supply and threshold voltage scaling

eventually lead to an optimal balancethat minimizes total power consumption. If

the voltagesare scaledbeyond this balancepoint, power consumptionwill increase

due to exponentially rising subthresholdcurrents [117].

td =
CL � Vdd

K (Vdd � Vth )�
(2.6)

where� variesbetween1 and 2.

2.2.2 Reducing Capacitance

Active energyconsumption in CMOS circuitry is proportional to capacitance.

Therefore,minimizing capacitancewill decreaseenergyconsumption. Equation 2.7

shows that CL can be divided into three components:

CL = Cf o + Co + Cw (2.7)
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Cf o is the input capacitance of the fan-out gates. It is the sum of the gate

capacitanceof the logic gateswhich receive the signalasshown in Figure 2.6. Gate

capacitanceis proportional to the areaof the gate,which is equal to the product of

the transistor width and the channel length. Co is the driver-di�usion capacitance

in the sourceand drain. Cw is the wiring capacitance.For a parallel plate capacitor,

Cw is equal to Cpp plus Cf r ing e. Cpp is proportional to the area of the wire. The

fringe term dependsweakly on geometrywhich for 0.18� m technologiesis about 40

fF/m. Wires today are often taller than they are wide, and will grow even taller

to reduce resistanceas technologiesscale. At minimum pitch their side-to-side

capacitancesare a signi�cant and a growing portion of the total. Capacitanceis

thus better modeled by four parallel-plate capacitors as shown by Horowitz [89].

For deep submicron technologies,Cw is the most dominant component and the

hardest to estimate.

2.2.3 Power Supply Shutdo wn

Shutting down the power supply reducesboth active and static power dissipa-

tion. This is the most e�ective way to save power in idle modules. To be able

to apply this technique several conditions have to be met. Powering down and up

Receivers gate capacitance

(source/drain) capacitance
Driver diffusion 

Wire
Capacitance

Figure 2.6. Capacitanceestimation
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will result in transient noiseand voltagedrops in a carefully designedpower supply

grid. Thesee�ects must be adequatelyshieldedto avoid functional failure. Since

it takes sometransition time before the supply voltage stabilizes when a module

is turned on, this technique is useful only if the module transition time is greater

than the idle time.

2.2.4 Clo ck Gating

Since CMOS power consumption is proportional to the switching activit y � ,

power consumptioncan be reducedby clock gating oneor more logic blocks when

there is no work to be done. Clock gating is a technique that isolates activit y

happening in onepart from being visible in other parts by enabling or disabling a

clock signal.

Figure 2.7 shows the traditional approach of creating a register bank with an

enableinput to multiplex the input of the registers. If the register must hold its

value, its output is fed back into the data input through a multiplexer. Since

the register is clocked all the time whether the data have changedor not, there

will be continuouspower consumption in the register and in the downstream logic

connectedto its output.

Figure 2.7. Load-enabledregister
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Usinga gatedclock asshown in Figure 2.8[118],the signalthat would otherwise

control the multiplexer controls the gate. If a part of the processoris not needed

for a given operation, the clock signal to that part is removed. Inserting clock gates

does not present the sameinterferenceto the designas power supply shutdown.

Reduction of up to 80% of the total power consumptioncan be achieved through

aggressive clock gating [35].

Clock gateddesigns,asshown in Figure 2.8,may not work correctly if delays and

spikesare present on the enablesignal sinceundesiredadditional clock edgesmay

be generated. The problem is typically resolved by additional circuitry as shown

in Figure 2.9. The additional latch is added to suppressspikes and synchronize

delayed enablesignals[35]. The useof additional gatesin the signal path will also

increaseclock skew and reducethe maximum achievable clock frequency. For low

power designobjectivesthis is seldoma seriousissue.

2.2.5 Pip elining and Parallelism

Pipelining is a standard technique for increasingthe overall speedof a circuit

by introducing clocked latchesbetweenstagesof combinatorial logic. Figure 2.10

illustrates this strategy. Pipelining splits an operation into substages.This allowsa

subsequent operation to start beforethe prior operation completes.This increases

the throughput by a factor equal to the total number of pipeline stages(N).

Figure 2.8. Clock gating
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Figure 2.9. Clock gating with latch

Delay T

Delay T/2 Delay T/2

Figure 2.10. Pipelining

To achieve the samethroughput as the unpipelined design,the supply voltage

can be decreasedby N in order to decreasethe active power consumption by

N2. Pipelining, however, incurs someoverhead. The pipeline registers introduce

overhead in terms of area, power, and delay. Each register must be clocked on

every cyclewhich increasesswitching activit y and the capacitive load on the clock

network. In overly pipelined designs,registersand their corresponding clock trees

areresponsiblefor an increasinglylargefraction of the total power dissipation[133].
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The idea of using parallelism is to allow more operations at a slower speed

to achieve the sameoverall performance. This createsan opportunit y to reduce

Vdd which savespower. By increasingthe parallelism by a factor N (Figure 2.11)

the frequency could also be decreasedby the same factor to achieve the same

throughput. The main drawback of these techniques is that they both require

more area. Sinceleakagepower is dependent on area, thesetactics will needto be

carefully considered.

2.2.6 Wire Lo calit y

Wire locality is an architectural strategy that can be usedto reducethe total

capacitanceand power consumptionof a target design. Signalsare generatedand

used locally in terms of their physical location since the further a signal has to

travel, the higher the interconnect capacitance.Communication betweendi�erent

modules in a processorrepresents a large fraction of the total dissipated power.

Experiments [94] have demonstratedthat 10% to 40% of the total power may be

dissipated in buses,multiplexers and drivers. This can increasedramatically for

systemswith multiple chips due to large o�-c hip bus capacitances.

Partitioning the system or algorithm into spatially local clusters ensuresthat

the majorit y of the data transfers take place within the clusters and only rarely

Delay T

Delay 2T

Figure 2.11. Parallelism
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betweenclustersasshown in Figure 2.12. The result is that local busesare shorter

and more frequently usedthan the longer highly capacitive global buses.

2.2.7 Algorithms

Power consumption can be signi�cantly decreasedat the algorithmic level by

reducing the number of operations neededto computea particular function which

minimizesthe total number of switching activities. Onemust considernot only the

total operation count but also the types of operations required by the algorithm.

Accessesto memoriesand register �les can also be expensive in terms of power.

Therefore,algorithms which minimize not only operation count, but also memory

accessesare often more amenableto a low power implementation.

Algorithms that implement the same function sometimeshave widely vary-

ing word length requirements. Di�eren t �lter structures implementing the Aven-

haus[11] bandpasstransfer function may require di�erent word lengths to achieve

adequateprecision. The word length can vary widely from a minimum of 13 to a

maximum of 23 bits [29]. Implementing the algorithm with the minimum number

of bits will reducepower consumption.

Replacing multiplication by a constant with an equivalent sequenceof shifts

and additions is another examplewherealgorithm transformation can decreasethe

total dissipated power. A common casearisesin array addressexpressionscom-

a) global bus                           b) local interconnect

Figure 2.12. Locality of reference
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monly formed in loops. The compiler usesa strength reduction transformation [67]

to replace the sequenceof multiplies with an equivalent sequenceof shifts and

additions.

2.2.8 Data Represen tation

Another architectural decisionthat can impact power consumptionis the choice

of data representation. In making this decision,the designertypically has several

di�erent alternatives from which to choose: e.g., �xed-p oint vs. 
oating-p oint,

sign-magnitudevs. two's-complement, and unencoded vs. encoded data. Each of

thesealternativesinvolvesa trade-o� in accuracy, easeof design,performance,and

power. The most obvious trade-o� involvesdecidingupon a �xed- or 
oating-p oint

representation. Floating-point implementations are e�cien t when a large active

range is required. Fixed-point techniquesrepresent a 
oating-p oint number in an

integer format with an implicit decimal point to divide the integer and fractional

part. The trade-o� is that �xed-p oint representations su�er from a reduceddynamic

range. Floating-point alleviates the active range di�culties at the expense of

increasedhardware complexity, higher latency, and higher power consumption.

2.3 Metrics

A suitable metric is neededin order to comparethe merits of di�erent designs.

Previously, the main goal of digital designhas beento deliver the highest possible

performanceat the expenseof area and power. Since power is increasingly the

limiting design factor, this practice is no longer viable. Many embeddedproces-

sorssuch as PDAs and cell phonesrequire both high-performanceand low power

consumptiondue to battery limitations. The semiconductorindustry has recently

shifted its priorities and made power an important design issue in today's deep

submicron technology [14]. One of the �rst proposed power e�ciency metrics

was the energy per operation [23], which is alsoknown as the power-delayproduct

(Figure 2.13). This metric represents the performanceachieved per watt. The

metric could be represented as follows:
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Power is Height of Curve

Low Power Design Could be Slower

Watts

Time

Approach 1

Approach 2

Figure 2.13. Power versusdelay

Energy = Poweractiv e � Delay =
� � CL � V 2

dd � f
f

= � � CL � V 2
dd (2.8)

Notice that the frequency term (f ) has been canceledfrom the equation. The

energy-delay product (E�) is the averageenergy multiplied by the computation

time required to completea particular task (Figure 2.14) and is represented in the

following equation:

Energy � Delay =
� � CL � V 2

dd

f
(2.9)

E� is consideredto be a better metric [40] becausedesignersmay trade increased

delay for lower energy. However, sinceE / V 2 and t / 1=V, E� canbe potentially

minimized by simply turning down the supply voltage at the expenseof perfor-

mance.Rabaey[95, 91]hasshown that the E� product is relatively 
at for devices

with supply voltages variations between 1.5 and 5.0 volts. For real devices,E�

varies between(+/-)30% over a reasonablerangeof voltage. The main reasonfor

such high varianceis that modern processorsare usingaggressively scaledsupplies.

Another metric is E� 2 [21], which to a �rst-order approximation is independent

of voltage. A chip that is better than another chip with E� 2 will have higher

performancethan another chip at the sameenergy. The drawback of this approach

is that it inherently givesmore weight to delay instead of energy.
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Approach 2

Time

Watts

Approach !

Energy is Area Under Curve
Different Approaches Require
The Same Energy

Figure 2.14. Energy versusdelay

The results of this dissertation presented in Chapter 8 use both E and E�

as metrics sincethey are both more appropriate for energyconstraints embedded

systemsdesigns. E makes sensefor systemslike the Intel XScale processorthat

stressenergye�ciency over performance.E� is moreappropriate for systems,like

ACT, that valuesboth performanceand energye�ciency . E� 2 is likely a better

choicein evaluating high-performanceprocessordesignswhich placea higher value

on peakperformance.E� 2 is not usedin the evaluation of the ACT designdue to

the focuson both performanceand energye�ciency .



CHAPTER 3

PR OGRAMMABLE PR OCESSORS FOR

DSP APPLICA TIONS

This chapter is divided into two sections. The �rst section covers various

architectural classi�cations that can be usedto di�erentiate programmabledigital

signal processors.It alsoprovides a comprehensive description of the fundamental

characteristicsof thesearchitectures. The secondsectiondiscussesthe computing

platforms that are targeted for current and future generationsof wirelessmobile

handhelddevices.The overall purposeof this chapter is to characterizethe advan-

tagesand limitations of theseexisting approaches in programmabledigital signal

processors.

3.1 Arc hitectural Classi�cations

The most popular computer architecture taxonomy was de�ned by Flynn in

1966[33]. Flynn proposeda classi�cation schemebasedon the number of streams

that 
o w into a processor. The streams can be of two types: instructions and

data. The number of streamscan be either multiple or single. Four combinations

of data and instructions streamswerede�ned: singleinstruction singledata, single

instruction multiple data, multiple instruction singledata, and multiple instruction

multiple data. However, asmore work wasdoneon computer architecture, Flynn's

taxonomy proved too coarse[60,105]sinceit did not take into account the internal

structure of a processor. Hence, various authors have used Flynn's taxonomy

as a basis of their own taxonomy by adding extra parameters to subdivide the

categories[111, 30, 107]. Even though Flynn's taxonomy ignores a number of

details, it is still the most widely usedtaxonomy.
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This sectiondiscussesthe energye�ciency and performanceof di�erent archi-

tectural approaches in terms of the basic architectural models de�ned by Flynn's

taxonomy. This evaluation alsoconsiderstwo other important architectural models

that are relevant to the research conductedin this dissertation, namely, Very Long

Instruction Word and Superscalararchitecture. Thesetwo models are signi�cant

becausethey represent a progressionbetweenthe singleinstruction singledata and

multiple instruction multiple data models.

3.1.1 Single Instruction Single Data

Single instruction single data (SISD) is a traditional computer architecture in

which each arithmetic instruction initiates an operation on a data item taken from

a single stream of data elements. The familiar von Neumann machine belongsto

this category. Instructions in this architecture are executedsequentially but may

be overlapped by pipelining. Operations in di�erent pipeline stagesare separated

using pipeline registers.

Pipelining signi�cantly improves instruction throughput since, ideally, a pro-

gram is executedin such a manner that one instruction is completedevery clock

cycle. Situations called hazards prevent the next instruction in the instruction

stream from being executedduring its designatedclock cycle. Thesehazardsare

due to data and control dependenciesbetweeninstructions or contention for shared

physical resources. Ideal pipeline performanceis degradedwhen hazards occur.

The e�ects of dependencyhazardscan be mitigated by forwarding techniques. In

deeppipelines,the extra pipeline registersand correspondingly deeper clock trees

and data forwarding (bypassing)betweenpipelinestagesaccount for an increasingly

large fraction of the total power dissipation [68, 77, 115, 133]. The registerslatch

their inputs unconditionally, even when input data does not change, and thus

consumesigni�cant power.

SISDprocessorsissueonly oneinstruction at a time. Increasedperformancewill

result if multiple independent instructions can be issuedin each cycle. Multiple

issuearchitectural approach increasesthe performanceof uniprocessorsin terms
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of the number of instructions executedsimultaneously so as to further exploit the

instruction-level parallelism (ILP) which exists among the machine instructions

of a program. Whereaspipelining decomposesinstruction execution into several

stages,the multiple issuemethod permits several instructions to be executedin

parallel pipeline stages.Processorsthat employ this technique are called multiple

issueprocessorsand come in two 
a vors: static and dynamic. The di�erence is

whether the ILP is detecteddynamically at run time by the processoror statically

at compile time. In the static method the compiler createsan instruction from

multiple independent instructions. The result is a very long instruction word or

VLIW architecture. The dynamic approach is called superscalar.

In superscalar processors[112, 43, 90, 64, 66,41, 5, 39]multiple instructions are

fetched from the instruction cache every cycle. The instructions are then decoded,

checked for dependencies,renamed,and deposited in an instruction window. The

instructions wait in the instruction window for their operandsand functional units

to becomeavailable. Hardware continuously monitors the dependenciesbetween

instructions in the window and selectsappropriate instructions, possibly \out-of-

order" for parallel execution. The hardware responsible for creating the window,

monitoring dependencesbetweeninstructions in the window, selectinginstructions

for execution from the window, and providing data operands to the instructions

is referred to as issue logic. This logic is one of the most performance-critical

components in a superscalarprocessor.

To increaseparallelism further, speculative techniqueshave beenimplemented.

Speculation techniquesallow instructions to executeearlier, basedon the predic-

tions, beforeactual information about dependenciesor latenciesis available. Among

thesetechniquesare branch prediction, memory-dependenceprediction [136], and

latency prediction [136]. Speci�cally, load hit speculation predicts the accesstime

of load instructions. This allows instructions dependent on a load to issueearlier,

without having to wait for actual hit status. For any form of speculation, some

meansof recovery is requiredin caseof a misprediction. On a branch misprediction,
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the processorpipeline is 
ushed and the correct path instructions are fetched from

the instruction cache.

With all theseoptimizations, a moregenerallimitation of superscalarprocessors

is limited ILP. Hennessy[45] considersa four-issuePowerPC processorwith six

execution units. In principle, it should be able to managefour instructions per

cycle. In practice, it managesto fetch about that many but canonly commit about

1.25 per cycle. It is fairly clear that a lot of work is going into gaining very small

improvements.

VLIW machines use a di�erent approach from dynamically scheduled super-

scalar to exploit ILP. In this architecture, all data dependenciesand scheduling,

which are done in hardware, are left to the compiler. This approach signi�cantly

simpli�es the hardware and thus reducespower consumption. The abilit y of the

compiler to work with a large window of candidateoperations is alsoanother clear

advantage of thesestatically scheduledmachines.

VLIW machinesalsohave their drawbacks. Sophisticatedcompiler technologies

areneededin order to takeadvantageof the parallelism. Moreover, it is not possible

at compiletime to identify all possiblesourcesof pipelinestalls and their durations.

Someof theseconditions can only be resolved at run time.

VLIW machinescanbedivided into two categories,uni�ed and clusteredVLIW.

In a typical load/store uni�ed VLIW architecture, operations useonly registersas

operand sourcesand destinations. Load and store operations specify transfers of

data betweenregistersand memory. This machine, shown in Figure 3.1, includesa

number of function units, a multip orted register�le, and a bypassingnetwork which

needscomplexcontrol logic to enablefast forwarding betweenthe functional units.

The largemultip orted register�le and bypassnetwork hamper the scalability of the

processor.This problem is exacerbatedwith the advanceof VLSI technologies[56,

89]. Clustered data paths of VLIW architecture improve on both issues. In a

clusteredVLIW machine (seeFigure 3.2) the register�le is split into several register

�les (RFs), each RF has fewer registersand ports. The smaller partitioned RFs

have lower accesstime, occupy smaller area,and dissipatelesspower [137,102].
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Figure 3.1. Uni�ed VLIW architecture
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Figure 3.2. Cluster VLIW Architecture

While cluster VLIW machines alleviate the register �le problem, power is still

an issuesincemost of the operations require register �le accesses.

Cluster machinescanbedivided into two categories.In the �rst, the register�le

clustering is architecturally invisible and the compilerassumesa uni�ed register�le

space.In the second,the register�le partitions arearchitecturally visible. The �rst

option requireshardware support to stall the processorwhenever the data must be

moved betweencluster partitions. This approach is problematic. Hence,in most of

cluster VLIW machines, the register �le partitions are architecturally visible.
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3.1.2 Single Instruction Multiple Data

In contrast to pipelining and multiple issuestechniques,data-level parallelism

(DLP) also can be exploited to leverage the amount of work performed by an

individual instruction. This approach is generally implemented in the form of

SingleInstruction Multiple Data (SIMD) architectures. SIMD processors,asshown

in Figure 3.3, were initially designedto addressshort vector applications. In these

processors,a singleinstruction controls the functionalities of group functional units

(FUs). The data path of these processorsis divided into two units: the vector

unit and the scalar unit. These processorsachieve high-performanceon vector

applications by mapping the vector onto multiple FUs. WhereasVLIW processors

primarily improve ILP by exploiting DLP, SIMD architectures directly reduce

instruction width by applying a single instruction directly on multiple data.

The SIMD tactic can also be usedon FUs rather than processingelements to

exploit subword parallelism [70]. Subword parallelism is a technique that enables

the full use of word-oriented data paths when dealing with lower-precisiondata.

In this technique, the FU can be seenas a collection of small parallel processing

elements. This type of architecture, alsocalledSIMD extensions,started appearing

Instruction Memory

FU

Data Memory

FUFU
Scalar
Unit Vector  Unit

Interconnects

Figure 3.3. SIMD processorsbasicmodel
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in microprocessorswith HP's MAX2 and Sun'sVS extensions[48]. Sincethen, the

market hasseenmultimedia extensions(MMX) [55],MadMax [48],andAltiV ec[34].

3.1.3 Multiple Instruction Single Data

This machine has many processingunits, all of which execute independent

streams of instructions. The only known example of this unusual machine is

the C.mmp built at Carnegie-MellonUniversity. This MISD machine category

exists due to the basic nature of the Flynn taxonomy. MISD machines inherently

must broadcastdata to multiple processors.Broadcastingis both slow and power

consumptive. Thesedefectsmake MISD a poor choice in practice.

3.1.4 Multiple Instructions Multiple Data

As processorsget faster, it becomesharder to speedthem up, both in terms of

designe�ort and manufacturing cost. The amount of ILP that can be extracted

from an application is also reaching a point of diminishing returns. The cost of

extracting the ILP is not proportional to the increasein performance. A cost

e�ective way to improve performancebeyond the uniprocessoris by connecting

multiple microprocessorstogether.

Multiple Instruction Multiple Data (MIMD) allow many processingelements to

perform di�erent operationson di�erent data. The architecture represents the area

that is the focus of most of the recent developments in parallel architecture that

have taken place. In this architecture, as shown in Figure 3.4, each processorhas

its own set of instructions which are executedunder the control unit local to each

processor.

3.2 Pro cessors for Digital Signal Pro cessing
Applications

3.2.1 GPPs

General PurposeProcessors(GPPs) are an ideal platform for applications for

which 
exibilit y is the main issue.However, the cost of this 
exibilit y is signi�cant
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Figure 3.4. The basicMIMD model

overheadin terms of areaand power comparedto a dedicatedsolution. Every com-

putational step requiresfetching and decoding an instruction from the instruction

memory, accessingthe required operands from the data memory, and executing

the speci�ed computation on a generalpurposefunctional unit that is designedto

perform a wide variety of computations. All of these activities involve accessing

large, centralized memories;performing calculations using a large, complex data

path; and driving heavily loaded wires. As a result, a great deal of energy is

consumed. Also, Moore's Law scaling of current GPPs will be insu�cien t to

keepup with the energyand performancerequirements of rapidly evolving wireless

communication applications [42, 92].

Bose [20, 19] investigated the use of GPPs for pure software de�ned radio

(SDR). SDR [78, 79] is an emergingtechnology in which a large portion of radio

functionalities such as the intermediate frequency(IF) stage,bit stream process-

ing, modulation/demodulation, and sourceprocessingare performed by software

running on generalpurposehardware. SDR is a way of implementing multimode

terminals that operate in di�erent frequencyrangesusing di�erent interfaces.New
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servicesandadvancedsignalprocessingtechniquessuch asadaptiveantennascanbe

implemented and tested easily with the SDR approach. The recon�gurabilit y and

reprogrammability properties allow thesealgorithms to be downloadedon demand

and intelligently adapt radio interfacesto di�erent applications and environments.

In his thesis, Bose describes a framework for the development of a software

radio using a GPP. Recently, Vanu Inc. introduced the �rst hand-held software

radio. Their prototype consistsof an XScale-basedHewlett-Packard iPAQ PDA,

running an embedded Linux operating system as well as Vanu's software radio

technology running on the iPAQ. The vanu's software implements the required

signal processingfunctions [126]. The current device supports only FM radio

services. The algorithms in the FM radio require far less computation than is

required in 3G cellular telephony standards.

Recently, IBM [51] announcedthe IBM cell processor[87, 65]. The cell pro-

cessorshown in Figure 3.5(a) consistsof a general-purposePOWERPC processor

core connectedto eight special-purposeDSP cores. These DSP coresare called

synergistic processingelements (SPE) and are self-contained statically scheduled

SIMD processors.The main objective of the cell designis to reducethe massive

amount of control logic that exists in today's high-end processors. This control

logic takesa lot of die spaceand addspipeline latency in return for extracting extra

parallelism from the code stream. As shown in Figure 3.5(b), IBM has eliminated

the instruction window and its control logic in favor of adding more storagespace

and more executionhardware. Each SPE contains a 128kilobytes of local storage

(LS) instead of caches,and most of its arithmetic instructions operate on 128-bit

vectorsconsistingof four 32-bit elements.

3.2.2 DSPs

Products that include someform of digital signal processinghave grown dras-

tically over the last decade. Most of the applications on thesedeviceshave hard

real-time requirements.
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A real-time system is one in which the usability of the computations depends

not only upon the logical correctnessof the computation but alsoupon the time at

which the result is produced.

DSPsaresimilar to general-purposeprocessors,but they areoptimized for signal

processingalgorithms. In fact, their architectureshavebeenmostly shapedby these

algorithms. Many signalprocessingapplications, for instance,contain convolution-

likealgorithms, meaningthat two operandsat a time must becontinually multiplied

and then accumulated. This has motivated the inclusion of hardware support for

a fast, single-cyclemultiply-accumulate unit (MA C).

Sincetheir introduction, DSP architectures have beenclassi�ed into three cat-

egories.The �rst generationwas designedaround the eighties and had a Harvard

architecture with separatedata and program bussesas well as separatedata and

instruction memories. Many processorsonly supported �xed point operations,

such asthe TMS320C10from TexasInstruments and the ADSP-2101from Analog

Devices.The primary computational resourcesin theseprocessorsare divided into

data memory addressingand computational data path sections. Data memory

addressingusesan addressgenerationunit (AGU) composedof an addressregister

�le and addressarithmetic logic units (ALU) which support various addressing

modes. The data path is composedof a register �le, a multiplier, an ALU, and

other functional units such as a barrel shifter for arbitrary shifting of data values,

and an add-compare-select-storeunit to acceleratethe main operation found in

Viterbi decoding.

The secondDSP generationwas introduced in the early nineties. It provided

features, such as pipelining, multiple ALUs, and accumulators [82]. The result

was signi�cant performance improvement compared to their predecessorswhile

maintaining a level of software compatibilit y. Examplesof this secondgeneration

are the TMS320C20from TexasInstruments, and the DSP56002from Motorola.

To further increasethe performanceof DSP processors,the operational concurrency

had to be increased. In the third generationof DSPs, this has beenachieved by

adopting a VLIW approach [28, 88, 123, 113]. An exampleof commercialVLIW
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processorsis the Texas instruments C6000 family. The data path of the C6000

family shown in Figure 3.6is divided into two identical clusters. The designprovides

two register �le data crosspaths. The crosspaths, 1X and 2X, allow functional

units from one side to accessan operand from the register �le of the other side.

This accesscan be performedsimultaneouslywhile the other side'sfunctional unit

is using operandsfrom its register �le. Each register �le is connectedto the cache

with a 32-bit bus. Each cluster has four functional units that are usedto perform

both data and addresscalculations.

The latest member of this family is the TI C64x [123,124]. The performanceof

the TI C64x hasquadrupledthe number of million multiply and accumulations per

second(MMA CS) whencomparedto the TI C62x. The architecture of the C64x is

divided into two clusters,similar to that of the C62X. The C64x is typically usedin

cellular basestation applications due to the enhancedperformance.To be able to

handlemany usersat the sametime, two coprocessorshave beenadded. Theseare

the Viterbi coprocessor(VCP), and the turb o coprocessor(TCP). VCP and TCP

make the C64x a very attractiv e solution for base-stations.

AALU MUL ALUMUL AALUALU/
BSH/
BMU

ALU/
BSH/
BMU

Decode

Fetch

xdb
ydb

ALU

        Register File     Register File
16 x 32�bit   16 x 32�bit  

Figure 3.6. TI C62x data path. AALU: addressarithmetic logic unit. BMU: bit
manipulation unit. BSH: barrel shifter
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Another VLIW machine that resemblesconventional DSPprocessorsby dividing

resourcesinto memory addressingand data path sections is the StarCore [113]

as shown in Figure 3.7. The addresspath has two addressALUs and one bit

manipulation unit. The data path has four functional units. Each of theseunits

contains a multiply accumulate unit, a bit manipulation unit, and an exponent

encoder. The architecture can fetch six instructions per cycle and has a 5-stage

pipeline rather than the 11-stagepipeline found in the C62x. The main bene�t

of the shorter pipeline is the reducedpenalty in instruction cyclesassociated with

branches.

In somerecent GPP and DSP processors,SIMD instructions have been used

as multimedia extensionsto the basic instruction set of the processorin order to

improve performancefor multimedia applications. SIMD extensionstend to have

their own computation and register units that residecloseto the standard integer

unit. The registersare typically 64 to 256bits in length and can hold subwords of

width 8, 16, or 32 bits. Computation kernelsare vectorized,and their processing

occurs in the processorSIMD unit. The XScale architecture [54], for instance,

AALU AALU

Decode

Fetch

xdb
ydb

Address Register File Aithmetic Register File
16 x 40�bit  24 x 32�bit  

 BMU   FU   FU   FU   FU

Figure 3.7. StarCore
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provides 64-bit versionsof MMX and streaming SIMD extensions(SSE). Someof

the DSPs,which include SIMD units, are 3DSP'sUniPHY [3], Altiv ec[34], and the

Sandblasterdesignedby SandBridgeTechnologies[108].

DSP processorsaimed at high-power infrastructure such as 3G base-station

applicationswerealsodesignedby AnalogDevices[9], e.g.,the ADSP-TS101Swhich

is alsoknown asTigerShark. The chip architecture canbe viewed asa combination

of VLIW and traditional DSP. It is capableof a peak of six instructions per cycle.

At a 300MHzclock rate, the ADSP-TS101So�ers 1.8GFLOPS and 2.4GMACSfor

16-bit �xed-p oint operations. The ADSP-TS101So�ers a completeset of on-chip

featuressuch asa large 6-Mbit internal memory, a 14-channel zero-overheadDMA

engine,and1.8Gbyte/s of I/O throughput. The processorhasthree internal 128-bit

wide internal busesproviding a total memorybandwidth of 14.4Gbytes per second.

It also has dual compute blocks, each of which can handle multiple �xed-p oint

valuesor single 
oating-p oint valueswithin its 128-bit wide registers. This means

that the TigerSHARC DSP can achieve up to 8x 16-bit or 4x 32-bit (�xed or


oating-p oint) MACs per cycle. This type of parallel operation is often required

for signal processingapplications. There are also two independent integer ALUs,

which are typically usedfor calculating addresses.

Since power is a major concern in portable devices,di�erent processorsand

platforms are designedto target theserequirements. The C5500family has been

developed for power aware portable devicessuch as cell phones. Devices from

this family are available in three variants: C5502, C5509, and C5510. At 400

MHz, the performanceis 800 MIPS, which is �v e times faster than the previous

C54x generationand dissipatesone-sixth of its core power [122]. The C55x DSP

core featuresthree 16-bit data read buses,two 16-bit data write buses,one 32-bit

program bus, and six 24-bit addressbuses. Another feature of the C55x is its

support for variable-length instructions basedon a new byte-addressingscheme.

The instruction length may be8, 16,24,32,40,or 48bits. The instruction fetch size

increasesfrom 16 bits to 32 bits. Texasinstruments developed a separateOMAP

family that is basedon the C55x. Initial OMAP family members operated at a
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maximum speedof 204MHz. BerkeleyDesignTechnology[16]evaluatedthe general

signalprocessingperformanceof an early OMAP chip, the OMAP1510,versusthat

of Intel XScale-basedPXA255. The OMAP1510 includes a 200 MHz C55x core

and a 175MHz ARM9 core. The signal processingbenchmark executiontimes are

similar to thoseof the 400MHz PXA255, when the signalprocessingcode executes

exclusively on the C55x. This performanceis insu�cien t for the computational

requirements of 3G wirelessstandards. The new OMAP2420 processoris a single-

chip processorthat supports many cellular standardsand supports many modem,

chip-set, and air interfaces. It includes an integrated ARM1136 processor(330

MHz), a TI TMS320C55xT M DSP (220MHz), graphicsaccelerator,and an imaging

and videoaccelerator.This chip hasa separateASIC acceleratorfor every compute

intensive application component.

3.2.3 Recon�gurable Computing

Recon�gurable computing systemscombine recon�gurable hardware with soft-

ware programmableprocessors. These systemsallow the user to con�gure some

part of the hardware for di�erent applications [26, 106,4, 6]. Di�eren t parameters

are used to characterize the design of a recon�gurable hardware. Someof these

are granularit y and recon�gurabilit y. Granularit y refers to the data sizeof opera-

tions. Bit-level operations(gatesor look-up tables) are �ne-grain, but coarse-grain

granularit y implies operations on word-sizedata, using ALUs. Recon�gurabilit y

can be static if the execution is stopped during recon�guration, or dynamic if the

recon�guration proceedsin parallel with execution.

Morphosys [109], illustrated in Figure 3.8, is a parallel recon�gurable system

designedto speedup generalpurposeintensive applications. It is a combination of

a GPP with a 2D array of coarse-grainrecon�gurable cells. The GPP is usedas

a control processor.The recon�gurable cell (RC) array consistsof an 8x8 array of

identical RCs. Each RC incorporatesa 28-bit ALU, a 16x12-bit multiplier, a shift

unit, 16-input and 8-input multiplexers, a 16-bit register �le, and a 32-bit context

register to store the current context word.
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The SIMD computation model of Morphosys makes it �t very well for appli-

cations that exhibit SIMD parallelism. RCs are also very coarse-grained,thus

increasingthe power due to wasted resourcesfor applications that require smaller

data paths.

Piperench [25] is a coarse-grainedcoprocessorfor streaming multimedia. The

chip includes a pipeline of stripes, each stripe holding computing elements and

registers. It usesa programmabledata path that supports virtualization of hard-

ware pipelines. The primary di�erence between the virtual and actual data path

is that the virtual path contains an arbitrary number of pipeline stages,whereas

the chip contains precisely16. This allows the implementation of a large logical

con�guration on a small pieceof hardware through rapid recon�guration.

The piperench stripe contains 16 computing elements, each of which comprises

an 8-bit ALU with preshifting carry logic and a �le of eight 8-bit registers. The

carry and shift logic allow all of the elements in a stripe to be grouped together to

provide a wider data path. The internal registercontents aremovedby the hardware

from onestripe to another. Global bussesspanall pipeline stagesto support data

insertion and bypassing. At 120 MHz, Piperench executesa 40-tap �lter at 41.8

million samplesper second. Operating at 33.3 MHz, the power dissipation of an

FIR �lter [58]with 15 to 20taps rangesbetween600and 700mW in .18� m process.

The Pleiades,shown in Figure 3.9,project at UC Berkeley[4, 128, 72] focuseson

an architectural template for low power, high-performancemultimedia computing.
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In the Pleiadestemplate, a general-purposemicroprocessoris surroundedby a

heterogeneousarray of autonomous,special-purposesatellite processors.All proces-

sorsin the systemcommunicate over a recon�gurable communication network. The

satellite processorsare special purposeprocessors.Theseprocessorsare optimized

to executespeci�c tasks such as MAC or discrete cosinetransfer (DCT). Hence,

the Pleiadesdesignmethodology targets a very speci�c algorithm.

REMARC (Recon�gurable Multimedia Array Coprocessor)[80] is a recon�g-

urable accelerator that is tightly coupled to a MIPS-I I RISC processor. It is

composedof an 8x8 array of 16-bit nano processors. Each nano processoruses

its own instruction memory in conjunction with a global program counter. This

architecture closelyresemblesa single-chip multipro cessor.The data path of a nano

processorconsistsof an ALU, a 16-entry data RAM, an 8-entry register �le, and

specialpurposeregisterssuch asdata input registersand data output registers.All

functional and storageunits are 16 bits wide.

PADDI-1 (ProgrammableArithmetic Device for DSP) [24] consistsof clusters

of eight 16-bit wide arithmetic execution units. The clusters are connectedto a
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central crossbarswitch box and have an 8-word static SRAM. The interconnect

is organized in two levels: a 3-bit global bus to broadcast instructions to each

executioncontroller; theseinstructions are decoded locally in the secondlevel into

a 53-bit instruction word.

The Chameleonsystem[22] introducedthe CS2112recon�gurable communica-

tions processorshown in Figure 3.10. This systemis composedof a number of tiles

connectedby recon�gurable data paths. Each tile contains a control logic unit, a

number of load/store memory units, and a number of data path units. The system

delivershigh-performance.However it wasdesignedfor basestation algorithms for

which power consumptionis lesscritical than in the handset,which is the focusof

this dissertation.

Fine-grainedrecon�gurable architectures are designsthat stressthe useof bit

serialdata paths such asthosefound in �eld programmablegatearrays (FPGA) [10,

134, 69, 8]. FPGAs can be programmed by the user to perform the desired

functionality. There are many programming possibilities. Antifuse technology
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can be programmedonly once. Flash-basedsystemscan be programmedseveral

times. SRAM-baseddevicescan be programmeddynamically. SRAM-basedis the

dominating technology sinceit allows very fast, unlimited systemreprogramming.

FPGAs consist of an array of con�gurable logic blocks (CLB), routing channels

to interconnect the logic blocks, and IO blocks that provide the interface between

the packagepins and the CLBs. A CLB can contains somelookup tables (LUT),

muxes,and latches,though the exact contents areagaindependent on the family of

FPGA in use. A typical LUT consistsof four inputs, which allows it to implement

any Booleanfunction of up to four variables. LUTs canalsobe con�gured and used

as small random accessmemories[134]or as a shift register.

FPGAs have several disadvantages. They are slow to recon�gure. Dynamic re-

con�guration, on the other hand, meansthat part of the FPGA canbe recon�gured

while the FPGA is running. Nevertheless,this is a complicatedprocessand cannot

be done in one cycle. They also have sacri�ced interconnect and logic element

speedfor generality. Thesedevicesare useful for bit manipulation of data that can

be found in applications such as encryption and bit coding [7]. The architectures

are not optimized for word width manipulation due to the large areaoverheadfor

routing signals. FPGAs are not particularly power e�cien t becausethey usemore

transistors in order to provide programmability. The area and power overheadof

the interconnectare similarly substantial.

Traditionally, FPGAs have beenusedfor prototyping designsand for applica-

tions where power is not a big concern. Xilinx and Altera are the two biggest

suppliersof FPGAs. Someof their products are Vertex, Vertex I I, Apex 20k, and

Apex I I.

3.2.4 ASICs

Architectures for wirelesssystemshave traditionally beendesignedto meetreal-

time requirements, �t on a limited die area,and operatewithin a low power budget.

Theseconditions are usually met by implementing compute-intensive operations in

an ASIC [44, 17, 75, 53]. ASIC designis both expensive and time consuming. It
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takes many months for an ASIC to be designed,veri�ed, fabricated, and tested.

ASICs alsosu�er in that even minor evolutionary changesin the application invoke

another ASIC designcycle. In the rapidly evolving wirelesscommunication space,

thesedefectsare severe.

Despite the ASIC disadvantages,many companiesrely on ASICs for their wire-

lessdevices. An exampleof a commercialwirelessproduct that usesan ASIC is

the TMS320TCI1x. This chip usesthe TCI100, a DSP along with two tightly

coupledcoprocessors,the TMS320TCI110 and the TMS320TCI120 [53]. The two

chips are usedfor compute intensive algorithms found in 3G wirelessreceivers and

transmitters.



CHAPTER 4

WIRELESS COMMUNICA TION SYSTEMS

Wireless communication has becomea ubiquitous part of modern life, from

global cellular telephonesystemsto local and even personal-areanetworks. This

chapter beginswith a review of wirelesscommunication systemsand then discusses

in detail the third-generation (3G) wirelesssystemwhich represents the motivating

application areafor this dissertation. Sincewirelesssystemsareevolving to support

di�erent types of applications such as video coding, the chapter closeswith a

description of someadditional DSP algorithms which are particularly important

for future mobile handsets. The purpose of this chapter is to understand the

requirements of thesealgorithms and usethem asa feedback in the processordesign

process.

4.1 In tro duction
The �rst cellular systemsweredeployedin Scandinavia in 1981andwerefollowed

by similar systemsin the United States. They provided voicetransmissionthat was

basedon an analogscheme. In 1990,the secondgeneration(2G) wirelesssystems

were introducedand consideredto be the �rst digital cellular systems.In addition

to better voice quality, data serviceswith user bit rates up to 9.6 Kbit/s were

supported.

The 2G systemsweredivided into di�erent categoriesdependingon the medium

accesstechniques that were used. The most common ones were time division

multiple access(TDMA), frequency division multiple access(FDMA), and code

division multiple access(CDMA). TDMA allows users to transmit on the same

radio frequencywithout interfering with each other by allocating oneor more time

slots for each user. TDMA demandssynchronization amongthe users. In FDMA,
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the total bandwidth (W) is divided amongN simultaneoususerssuch that each user

is allocated a channel with a bandwidth of W/N. In practice, each useroccupiesa

bandwidth slightly narrower than W/N so that interferencebetweenchannelswill

be acceptablein a systemusing realizable�lters, which have a frequencyresponse

that doesnot go to zero abruptly outside the channel bandwidth. A combination

of TDMA and FDMA has also beenusedto allow an even larger number of users

accessto the available spectrum.

CDMA is di�erent from TDMA and FDMA in that it doesnot allocateuserslots

basedon frequencyor time. CDMA userstransmit simultaneouslyusing the entire

spectrum all the time usingspreadspectrum [110, 27]. Spreadspectrum is a means

of transmission where data occupy more bandwidth than is necessary. Various

techniquescan be usedto spreadthe signal. Direct-Sequencespreading(DSS) is

the bestknown spreadspectrum technique,and it is usedin the application targeted

in this dissertation. In this technique,each useris assigneda uniquepseudo-number

code (PN) which spreadsthe signal'sbandwidth asshown in Figure 4.1. The clock

rate of the spreadingcodeis known asthe chip rate. The chip rate of the PN codeis

usually much higher than the userdata rate. The ratio of the chip rate to the data

rate is called the spreadingfactor (SF). The PN codesare chosensothat they have

low cross-correlations.Multiple userstransmit simultaneouslyon the channel. This

createsinterferenceand all interferewith each other, but each receiver correlatesthe

received signal with the appropriate code. Becausethe cross-correlationbetween

di�erent PN codesis very small, signalsfrom other usersappear asnoise.

To support high-speeddata rates and to be able to provide multimedia services

anytime and anywhere, the international telecommunications union radio de�ned

a family of systemsfor 3G mobile telecommunications called IMT-2000. The 3G

provides data rates up to 2 Mbits/s for short distance tranmission, 384 Kbits/s

for pedestrians,and 144 Kbits/s for vehicular users. The serviceso�ered by the

3G systemscan be divided into di�erent classes;the main di�erence amongthese

classesis how delay sensitive the tra�c is. Voice,videotelephony, and videogaming
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Figure 4.1. Direct-sequencespreading

are delay sensitive. Email, short messageservice,and downloading are not delay

sensitive.

The two main standards in the IMT-2000 family are the Universal Mobile

Telecommunication System (UMTS) and Cdma2000. Both systemsuse CDMA

astheir medium accesstechnique. Sincethe computational complexity and type of

operations in thesestandardsare similar, the following sectionswill only describe

the algorithms in the UMTS standard.

4.2 Comm unication System

Figure 4.2 illustrates a typical radio systemconsistingof a transmitter, receiver,

and a channel. Oneof the distinctive featuresof a mobile radio channelis multipath

propagation, in which the received signal consistsof multiple re
ected, di�racted,

and scattered components, as well as a direct line-of-sight component. Since all

the components travel di�erent distancesand encounter di�erent re
ections, their

received phasesare di�erent. Depending on the relative phases,the signals can

reinforceor canceleach other. Cancellationcausesfading. As the receiver is moved,

the received signal power undergoesvariations, resulting in a fading envelope that

can be measured. The di�erence in path length between multipath components

causesthem to arrive with di�erent delays. This phenomenoncausesintersymbol

interferencewhenthe delay di�erence is signi�cant in relation to the symbol period.
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To understand the functionalities of the 3G wirelesstransmitter-receiver pair,

a generictransmitter-receiver is illustrated in Figure 4.3. These include a source

encoder, channel encoder, a digital modulator, a demodulator, a channel decoder,

and a sourcedecoder.

Sourceencoding is used for data compression.Channel coding is a data pro-

cessingtechnique that is usedin digital communication and data storagesystems.

In such systems,errors can occur randomly; channel coding is applied to correct

theseerrors. In this technique, redundant symbols are transmitted together with

the data. Moreover, in order to combat bursty errors, the data areoften interleaved
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Figure 4.3. Functional block diagram of a wirelesstransmitter-receiver pair



44

in the channel encoding process. Interleaving spreadsan error burst more evenly

for a block of data.

A digital modulator worksasan interfaceto the communication channel. It con-

verts the channelbits into a sequenceof channelsymbols which are then forwarded

to the A/D converter and the radio frequencyfront end. This front end performs

up-conversion of the analog signal to the designated frequency band. Similar

operations are performed at the receiver side. The data processingin the source

encoder/decoder, channel encoder/decoder, and digital modulator/demodulator is

typically referredto asbasebandprocessing.The type of algorithms employed dur-

ing basebandprocessingvariesamongdi�erent systems. In the following sections,

the algorithms usedin the 3G wireless(UMTS) basebandprocessingare discussed.

4.3 3G Wireless Baseband
Figure 4.4 illustrates a block diagram of the receiver usedin 3G UMTS mobile

devices[1]. The transmitter, on the other hand, hasbeenomitted sinceits compu-

tational complexity is much lower than that of the receiver. As shown in the �gure,

once the data are received by the antenna, they passthrough a band pass�lter

(BPF) that selectsthe desiredradio frequency(RF) channel. The RF spectrum

in the downlink 1 has a frequency range between 2110MHz and 2170MHz. The

output of the �lter is then converted down to an intermediatefrequency(IF) that is

approximately 270MHz. The desired5MHz channel is �ltered by an IF band-pass

�lter. The IF signal is then mixed with the �xed local oscillator frequency to

produce the zero IF basebandin-phaseand quadrature (I and Q) signals. These

signals are then fed to the analog-to-digital converter that is usually running at

four, six, or eight times the bandwidth. The output of the A/D converter is sent

to the basebandunit, Figure 4.5, for further processing[46].

Figure 4.5showsa simpli�ed block model of mostcomputeintensiveelements [96,

42] of the receiver's basebandprocessingunit. In this �gure, the signal is �rst

�ltered using a Root-Raised Cosine �lter. The purposeof the root-raised cosine

1The transmission direction from basestation to mobile devices
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�lter is to reduce the inter symbol interference. Subsequently, the signal is fed

to the rake receiver and to the searcher. The searcher provides an estimation of

the multipath delays which are usedby the rake receiver to resolve di�erent path

signals. The signal is then sent to the turb o decoder for error correction. These

algorithms will be discussedin detail in the following subsections.

4.3.1 Digital Filtering

Typically, Finite ImpulseResponseFilters (FIR) are typically usedin baseband

signalprocessing.The discreteconvolution equation that describesthe behavior of

a causal �lter is shown in equation 4.1, where x(n) represents the sampledinput,

h(n) represents the �lter's impulse response,and y(n) is the �ltered output.
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y(n) =
N � 1X

k=0

h(k)x(n � k) (4.1)

The direct-form and transpose-form structures are most commonly used to

implement FIR �lters. The direct-form structure is illustrated in Figure 4.6. The

structure consistsof a collectionof N-stageshift-registerswith associatedtap-weight

coe�cien ts h(n), multipliers, and adders. The shift register simply updates its

output once per sample period, using the value of the input as its new output

value.

The transpose-form is illustrated in Figure 4.7. The �lter is seento have the

sameimpulse responseand complexity. Although both direct FIR and transpose

FIR producethe sameoutput and exhibit temporal and spatial concurrency, their

throughput may vary depending on the underlying architecture.

4.3.2 Rak e Receiv er

The rake receiver is usedin both UMTS [46]and CDMA2000 [63] systems.The

rake input signal is de-spreadedby multiplying it by the uniquely assignedPN code

usedat the transmitter. This operation removes the desireddata signal from the

interfering signals. To illustrate how a data signal can be detectedin the presence

of signalsreceived from other users,considerthe following equation:

Unit Delay (Register)

Figure 4.6. Direct-form structure
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Figure 4.7. Transpose-formstructure

r (t) =
NX

i =1

si (t) � PN i (t) (4.2)

where N is the number of users in the system, si (t)=I i (t)+j*Q i (t) is the input

signal, and PNi (t) are the pseudo-codesfor si (t) usedat the transmitter. If r(t) is

multiplied by PN1(t), the resulting output is given by

r1(t) = PN1(t) � r (t) = PN1(t) �
NX

i =1

si (t) � PN i (t) (4.3)

= s1(t) � PN1(t) � PN1(t) + s2(t) � PN2(t) � PN1(t)+

s3(t) � PN3(t) � PN1(t) + :::

Becausethe cross-correlationbetweenPN1(t) and PNj (t) (j=2,..,N) is very small,

the results due to theseterms are virtually zero.

Due to the multipath propagation possibility, the receiver has a number of

�ngers as shown in Figure 4.8 that individually processseveral multipath compo-

nents. The outputs from the di�erent correlators are then combined to achieve

improved reliabilit y and performance. The number of correlators varies between

two and six depending on the number of multipath components. The multipath

searcher illustrated in Figure 4.5 detectsphaserelationshipsin order to determine

the number of multipaths and their associateddelays. Thesetwo parameterscontrol

the number of �ngers and the length of the delay betweenthem.
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R2

Figure 4.8. One rake �nger correlation arm

Channel estimation is used to extract a set of channel parameters from the

received signal. Theseparametersare usedto weight each path, depending on its

strength, in the maximal ratio combining block shown in Figure 4.9.

Algorithmically, the correlation operation usedin each �nger of the rake receiver

is a complex multiplication and addition betweenwords and bits as illustrated in

the following code:

Finger

Delay

Delay

Finger

Delay

Code
Generator

I and Q

From
Searcher

Maximal Ratio 

From Channel 
Estimation

  Combining

Figure 4.9. Block diagram of a RAKE receiver
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f or (i = 1; i < SF ; i + +)

R1[i ] + j � R2[i ]+ = (I [i ] + j � Q[i ]) � (PN 1[i ]:r eal + j � PN 1[i ]:im)

The correlation is multiplication intensive. However, since the PN1 codes in

a CDMA system are a seriesof plus or minus ones, the multiplications become

additions and subtractions. Hence,whenchoosingprogrammablehardware devices

for the implementation of algorithmswith thesecharacteristics,it is moreimportant

to concentrate on the performanceof the ALUs than that of the multipliers.

Sincethe primary function in both multipath search and channel estimation is

correlation, the �nger correlator is representativ e of the algorithmic needsof the

full RAKE receiver.

4.3.3 Turb o Decoder

Turbo coding is an algorithm used in 3G wireless cellular standards for its

outstanding error correctioncapabilities [2]. The algorithm involvestwo symmetric

encode and decode modules. The UMTS turbo encoder is a parallel concatenation

codewith two constituent encodersand oneinterleaver asillustrated in Figure 4.10.

The encoder generatesa data stream that consistsof two independently encoded

data streamsand a singleunencoded data stream.

The turbo decoder structure is shown in Figure 4.11. The turb o decoder consists

of two Soft-Input Soft-Output (SISO) decoders. An SISO decoder is capableof

computing a posteriori likelihood ratio (LLR) that indicates the probability that

a bit is 0 or 1. The calculation of this probability can be decomposed into the

calculations of three parameters [130], namely, forward, backward, and branch

metrics. The �rst decoder operateson the received data, the parity bits, and the

LLR output at the seconddecoder, in order to determine its LLR output values.

The seconddecoder works in a similar way on the interleaved data and the second

parity bits. Each iteration is computedafter each run of both decoders.
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Encoder 1

Encoder 2

Input data

Interleaver

Figure 4.10. Block diagram of the turb o encoder

SISO
Decoder Interleaver

Soft output 2 (llr_extrinsics 2)llr_app2

                 llr_extrinsics 1

SISO
Decoder

Hard decision
Interleaver

Parity 2

llr_app

Receive data ( s(k) )
Parity 1

De�interleaver

Figure 4.11. Block diagram of the turb o decoder

The iteration canbe stopped whenall errorsare correctedor whena prede�ned

maximum number of iterations is reached. As the number of iterations increases,

the bit error rate (BER) decreases,but the latency and energydissipation increase.

Ultimately, the turb o decoder producesits outputs by making hard decisions

basedon the soft output valuesgeneratedduring the iterations.

Many algorithms have beenimplemented in the SISO decoder. Max-Log-Map

is the most usedbecauseof its low bit error rate (BER) despite its computational

requirements. The Max-Log-Map is a trellis decoding algorithm [125]. The Viterbi

alsousesa similar approach [37]. The trellis diagram is simply a 2D state diagram

with a horizontal time axis and a number of statesin the vertical axis. Figure 4.12
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Figure 4.12. Butter
y structure to compute the state metrics (forward and
backward)

illustrates two time steps of the trellis. The 
o w graph has been reordered to

emphasizethe butter
y structure, which is a graphical method of showing two

Add-Compare-Select(ACS) operationsinvolving the forward and backward metrics

(also called the state metrics) and the branch metrics.

The algorithm primarily consistsof four computational parts wherethe branch

metrics, forward metrics, backward metrics, and the LLR extrinsicsare calculated.

Theseparametersare calculatedas follows:

The branch metric loop computesand storesthe branch metrics, also labelled

gamma, for all branches in the trellis. The gammas,calculated in the following

equation, are symmetrical and have biasedvalues:

� 10(k) = 0:5 � (� ext (k) + s(k) � p(k))

� 11(k) = 0:5 � (� ext (k) + s(k) + p(k))

� 01(k) = � �10( k)

� 00(k) = � �11( k)



52

where � ext (k) are the extrinsics, s(k) are the input systematics,and p(k) are the

parity bits.

In the forward metric loop, the trellis is swept in the forward direction in a

manner similar to the Viterbi algorithm [62]) and the state metric alpha for each

node in the trellis is calculatedas follows:

� 0(k) = max(� 0(k � 1) � � 00(k � 1); � 1(k � 1) + � 11(k � 1)) � H 0k

� 1(k) = max(� 2(k � 1) + � 01(k � 1); � 3(k � 1) � � 10(k � 1)) � H � (k)

� 2(k) = max(� 4(k � 1) + � 10(k � 1); � 5(k � 1) � � 01(k � 1)) � H � (k)

� 3(k) = max(� 6(k � 1) + � 11(k � 1); � 7(k � 1) � � 00(k � 1)) � H � (k)

� 4(k) = max(� 0(k � 1) + � 11(k � 1); � 1(k � 1) � � 00(k � 1)) � H � (k)

� 5(k) = max(� 2(k � 1) + � 10(k � 1); � 3(k � 1) � � 01(k � 1)) � H � (k)

� 6(k) = max(� 4(k � 1) + � 01(k � 1); � 5(k � 1) � � 10(k � 1)) � H � (k)

� 7(k) = max(� 6(k � 1) � � 00(k � 1); � 7(k � 1) + � 11(k � 1)) � H � (k)

H� (k) is the normalization factor of the forward metrics. Two techniquesare used

to determinethe valuesof H� (k). The �rst usesthe maximum value of the forward

metrics over all states at each trellis stage. The secondassignsan arbitrary state

metric such as� 0(k) to H� (k). In this dissertation,weusethe secondoption because

it simpli�es the computation [74, 49].

In the backward metric loop, the trellis is swept in the backward direction, and

the state metric beta for each node in the trellis are computed. The normalization

factor H� (k) is equal to � 0(k). Basically, the only di�erence between the forward

and backward metrics calculations is the direction of the recursion:

� 0(k) = max(� 0(k + 1) � � 00(k); � 4(k + 1) + � 11(k)) � H � (k)

� 1(k) = max(� 0(k + 1) + � 11(k); � 4(k + 1) � � 00(k)) � H � (k)

� 2(k) = max(� 1(k + 1) + � 01(k); � 5(k + 1) � � 10(k)) � H � (k)

� 3(k) = max(� 1(k + 1) + � 10(k); � 5(k + 1) � � 01(k)) � H � (k)

� 4(k) = max(� 2(k + 1) + � 10(k); � 6(k + 1) � � 01(k)) � H � (k)
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� 5(k) = max(� 2(k + 1) + � 01(k); � 6(k + 1) � � 10(k)) � H � (k)

� 6(k) = max(� 3(k + 1) + � 11(k); � 7(k + 1) � � 00(k)) � H � (k)

� 7(k) = max(� 3(k + 1) � � 00(k); � 7(k + 1) + � 11(k)) � H � (k)

Finally, in the output extrinsic or Log-Likelihood Ratio loop, the extrinsic infor-

mation is determined from the di�erence of two branchesthat are associated with

the input bits 0 and 1. The extrinsics are calculatedas follows:

max0 = max(� 0[k] + � 4[k + 1] + � 11[k]; � 1[k] + � 0[k + 1] + � 11[k]) (4.4)

max1 = max(� 2[k] + � 5[k + 1] + � 10[k]; � 3[k] + � 1[k + 1] + � 10[k])

max2 = max(� 4[k] + � 2[k + 1] + � 10[k]; � 5[k] + � 6[k + 1] + � 10[k])

max3 = max(� 6[k] + � 3[k + 1] + � 11[k]; � 7[k] + � 7[k + 1] + � 11[k])

max4 = max(max0; max1)

max5 = max(max2; max3)

numer[k] = max(max4; max5)

max0 = max(� 0[k] + � 0[k + 1] + � 00[k]; � 1[k] + � 4[k + 1]) + � 00[k])

max1 = max(� 2[k] + � 1[k + 1] + � 01[k]; � 3[k] + � 5[k + 1]) + � 01[k])

max2 = max(� 4[k] + � 6[k + 1] + � 01[k]; � 5[k] + � 2[k + 1]) + � 01[k])

max3 = max(� 6[k] + � 7[k + 1] + � 00[k]; � 7[k] + � 3[k + 1]) + � 00[k])

max4 = max(max0; max1)

max5 = max(max2; max3)

denom[k] = max(max4; max5)

l lr output[k] = numer[k]; � denom[k])

l l r extr insic output[k] = l lr output[k] � l l r app[k] � s[k]

l l r extr insic output[k] = l lr extr insic output[k] � 0:75

The memory storagerequirement for the Max-Log-Map is high due to several

factors. The input frame and the metrics needto be stored for the entire trellis.

In order to reducethe memory requirements, a sliding window technique is used.
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The sliding window approach splits the large input frame into subblocks, and the

decoding algorithm is performedon each sliding window block independently. For

a frame of length L, the required memory is proportional to 3 � L + S � Nsw + 2 �

Nsw + N int + Ext , where:

� L is the length of the input data s(k). In the UMTS standard, L varies

between50 and 5000.

� S is the number of statesand is equal to 8 [47].

� Nsw is the sizeof the sliding window. The sizeof the window typically varies

between 50 and 100. While a larger window improves the bit error rate, it

also increasesthe storagerequirements.

� 3*L bytes are neededto store the parity bits and the received data.

� S*Nsw bytes is the storagefor � .

� 2 � Nsw bytes is the required storagefor �.

� N int is the sizeof the (de-)interleaver. It variesbetween50 and 5000.

� Ext is the extrinsic information passedfrom one SISO decoder to the other,

which is equal to L.

The Max-Log-Map algorithm usesa large number of Add-Compare-Select(ACS)

operations. In each stageof the forward and backward metrics, the basic compu-

tation performedis the butter
y operation shown in Figure 4.12. The graph shows

two ACS operationsinvolving the state and the branch metrics. At the end of each

stage,the result is forwarded to the appropriate ACS unit in the next stage. The

number of independent ACS operations presents an opportunit y to exploit data

level parallelism.

4.4 Digital Signal Pro cessing Algorithms
3G wirelessbasebandalgorithms have someimportant characteristics. They

are stream-oriented tasks which processan input stream of frame-organizeddata
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to producea streamof output frames. Wirelessstandards,nonetheless,areevolving

to support voice over IP, image, and video. To understand the characteristics of

theseapplications, the following subsectionsaddresssomeimportant properties of

digital signal processingalgorithms that support theseapplications. This analysis

evaluates the requirements of thesealgorithms which will subsequently be usedin

the processordesignprocess.

4.4.1 In�nite Impulse Response

In�nite Impulse Response(I IR) and FIR �lters are the two primary types of

digital �lters usedin digital signal processingapplications. The impulse response

of I IR �lters is called"in�nite" becausethere is feedback in the �lter. For example,

an input impulse (a single "1" sample followed by many "0" samples)results in

an in�nite number of nonzerovaluesat the output. I IR �lters can achieve a given

�ltering characteristic using lessmemoryand calculationsthan a similar FIR �lter.

However, they are more susceptibleto problemsdue to �nite precisionarithmetic.

This limitation is a direct consequenceof the feedback. When the output is not

computedperfectly and is fed back, the imperfectioncancompound. Similar to the

FIR �lter, there are many ways to designan IIR �lter. In this section the direct

form implementation is described. The rational system function is given by the

following equation:

H (z) =
P M

k=0 bkz� k

1 +
P N

k=1 akz� k
(4.5)

The direct-form realization of equation 4.5 is illustrated in Figure 4.13. This

realization is a cascadeof two systems that represent the numerator and the

denominator. This requiresM+N+1 multiplications, M+N additions, and M+N+1

memory locations.

An interesting characteristic of the I IR �lter is the presenceof a loop-carried-

dependencybetweendi�erent iterations of a loop. Algorithms with a loop-carried-

dependencyare used in many applications such as echo canceling,voice over IP,
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Figure 4.13. Direct form I realization

etc. This dependencylimits the concurrencyin the system. Chapter 6 will show

how thesealgorithms can be accelerated.

4.4.2 Vector-Sum Excited Linear Prediction

The Vector-Sum Excited Linear Prediction (VSELP) algorithm is a type of

speech coding using an excitation signal generatedfrom three components: the

output of a long term or pitch �lter and two codebooks. It was developed for the

cellular telephony domain [36] and was �rst adopted in the IS-54 North American

standard. Most of the execution time in this algorithm is spent in four loops [4]:

Dot product, FIR, I IR, and the weighted synthesis �lter. Dot product comprises

30.5%of the total executiontime. This computesthe inner product of two vectors

of N elements. This kernel is also widely used in many other signal processing

applications. The IIR and the FIR �lters account for 8.4%of the execution time.

The weighted synthesis �lter occupiesthe remaining 45.6%. The pseudo-code for

the weighted synthesis �lter is the following:

for (n=0; n<N; n++)

s = 0;
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for (k=0; k<K; k++)

s += y[n-k-1]*h[k];

y[n] = s + x[n];

wherex(n) represents the sampledinput, h(k) represents the coe�cien ts, and y(n)

is the �ltered output.

4.4.3 Fast Fourier Transform

Fast Fourier transform (FFT) is an e�cien t implementation of the discrete

fourier transform (DFT) basedon a divide-and-conquerapproach. Such an ap-

proach is applicable when the number of data points is not prime. The N point

DFT of a sequenceof N points can be expressedas:

X (k) =
N � 1X

n=0

x(n) � W nk
N k = 0; 1; ::N � 1

W nk
N = e� j 2� � n � k

N

If N is a power of 2, then the N point data sequencecan be divided into two

N/2-p oint data sequencesuntil each DFT is of length 2. The overall result is called

a radix-2 FFT. This sectionwill describe the radix-2 algorithm sinceit is the most

widely used FFT algorithm. In Figure 4.14 the data 
o w of an 8-point, radix-2

FFT algorithm is shown. In every stage,thebasic computation performed is the

butter
y operation asshown in Figure 4.15. In general,each butter
y involvesone

complex multiplication and two additions. Figure 4.16 and 4.17 show the data


o w in two complexmultiplier implementations from real-valued components.

For N = 2s, there are N/2 butter
ies per stageand log2N stages. Therefore,

the total number of complexmultiplications is (N=2)log2N , and complexadditions

is N log2N . From Figure 4.14, it can be seenthat all butter
ies in each stagecan

be calculatedin parallel. The entire computation canalsobe pipelinedby inserting

pipeline registersbetweenthe stages.Hence,an abundanceof concurrencycan be

exploitedto improveperformance.Another important issuein FFT implementation
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Figure 4.14. 8-point, radix-2, decimation in frequency

Figure 4.15. Butter
y-decimation in frequency

is data reordering between the stages. The use of a 
exible interconnect or data

path forwarding logic can play a big role in improving the performanceof FFT

programs.

4.4.4 DSP Kernels

An important property of wirelessalgorithms is that their execution time and

energyare dominated by regular, repetitiv e kernelsof computation which process

streams of input data. A similar situation exists for speech processingencryp-

tion/decryption, and media encode/decode. These kernel calculations are per-

formed in the inner loopsof a program implementing a particular DSP algorithm.
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Figure 4.16. 2-adder,4-multiplier implementation

Figure 4.17. 5-adder,3-multiplier implementation

Operationsin thesecodescanbeclassi�ed into two categories:usefuland overhead.

Useful operations perform the computational actions, while overhead operations

consistof branch and addressgenerationoperations.

A brief overview of other widely usedDSP kernelsfollows:

1. Matrix multiplication: Requires2D matrix addressing.While most of the 3G

basebanddata accessesare 1D, 2D accessesare important sincecell phone

technology is evolving to support multimedia applications where2D accesses

are very common.

2. Maximal Element of a Vector: Finds the maximum value in a vector of size

N.
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3. Dot product and square: takes two N-element vectors V1 and V2 and pro-

ducestwo dot products V1 � V1 and V1 � V2 . This can be usedto compute

G in the Vector-SumExcited Linear Prediction [36] (VSELP) coder.

4. Sum of absolute di�erences (SAD): Is useful in the block match kernel of

an MPEG-2 encoder. This algorithm operateson a pair of 8-bit inputs. It

producesthe sum of the absolutedi�erence betweencorresponding pixels of

the two 16x16macroblocks as shown in the following pseudo-code:

f or(i = 1; i < 16;i + +)

f or(j = 1; i < 16;i + +)

dif f = block0[i ][j ] � block1[i ][j ]

if (dif f < 0)

dif f = � dif f

sad+ = dif f

Wireless algorithms exhibit high levels of temporal and spatial concurrency.

A programmablearchitecture must be able to take advantage of this concurrency

and support pipelined and parallel modes of processinge�cien tly. Concurrent

processingincreasesthe required instruction and data memory bandwidth. The

memory structure of a programmablearchitecture must be able to support this

requirement e�cien tly without incurring signi�cant energy and delay overheads.

The interconnectionnetwork that links the memory and processingelements must

support high data rates and must be 
exible enough to support the required

communication patterns commonly seenin DSP kernels.



CHAPTER 5

THE A CT AR CHITECTURE

The ACT architecture is described in this chapter. This descriptionwill include

the methodologyusedin the development of the architecture, a detaileddescription

of the hardwarefeatures,and an overviewof the compiler techniquesusedto exploit

these features. The �nal section will illustrate how DSP algorithms are mapped

onto the ACT coprocessor.

5.1 In tro duction

Despitethe rapid rate of embeddedand DSP processorimprovement, a number

of important signal processingtasks such as 3G cellular telephony [92] cannot be

adequately supported in the embedded spacewithout employing ASICs. ASICs

o�er low power, high-performance,and low area but lack 
exibilit y. DSPs and

general purpose processorsare 
exible but lack the processingpower necessary

to meet the real-time processingrequirements of the 3G standards. In addition,

GPPsand DSPsareboth signi�cantly lessenergye�cien t than the ASIC approach.

Ideally, onewould have (1) the power e�ciency of an ASIC while (2) maintaining

the 
exibilit y of a programmablearchitecture. Unfortunately, 
exibilit y andenergy-

e�ciency are con
icting goals.

The approach taken in this dissertation to meet the challengingcost, 
exibilit y,

and power demandsis to replacethe traditional GPP and ASICs approach with

a domain-speci�c processordesign. A domain-speci�c processorcontains those

capabilities that are necessaryto achieve the requisite performancewhile being

energye�cien t. The result is a designthat retains most of the 
exibilit y of a GPP

while attaining levelsof performanceand energye�ciency that are unattainable in
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generalpurposeprocessors.Figure 5.1 shows how domain speci�c processorsare

positionedwith respect to the other designoptions.

Telephony and DSP algorithms have commoncharacteristics. They are highly

iterativ e, stream-oriented and exhibit relatively high levels of data and instruction

level-parallelism (DLP and ILP). They also exhibit another type of parallelism,

namely, address-level parallelism (ALP). In fact, for the XScale,44%of the appli-

cation suite instructions are loads or stores,39% are the real work, and 17% are

addresscalculation to support load and store operations.

A conventional processorperforms mostly overheadoperations instead of the

real work. This analysis indicates a potential solution. Hardware accelerators

that usespecializeddata paths and stream array operandsout of multiple SRAM

memoriesstand a good chanceof acceleratingthesealgorithms at embeddedpower

budgets.

This dissertation shows that an energy-e�cient programmable processorfor

cellular telephony applicationscanbecreatedby matching architectural parameters

and algorithmic properties. Flexibilit y will be achieved by �ne-grain programmable

control of the interconnectionresources.

GPP

DSP

ASIC

Energy*Delay
Complexity

Power

(ACT)
Processors

Specific
Domain

Programming

Figure 5.1. Flexibilit y versuspower
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This �ne-grain control will allow recon�guration to bedonewhile data is stream-

ing through the data path. These techniques will be discussedin detail in the

following sections.

5.2 Arc hitecture

The 3G wirelessalgorithms consist of sequencesof computational steps with

localized communication patterns in their data 
o w. The input data are a real-

time stream that is broken up into a sequenceof frames. Identical operations are

performedrepeatedlyon incoming data elements in each frame. A similar property

holds for applications such as encryption, decryption, media encode and decode,

speech recognition, etc. One interesting aspect of thesewirelessalgorithms is that

they operateon a variety of data sizes.Although most functions require8- or 16-bit

data paths, some functions require only single-bit processing. The architecture

presented here is basedon a 16-bit data path but provides support for bit-serial

and 8-bit operations.

The ACT architecture is optimized for the cellular telephony domain in particu-

lar and is intendedto be usedasa coprocessorfor a generalpurposehost processor.

A high-level view of the architecture is shown in Figure 5.2. Data are pushedinto

the coprocessor'slocal storageby the host processor.Resultsare removed from the

coprocessor'slocal storageby the host.

The coprocessordesigncan be divided into three sections: storage,execution

path, and control unit. This organization is intended to re
ect the structure

found in the stream-oriented cellular telephony algorithms: real-work operations,

Host
processor

ACT
Controller
MemoryMemory

Figure 5.2. Systemarchitecture
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addressoperations, and control represented by the nested loop branches. These

components can be illustrated by examining the hardware implementation of a

vector dot product as seenin Figure 5.3. The multiplier and the adder represent

the execution part where the real work is done. The addressgeneration units

(AGUs) handleaddresscalculation duties. The control part which controls the end

of the loop is not shown in order to keepthe �gure simple.

5.2.1 Storage

Wireless algorithms are stream oriented, but they also have a large number

of array accesses. Traditional processorshave a limited number of load/store

ports which signi�cantly a�ects their performance[18, 52]. E�cien t feeding of

the functional units of the processorrequires a high number of memory ports.

Increasingthe number of ports in a SRAM or cache increasesits area,power, and

accesstime. A better choicefor a power-e�cien t systemis to usemultiple SRAMs,

each of which has a relatively small number of ports. The ACT architecture uses

four dual-ported SRAMs as shown in Figure 5.4.

The input, output, and scratchpad SRAMs are all 16 bits wide. The scratch

and output SRAMs each have 1024 entries, whereasthe input SRAM has 2048

 AGU

Mem AGU

Mem

 AGU

Mem For(i=0;i<100;i++)
      A[i]+=B[i] * C[i]

Loop bound

Loop index variable

Figure 5.3. Hardware implementation of a vector dot product
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Figure 5.4. Storageorganization

entries. The input SRAM is organized as two 1024 word banks to allow fully

concurrent accessby the host and ACT coprocessor. The SRAM capacitiesare

in
uenced by the frame sizesthat werechosento test the 3G basebandalgorithms.

In our .25� CMOS process,leakage power is very small. A large fraction of the

energyconsumption is in the senseampli�ers of the SRAM ports. They consume

approximately 50% of the processorenergy in the 0.25 implementation. SRAM

power consumptionis thereforemore dependent on the width of the memory than

on memory capacity.

5.2.2 Execution Path

To keep up with the high arithmetic demandsof wirelessalgorithms, a large

number of FUs are required. Increasing the number of FUs in a fully bypassed

machine requireswider muxes and complex bypasscontrol circuitry. This would

increasecycle time, area, and power [60]. Decreasingthe width of the muxes de-

creasesthe interconnect 
exibilit y. This dissertation addressesthesetwo problems

by introducing multilevel routing to limit the width of the muxeswhile maintaining

the 
exibilit y, and a wide horizontal microcode to directly control the bypassing
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logic to eliminate the complexcontrol circuitry. Figure 5.5 illustrates two routing

levels. Level0 is usedfor communication betweencloseneighbors such as FUs and

register�les. Level1 is usedfor communication betweendistant entities such asFUs

and memories. The main drawback of this approach is that this tactic introduces

an extra pipeline stage. The e�ect of this extra stage is insigni�cant in a short

pipeline architecture. Moreover, placing an extra routing level between the FUs

and memoriesincreasesthe delay of the load/store instructions. This latency can

be e�ectively hidden by instruction scheduling.

Multilev el routing helps to maintain a certain level of 
exibilit y in the design

while limiting the width of the multiplexers. However, as the number of functional

units increases,scaling becomesa concern. Increasing the number of functional

units will exponentially increasethe number of interconnectsin a fully bypassednet-

work. This problemcanbemitigated by clustering,which hasbeenusedextensively

in many high-performanceprocessors.The main ideais to limit the bypassingscope

by creating a hierarchy. Intracluster communication is supported by the bypass

MUX

MUXMUX

ALU

MUX
Pipeline 
Registers

Level0

Level1

Figure 5.5. Multilev el routing
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logic. Intercluster communication takesmore time and is supported by moreglobal

interconnect resources. This strategy helps, but meeting performanceobjectives

under a limited energy budget and area is still a big issue in high-performance

processors.For instance, the register �le size, the number of ports, interconnect

limitations, and memorybandwidth have a major e�ect on performanceand power

dissipation.

The executionpath includesfour homogenousVLIW clustersas shown in Fig-

ure 5.6. Each clusterconsistsof three integerexecutionunits (XU) and two 32-entry

register �les, each with one read and one write port as illustrated Figure 5.7(a).

From the compiler prospective, the register �les are viewed as XUs. One XU in a

particular cluster is connectedwith all other XUs in the sameclusters. Intercluster

communication is restricted to two unidirectional connectionsbetweeneach pair of

clusters. Increasingthe number of connectionswould increasethe cycle time due

to the increasedwidth of the intercluster muxesasshown in Figure 5.7(b). The in-

creasedconnectionswould alsoresult in a limited performancebene�t. Operations

supported by each of the functional units and their respective latenciesare shown

in Table 5.1.

MEMORY
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MEM MEM

CLUSTER0 CLUSTER1 CLUSTER2 CLUSTER3

ROUTING   LEVEL    0

INPUT SCRATCH
MEM 0 MEM 1

SCRATCH OUTPUT

DECODE 

DECOMPRESS
AND

HW LOOPING
AND PC

GENERATION
UNITS

TO PROCESSOR/MMCFROM PROCESSOR/MMC

Figure 5.6. Coprocessororganization
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(a) Cluster Organization
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Intercluster muxes

(b) Intercluster muxes

Figure 5.7. Clustering
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Table 5.1. Opcodes. Y: supported opcode. N: not supported opcode. a and b are
the inputs data to the FUs. r is the result

Opcodes Opcode Meaning Alu0 Alu1 MS Latency
add r=a+b Y Y N 1
sub r=a-b Y Y N 1

rsub r=-a(+/-)b Y N N 1
not r=-a Y N N 1

move r=a Y Y N 1
xor r=a xor b Y N N 1

merge r=concatenate(one byte from a,onebyte from b) Y N N 1
or r=a or b N Y N 1

and r=a&b Y Y N 1
extend r=concatenate(a's lower byte,a's lower byte) Y N N 1

max r=max(a,b) and set status bit N Y N 1
min r=min(a,b) and set status bit N Y N 1

equal set status bit if a==b N Y N 1
cond-move r=cond?a:b, cond is one of the 3 status bits N Y N 1

mul r=a*b N N Y 2
shift left and right shift, arithmetic and logical N N Y 1
muls mul followed by shift N N Y 3

In addition to the opcodes illustrated in Table 5.1, a saturation mode is also

supported . In saturation mode, results of an operation that over
ow or under
ow

are clipped or saturated to the data rangelimit for that particular data type. This

operation is very useful when the FUs operate in SIMD mode. SIMD FUs will be

covered in the next chapter.

Complex bit-word multiplication asshown in equation5.1 is commonlyusedin

3G wirelessalgorithms such asthe rakereceiver, channelestimation, andcell search.

Theseoperationsin generalpurposeprocessorstypically involvean if/else condition.

This branch-basedapproach limits ILP and increasesenergyconsumptiondueto the

needfor a wider data path. In general,this is true whenever the input/output data

formats are di�erent from the processordata path. GPPs with SIMD extensions

try to minimize the power consumptiondueto the wider data path by operating on

packed subword data. This approach will also improve performanceby operating

on multiple data elements in parallel. However, in this approach there is a lot of

overheaddue to data packing and unpacking [99]. Whenever the input data have
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di�erent formats, special opcodes are neededto promote the data to larger sizes

using pack/unpack operations and to perform saturation.

r:real + j r:im = (cr:real + j cr:im) + (in:r eal � pn:real � in:im � pn:im)+

j (in:r eal � pn:im + in:im � pn:real); pn are minus or plus ones: (5.1)

ACT resolvesthis problemby usinga partially recon�gurable ALU0. Figure 5.8

shows the designof ALU0, which is the samein all clusters. This unit hastwo spe-

cial registersthat contain con�guration bits. To perform the complexmultiplication

in equation 5.1, the input bits are �rst loadedinto the ALU0 special con�guration

registers. Thesebits are then usedas opcodesto ALU0.

The choice of two ALUs in each cluster and four clusters in the coprocessor

providesa good empirical balancebetweenexecution,communication, and storage

resources.Increasingthe number of ALUs or clusters doesnot generally increase

performancedue to increasedmultiplexer delay, higher capacitive loads,and mem-

ory bandwidth saturation e�ects.

In application-speci�c embeddedsystems,such as 3G cellular telephony, a sig-

ni�can t number of values produced by a particular function unit are consumed

almost immediately by another function unit. Hence,data forwarding decreases

power consumption by eliminating the corresponding register �le accesses. In

ACT, to e�cien tly forward the data between di�erent FUs, two routing levels

16 bits

  Opcode

 Reg
Reg

 ALU

Pipeline Register

Figure 5.8. ALU0
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are used as shown in Figure 5.7(a). Routing level 1 is used for inter and intra

cluster communications. Routing level 0 is used for intercluster and memory

communications.

In routing level 1, each XU input is connectedto a 5:1 mux. The outputs

of the 5:1 muxex are registered. Each XU receives its inputs from thesepipeline

registers. When viewed individually, the sourcesfeedingeach mux are confusing.

A consistent view is evident for the pair. Namely, each XU can be fed by any of

the �v e XU outputs (two register �les, two ALUs, and the MS), any of the three

point to point intercluster links, and two of six possiblebusses. At �rst glance,

the abilit y to get inputs from only one third of the busseswould appear to be a

defect. However, each bus is driven by another mux located in routing level 0. This

two-level multiplexing strategy, which drives input operands to the appropriate

XU, removes the disadvantage. The result is a rich and reasonablygeneraldata

routing capability which, when controlled by the micro-code, allows a wide variety

of applications to be e�cien tly mapped onto the architecture.

Figure 5.9 illustrates how routing level 0 is usedto forward the data from the

storageto the executionunits (MEM-TO-CLUSTERS) of the coprocessorand vice-

versa(CLUSTERS-TO-MEM). While the MEM-TO-CLUSTERS sectionlimits the

sizeof the muxesin the executionclusters,the CLUSTERS-TO-MEM part is used

to forward the data generatedby any cluster to any of the destination memories.

The cluster outputs are latched into a pipeline register (Figure 5.9) then forwarded

to the scratchpad memsand output mem through the additional muxes.

5.2.3 Data Reuse and Register Files

Exploiting data reusereducesmemorypressure.Previousdata reuseapproaches

employ caches,loop transformations,and somehardware support to improve cache

performance. In the embedded domain, caches are a problem due to real-time

constraints, cost, area, and power consumption. Also, most of the techniques

usedto enhancecache performanceare controlled by hardware and cannot bene�t

from the data 
o w information available to the compiler. Recently, software-based
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Figure 5.9. Routing level0

mechanismsthat exploit the data 
o w information available to the compiler have

been used in the Elite processor[32, 50]. The ACT approach is similar to Elite

but is employed at a �ner granularit y. For example,data reuseopportunities can

be seenby examining I IR and FIR �lters and MPEG2 motion estimation. FIR

�ltering performsthe following operation:

y(n) = � N � 1
i=0 h(i )x(n � i ) (5.2)

where h is the coe�cien t array and x and y are the input and output sequences.

Each loop iterates over all N coe�cien ts, and N-1 elements of array x are reused.

The IIR �lter used in VoIp has a loop-carried dependency. The �lter is used to

processmultiple channels, each with di�erent coe�cien ts. For MPEG2 motion

estimation encoding, the best matching block is searched by comparing it with a

number of candidatesin the referenceframe. The newcandidateblock is formedby

shifting the current candidate by a few pixels. Consequently, most of the current

and next block overlap.

Register �les are clear thermal hot spots in modern processorssince they are

both the sourceand sink for most operations. In Imagine [103], it hasbeenshown

that for N functional units, the power of a centralized register �le scalesas N3,

whereN is the number register ports. Power also scaleslinearly with the number

of registers. Power in Imagine is reducedby using distributed register �les with
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single read and write ports. The read ports are mapped on a one-to-onebasis to

a function unit's input ports. The output ports in turn drive busseswhich are

connectedto the register write ports.

ACT exploits the producer-consumerlocality to reducethe number of required

read and write ports. Analysis of the 3G basebandalgorithms shows that the life

time of more than 80% of the variables is lessthan two cycles. This meansthat

most of the valuesproducedby a particular FU can be consumedimmediately by

anotherFU. This avoidsregister�le accessesand canreducethe number of required

ports in the register �le. For ACT, the number of ports for the three FUs in each

cluster is reducedfrom six read ports and three write ports to only two read ports

and two write ports. This has a tremendouse�ect on power consumption and

register �le accesstime. The main drawback of this technique is the reduction of

the bandwidth available to the executionresources.This potential disadvantage is

avoided by using a richer communication structure which enablesforwarding and

multiple scratchpad memories.This architecture employs two 32-entry register�les

in each of the four clusters.

Each register �le is split into two adjacent windows shown in Figure 5.10. The

size of the windows are explicitly allocated under program control by setting a

tail window pointer (WP) for the �rst window. The secondwindow is addressed

normally as a static register �le and the �rst window is e�ectively accessedlike a

rotating register�le usingsimpleaddressmodesin the addressgeneratorunit for the

register �le (AGURF). Each AGURF hastwo pointers and supports increment and

decrement by a constant with wrap around and modulo addressingto e�ectively

create a circular bu�er. This is particularly useful in �lter algorithms. In the

algorithms we have tested, two pointers in each AGURF are su�cien t. If the data

in a register �le needto be accessedwith a di�erent stride and basepointer, a new

pointer canbe loadedfrom the instruction or from the static portion of the register

�le, sinceeach AGURF is connectedto the output of the register �le.

Each modally addressedregister �le (MARF) tail pointer can be individually

speci�ed. This organizationallowssigni�cant register�le specializationfor di�erent
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Figure 5.10. MARF

computation phases,provides hardware support for rotating registers, and thus

decreasesthe number of instructions associated with loop unrolling.

5.2.4 Pip eline Registers

Pipeline registers in ACT are present in almost every component in the ar-

chitecture. Functional unit inputs and routing level 0 outputs are an example.

Pipelining increasesperformance. Excessperformanceallows supply voltage and

frequencyscaling which saves power. The downside is that pipeline registersand

their respective clock tree can be responsible for a signi�cant amount of the total

dissipated power [68, 77, 115, 133]. This can be signi�cant in overly pipelined

designssincepipeline registerslatch their inputs unconditionally. If the input data

are not used,then this \latc h always" strategy is a bad choice.

Clock gating is a common strategy used to limit power consumption of un-

used components. Since all internal pipeline registers of the coprocessorhave

program-controlled load enable signals, they e�ectively provide clock gating for

logic not usedin any particular cycle. Thesepipelinedregistersand their respective

input muxesare controlled at a very �ne grain. Hence,the architecture is able to

adapt to variations in the algorithm on an individual cyclebasis. Such �ne-grained

adaptation is not possiblein more coarse-graincontrol techniquessuch as voltage
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scaling. The explicit control over the duration of the variable at the output of

theseregistershas a tremendouse�ect in terms of power and performance.Power

consumption is reducedby avoiding unnecessaryswitching activities and accesses

to register �les. Performance,on the other hand, is improved by the abilit y to

createcustom pipelinesthat resemble ASIC data 
o ws.

5.2.5 Address Acceleration

The majorit y of the processingin the target 3G domain is dominatedby regular

inner loopswhich processstreamsof input signal data. For the XScale,44%of the

application suite instructions are loadsor stores,and 17%of the remaining instruc-

tions perform addresscalculationsto support load/store operations. However, the

load and store instructions also contain simple addresscalculationsand must �rst

go through the XScaleexecutionpipeline beforereturning the e�ective addressto

the load/store pipeline. Most of the time, the execution pipeline will be doing

addresscalculationsinsteadof real work. DSP processorsalleviate the problem by

performing the addresscalculationsin a separateunit which is typically referredto

as an addressgenerationunit (AGU). The AGU performs all addresscalculations

necessaryto accessdata operands in memory. Multiple addressmodes can be

supported:

� Immediate: The instruction provides the actual value of the operand.

� Direct: The operand �eld contains the e�ective addressof the operand.

� Indirect: The memory cell pointed to by address�eld contains the addressof

the operand.

� Registerdirect: No memoryaccessis required in this mode sincethe operand

is in the register �le. The addressspaceof this mode is limited due to

limitation in the number of entries in the register �le.

� Register indirect: The addressof the operand is in the speci�ed register.
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� Displacement: The addressis the result of the addition of the contents of a

register and a constant.

� Register indirect with post increment: This mode allows the processorto

sequencethrough an array by incrementing the addresspointer automatically.

� Circular or modulo addressing:A circular bu�er consistsof a set of memory

locations and an index pointer that steps through the bu�er to accessthe

data. In each step, the processorpost modi�es the addresspointer by a

speci�c value. If the modi�ed addresspointer falls outsidethe circular bu�er,

the processorsubtracts the lengths of the bu�er from the value in order to

wrap the index pointer back to the start of the bu�er.

� Bit-reversedaddressing:This mode is usedfor calculating fast Fourier trans-

form algorithms. The hardware reversesthe lower bits of the addressregister.

As shown in Figure 5.11,one�rst increments the addressand then bit reverses

it.

While most of the 3G basebandalgorithms operate on a 1D data, multimedia

applications such as MPEG, video conferencing,and imageprocessingoperate on

subblocks in large 1D or 2D data blocks. Future wirelessgenerationsare evolving

Figure 5.11. Bit reverseaddressing
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to support image and video applications. Analysis has shown that the maximum

number of nested loops in the target application is four. Multimedia algorithms

have similar characteristics. Talla [120] has shown that this number is lessthan

�v e in many media algorithms. The number of nested loops signi�cantly a�ects

the addresscalculation complexity in a generalpurposeprocessor.Keeping track

of multiple array bounds involves a combination of several addressingmodesand

instructions and leadsto considerableaddressgenerationoverhead.

Figure 5.12 illustrates the ACT addressaccelerationunit. The unit is divided

into two sections:the hardware loop unit (HLU) and the streamaddressgeneration

units. The purpose of the HLU is to compute and maintain the loop variables

required for addressgeneration in the memory system. Variables for up to four

nestedloops can be maintained by the internal hardware structure. A simpli�ed

organization of the HLU is illustrated in Figure 5.13. In this �gure, the dynamic

table is usedto track the index variablesthat are updated by the ALU. The static

table holds the start, end, and the increment values of these variables. It also

contains the index in the table of the next loop to be executed.

The HLU also includeshardware support for modulo-scheduledloops. Modulo

scheduling[100] is a compiletime-schedulingtechniquethat overlapssuccessive loop

iterations to exposeoperation-level parallelism. In this technique, the schedulefor

oneiteration of the loop is donein such a way that this samescheduleis repeatedat

AGU5

To memories

AGU0

HLU

AGUs
Clusters
From

Figure 5.12. Addressaccelerationunit
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regular intervalswith respect to intra- and inter-iteration dependencesand resource

constraints. This interval is termed the initiation interval (I I). A modulo scheduled

loop can be split into three sections: prologue, kernel, and epilogue. The kernel

represents the steady state of the pipeline. Prologue and epilogueare the stages

neededto �ll anddrain the pipeline. The hardwaresupport for modulo schedulingis

represented by the modulo counter that counts from 0 to I I aswell asthe necessary

logic to detect the end of the prolog and epilog.

The algorithms in the target applications and in stream-basedapplications in

general,makeheavy useof �ne-grain streameddata accesspatterns. Hence,address

calculation can be signi�cantly acceleratedby special hardware to directly support

stream-baseddata accessmodes[86, 119]. The main drawback of this approach is

that it compromises
exibilit y. It is very important to �nd a balancebetweenthese

two con
icting parameters.

Before delving into the details of the AGU implementation, it is necessaryto

understandhow a compiler generatesaddressesfor array references.Consider the

code illustrated in Figure 5.14. This �gure shows the multiplication between 2D

data arrays. The addressof each element in the 2D arrays is:
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for(j=0;j<50;j++)

A[i][j] = B[i][j] * C[i][j]

Loop Index Variables
Loop Bound

For(i=0;i<loop_count;i+2)
Loop Increment

Figure 5.14. Matrix Multiplication

address= baseaddr + i � r ow size+ j � col size (5.3)

where baseaddr is the addressof the �rst element in a 2D array; row size and

col sizeare the row and column sizes.

A vector is a single-dimensionalarray, so its addressexpressionis a special

casewhere row size = 0. If the row size and the col size are power of two, this

equation can be written in the following way:

address= baseblock+ (i << const1) + (j << const2) (5.4)

Our experiments show that three pipelined functional units can easily perform

the calculation in equation 5.3 and hencegenerateonememory addressper cycle,

assumingthat the loop indexes'i' and 'j' are incremented by other hardware. A

number of muxes can be added at the input of these functional units to increase

the level of 
exibilit y as illustrated in Figure 5.15. This structure, in combination

with the wide horizontal microcode control, permits generationusingdi�erent data

paths in the AGU. This resembles a dedicatedhardware implementation for each

address.The major problem with this approach is that the width of the instruction

memory has increasedsigni�cantly. In fact, the power consumption due to the

instruction memory amounts to more than 50%of the total dissipatedpower. This

issuewill be discussedin more detail in section5.2.6. To alleviate this problem, a

di�erent approach in the AGU designneedsto be taken.
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Figure 5.15. Stream addressgenerationunit (AGU)

The approach taken in this dissertation is based on the fact that most 3G

basebandmobile algorithms requireonedimensionalaccesspatterns, but telephony

standardsareevolving to support imageand videodata which requiremorecomplex

accesspatterns. Therefore,the ACT AGUs aredesignedto bepartial ly con�gurable

in the sensethat they include con�guration tables that can be selectedunder

program control.

The AGUs support addressgenerationfor two typesof addressesthat we call

simple (1D and unit stride 2D patterns) and complex (non unit strided 2D and

modulo patterns). Each AGU, shown in Figure 5.15, has three integer units con-

nectedvia a mux. Each ALU receivesinputs from the hardwareloop unit, execution

cluster, instruction memory, con�guration table, or output of the neighboring ALU

as shown in Figure 5.15. Each AGU also includes four generalpurposeaddress

registersto store the baseaddressand intermediate results that can be accessedin

both modes.

Opcodes,mux selects,constants, and register load enablesin the simple mode

are part of the instruction. For complexaddresses,the extra control bits are stored

in a con�guration table. Each AGU has a four-entry con�guration table, which

supports an arbitrary number of simpleaddresscalculationsand up to four complex

patterns. More complex addressessuch as those involving multiplications that
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cannot be computed by the AGUs can always be calculated in the FUs of the

clustersand then forwarded to the AGUs.

To selectan accesspattern, an AGU instruction contains two �elds. The �rst

one indicates if the AGU is in con�guration mode or normal mode. In normal

mode, the con�guration table is disabledand all the control signalsare part of the

instruction. The con�guration mode is divided into two modes. In the �rst mode,

recon�gurations can be loadedinto the table using the agu.loadcon�g() command.

In the secondmode, the con�gurations arereadfrom the table and usedasopcodes.

This is achieved through the agu.readcon�g() command. Finally, while most of

the addressmodesdiscussedearlier are supported by the AGU, there is no direct

hardwaresupport for bit-reversedaddressing.FFT which usesthis addressingmode

is not usedin 3G wirelessbasebandalgorithms.

5.2.6 Micro code Compression

Compressiongenerally exploits redundancy. Various compressiontechniques

emergedfor RISC processorsand have been subsequently applied to VLIW ar-

chitectures [57, 85]. Most of these approaches are dictionary-basedcompression

techniques. In thesetechniques, the most frequently encountered instructions are

codedusingtechniquessuch asHu�man coding and are then placedin a dictionary.

To use an instruction from the dictionary, it �rst needsto be decoded. In these

compressiontechniques,memory reduction rather than energydissipation was the

driving force. More limited approaches to energy reduction have been proposed

by Benini [15] and Wolf [71]. Benini investigated the impact of code compression

on power consumption of a subsystem,namely, the main memory and the buses.

His approach is basedon the selectionof a subset of instructions in a program,

derivedby evaluating their relativeoccurrence.Theseinstructions arethen encoded

with 8-bit patterns and stored in a small memory instead of the original 32-bit

instructions. Memory bandwidth is reducedas is the energyrequired to fetch the

program from memory. The decompressionis performedby a hardware block that

is located betweenthe 32-bit processorand the memory. Benini did not show the
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impact of compressionon the processor.Wolf [71] included the processorin the

analysisby placingthe decompressionblock betweenthe cacheand the CPU. A 19%

improvement for data intensive algorithms wasachieved. However, power estimates

were derived from an analytical model rather than low-level circuit details.

In this dissertation, two decompressiontechniquesare implemented asshown in

Figure 5.16. The �rst includesa small local instruction memory that contains the

most frequently executedinstructions of modulo-scheduledloops [100]. Block A in

Figure 5.16 represents the small local instruction memory. The size of this local

compressedinstruction memory (CIM) is 32. The sizewas determinedempirically

to match the application requirements. Algorithms with higher requirements will

therefore not be fully compressed. The compressedinstruction simply indexes

the common code in the CIM. The size of the indexed code is contained in the

microinstruction. This number is usedin a counter, Block B, which controls access

to the commoncode in the CIM.

The result is that there aretwo typesof instructions: long and compressed.One

third of the long instruction is enoughto addressthe entire CIM. The instruction

memory is therefore divided into three banks. The number of accessedbanks
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Figure 5.16. Compression
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dependson the instruction type determinedby block E in Figure 5.16. A memory

generator tool shows that the power savings of this strategy is limited to 20%.

To improve on this, an additional approach that exploits the SIMD presencein

thesealgorithms was also studied. A long instruction can potentially be reduced

to a singleshort instruction that operateson multiple data. This short instruction

is then stored in one of the banks, which is decoded in block C whenever the

instruction is accessed. The number of SIMD instructions is currently limited

to eight to avoid increasing the cycle time of the decompressionstage. Finally,

the 3:1 mux in Figure 5.16 selectsbetween the outputs of the SIMD, CIM, and

block D which forwards the uncompressedinstructions directly to the execution

stage. Chapter 8 will show that thesecompressiontechniquesdecreasethe power

consumptionin the instruction memory between17%and 38%.

5.3 Instruction Format and Programming

Figure 5.17 shows the format of the instruction word. The inst-type �eld

speci�es whetherthe instruction is (1) a compressedinstruction, (2) a normal VLIW

style instruction, or (3) a recon�guration instruction. Compressedinstructions

are divided into two types: CIM and SIMD. In the �rst case,the uncompressed

instruction is selectedfrom the CIM and forwarded to the executionstage. In the

secondcase,the SIMD instruction is decoded and NOP operationsare inserted for

all unused components. The recon�guration mode is used to con�gure the HLU

and AGUs. Four cyclesare neededto con�gure all four entries in the con�guration

tables. In the VLIW mode, the instruction canbedivided into threedi�erent types:

MARF, ALU, and AGU. The MARF instruction is divided into two �elds. The

�rst �eld indicates if the register �le is usedas a typical static register �le or as a

MARF. The second�eld is usedas an index into the register �le or as an opcode

to the AGURF depending on the contents of the �rst �eld. The ALU instruction

is divided into three �elds. The �rst oneis the opcode. The secondand third both

include the mux selectsignalsand the input register load enables.



84

MARF0 ALU0MARF1 ALUn

Mode Agu/Index

OpcodeMode

INST Type Cluster4 Cluster0 AGU5 AGU0

Opcode MUX MUX
Ld_en1Ld_en0

Figure 5.17. Micro instruction format

Finally, the AGU instruction is divided into two �elds. The �rst one speci�es

if the AGU is usedin a con�guration mode or a normal mode. The second�eld is

the opcode.

Currently, there is no ACT compiler, and programming is done manually. Al-

though this is a di�cult task, the performancethat can be achieved is high. A

sophisticatedcompiler will be neededin the future. The following code is a simple

exampleto illustrate how the coprocessorcan be programmed:

//C code

for(i=0;i<100;i++)

S+=A[i]*B[i]

//Custom assembly code

1-agu.load_config(agu0,co nfig _params0,ta ble_ ent ry0) //configure agu0

1-agu.load_config(agu1,co nfig _params1,ta ble_ ent ry1) //configure agu1

1-hlu.load_config(coonfig _params2,ta ble_ entr y2) //configure HLU

2-nop //delay

//Init loop

//Note that once the HLUis configured, the loop index is incremented

//automatically till the maximumnumber of loop counts is reached.

3-add_ld loop0, base0 alu2_agu0 //address of A[i]

3-add_ld loop0, base0 alu2_agu1 //address of B[i]
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4-nop //delay

5-route input_mem_port0, bus0 //routing is part of the ISA

5-route input_mem_port0, bus1 //routing is part of the ISA

6-mul bus0, bus1 mul_cluster0 //tmp=A[i]*B[i]

7-nop //inserted delay to account

//for the multiplier latency.

8-add mul_cluster0, alu0_cluster0 alu0_cluster0 //S+=tmp

//end loop: when instruction number 8 is reached, the zero-overhead

//loop branching implemented in the HLUupdates the address in the

//program counter to that of the loop entry, which is equal to 3 in

//this example.

9-add_st alu0_cluster0, CNSTOUT_MEM //OUT_MEM[CNST]=S

As illustrated in the above code, the FUs' instructions are divided into four

�elds: opcode, source0,source1,and functional unit's name and cluster number.

Sincethe instruction word width and format are �xed, there is no needto specify

the instruction or the FU number. It was added here to make the code more

readable.

The AGUs in this exampleare usedin the simple mode. The agu.loadcon�g()

instructions are used to set the baseaddressesfor both arrays. If the AGUs are

con�gured to work in the complexmode, the following instruction would beneeded:

agu.readcon�g(agu0,table entry)

This instruction instructs the AGU to work in complexmode. In the codeillustrated

above, this instruction would be inserted in cycle 3. Finally, to increaseILP, the

loop would alsobe modulo scheduled.

5.4 Algorithm Mapping Examples
To illustrate how data forwarding works and how the architecture can be recon-

�gured to match di�erent data 
o ws in di�erent algorithms two algorithms will be

mapped: rake receiver and the transposeFIR.
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Rakereceiver: The main operationsin the rake receiver are complexmultiplica-

tions betweenwordsand bits, asshown in equation5.1asexplainedin section5.7(a)

are replacedwith additions and subtractions. The algorithms can be mapped as

follows:

1. First cycle: At the beginning of the multiplication, a group of pn bits are

loadedinto the recon�gurable registersof ALU0 asshown in Figure 5.18.

2. Secondcycle: in.real and in.im are loaded into the input registersof ALU0

as illustrated in Figure 5.19.

3. Third cycle: Addition or subtraction is performedon the input data depend-

ing on the pn bits which act as opcodes.

4. Fourth cycle: The result of the operation in ALU0 is forwarded to the next

ALU1 to perform the accumulation asshown in Figure 5.20. Meanwhile, the

�rst ALU0 performsothers operationson the input data.

Figure 5.18. Data Forwarding in the bit-word multiplication
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Figure 5.19. Data Forwarding in the bit-word multiplication

Figure 5.20. Data Forwarding in the bit-word multiplication
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Transpose FIR : Filters tend to have deepdelay lines in order to improve fre-

quencyresponsecharacteristics. The hardware implementation of thesedelay lines

usesa number of cascadedregisters. In every cycle, data are shifted from onereg-

ister to the next. In such an implementation, redundant energyis being dissipated

due to data shifting. In DSP processors,this situation is avoided through the use

of circular bu�ers that are mapped onto a random accessmemory block. In the

RAM-basedimplementation, a number of pointers are incremented or decremented

rather than physically moving the data.

Assuming that the �lter coe�cien ts are already in the MARFs, the algorithm

is mapped to the architecture as follows:

1. First cycle through the fourth cycle: Each cluster operateson its four locally

stored tap delays. As shown in Figure 5.21, the coe�cien ts and the interme-

diate valuesare �rst loadedfrom the local register �les and forwarded to the

multiplier. The output of the multiplier is then forwarded to its neighboring

ALU wherethe accumulation is done.

2. Fifth and sixth cycles: The result of the accumulation in each cluster is

forwardedto its neighboring cluster asshown in Figure 5.22. The destination

clusters use their secondALUs to perform the intercluster accumulation.

Meanwhile, a newinput sampleis streamedinto the delay lines,and multiply-

accumulate operationssimilar to that of the �rst-through-fourth are initiated.

3. Fifth cycle: The �rst result is ready. Repeat the sameprocessuntill the entire

input frame is processed.

ACT is a highly concurrent coprocessorarchitecture with multiple homogeneous

clusters to exploit the high level of parallelism in 3G applications. The commu-

nication interconnects between the architectural components use a hierarchical

structure to minimize energy consumption. Flexibilit y is achieved by �ne-grain

programmablecontrol of the interconnects. The addressgeneratorsoperate in a

distributed manner. The overall e�ect is that the data-
o w and throughput of the
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Figure 5.21. Multiply accumulate of a tap delay line on onecluster

ACT coprocessoris similar to the custom hardware of an ASIC while retaining

most of the 
exibilit y of a GPP.
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Figure 5.22. Multiply accumulate and intercluster data forwarding (two clusters)



CHAPTER 6

SIMD FUNTION UNITS IN A CT

Many wirelessbasebandalgorithms and other DSP algorithms operate on vari-

ablewidth data. The useof SIMD functional units can increasethe performanceof

thesealgorithms by simultaneously operating on several subwords of a data word.

This type of parallelismwill be referredto assubword level parallelism(SLP). SLP

is a cost-e�ective solution to exploit the data-level parallelismthat existsin wireless

and multimedia applications.

This chapter �rst discussesthe SLP opportunit y in the turb o decoder and shows

how it canbeexploited to increaseperformancewithout a�ecting the bit error rate.

It then shows how current DSP processorsenhancetheir performanceby exploiting

SLP. The chapter later discussesthe featuresthat are added to ACT's functional

units to support this type of parallelism. The discussionconcludesby examining

the e�ects of thesefeatureson the the power and performanceof the architecture.

6.1 Turb o Decoder

Turbo codes, introduced by Berrou et al. [37], have near Shannon-limit error

correctioncapabilitiesand areamongthe most advancedchannel-coding algorithms

usedin practice. They are usedin many communication standards, including the

3GPP standard[47]. The turb o decoder discussedin Chapter 4 consistsof two Max-

Log-Mapmodulesandan interleaver/deinterleaver pair asshown in Figure 6.1. This

Max-Log-Map algorithm usesa large number of Add-Compare-Selectoperations,

which represent the most compute intensive operations repeated in computing the

various metrics. The most compute intensive loopsare the following:
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Soft output 2 (llr_extrinsics 2)llr_app2

                 llr_extrinsics 1

SISO
Decoder

Hard decision
Interleaver

Parity 2

llr_app

Receive data ( s(k) )
Parity 1

De�interleaver

Figure 6.1. Block diagram of the turb o decoder

� Forward metrics: � k(m) = maxm0f 
 (m0; m) + � k� 1(m0)g � H � k

wherem,m' = 0,1....,7

� Backward metrics: � k(m0) = maxm f 
 (m0; m) + � k+1 (m)g � H � k +1

� Output extrinsic or Log-Likelihood Ratio: LLR = maxdk =+1 f � k� 1(m0) +


 (m0; m) + � k(m)g � maxdk = � 1f � k� 1(m0) + 
 (m0; m) + � k(m)g

where 
 (m0; m) represents the branch metric of the transition between state m

and m0; H � k and H � k +1 are the normalization valuesfor the forward and backward

metric.

The conversionfrom the 
oating point Max-Log-Map turb o decoder implemen-

tation to �xed point has been discussedin [81]. The key to this transformation

is the precision of the inputs to the decoder. As shown in [49], more than 99%

of the received channel valueslay between-4 and 4. Thus, 8 bits are su�cien t to

represent the data. Wang [129]analyzedthe e�ect of �nite precisionarithmetic on

the performanceof the turb o decoder and determinedthe optimal word lengths of

di�erent internal variablesconsideringtradeo�s betweenperformanceand hardware

costs. The word lengthsof data inputs and the extrinsic information are especially

important sincethey signi�cantly a�ect the memory requirements.

When using vectorized operations to take advantage of subword parallelism,

the number of bits used to represent the intermediate values should be lower or

equal to the number of bits in a SIMD operation. In ACT, the 16-bit data path
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can also support two parallel 8-bit SIMD operations. The recursive nature of the

turb o decoder presents a problem. Namely, the intermediate results may require a

wider data representation. There are di�erent solutions to this problem. The �rst

approach is to use a wider data path for the whole algorithm, at the expenseof

parallelism and throughput. Another approach is to use saturation. Saturation

turns positive over
ow into the largest representable value. Negative over
ow

returns the minimum representable value. Although this technique doesnot a�ect

throughput, it can degradethe BER. This dissertation takesthe secondapproach

sinceempirical results show that this degradationis very small.

To illustrate the e�ects of saturation on the BER, the transmission system

illustrated in Figure 6.2 is considered. The system consistsof a random frame

generator, a turb o encoder, additive white Gaussiannoisechannels,and a turb o

decoder. To study the e�ect of saturation on the BER, the performanceof a �nite

precision �xed point implementation is comparedto an in�nite precision 
oating

point version. In the �xed point implementation, an 8-bit wide data path is used

to represent both input data and temporary variables. The BER of the 8-bit �xed

point implementation as shown in Figure 6.3 degradesby a very small amount

comparedto the in�nite precisionvariant. Narrower 4-bit data pathswould increase

the BER and the hardware complexity of the SIMD FUs.

6.2 Existing Implemen tations

Many wirelessalgorithms operate on variable width data; typical widths are 8,

16, and 32 bits. To improve the performanceof thesealgorithms, functional units

in many DSP processorsoperate on thesedi�erent data widths.

Frame 
Generator Encoder Channel Decoder

Figure 6.2. Transmissionsystem
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Figure 6.3. Performancecomparison of the Max-Log-MAP (Frame Size=960,
SW=80) implementation with 8-bit and in�nite precision

The importance of turb o codes[37, 125, 2] is that they enablereliable commu-

nications with power e�ciencies closeto the theoretical limit predicted by Claude

Shannon. Software implementations of the turb o decoder algorithm have been

done in both low- and high-end DSP processors[83, 132,38, 73, 74, 84]. Loo [73],

for instance,proposedto increasethe throughput of the Max-Log-Map algorithm

on the Analog Devices ADSP-2116x by exploiting its SIMD functionalities. In

this technique, several add-compare-selectoperations are implemented in parallel.

The ST120, a VLIW architecture from STMicroelectronics[114], supports SIMD

operations as two 16-bit data values packed into one 32-bit data word. The

ST120 turb o decoder achieves a throughput of 540 Kbit/s at 200 MHz [132] at

�v e iterations. The Texas Instrument C64x DSP, another VLIW processor,uses

a coprocessoraccelerator to increasethe number of users that can be processed

simultaneously [123].
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Turbo decoders have also been implemented on low power processorslike the

Motorola DSP56603. The DSP56603is a 16-bit �xed-p oint processorand is op-

timized for mobile wirelessapplications. It provides processingperformanceof 80

MIPS. Michel [132]shows that this processorhasa throughput of just 48.6Kbit/s

when implementing the Max-Log-Map decoder. The performanceprovided by all

of theseprocessorsis far lessthan that required by the 3G wirelessstandards.

6.3 SIMD Functional Units

Functional units enhancedwith SLP properties require the input data to be

presented in a packed fashion. This meansthat each input registercontains several

logical data elements which are worked on in parallel. The functional unit can be

seenas a collection of small parallel processingelements, which are illustrated in

Figure 6.4. Note that an extra \ and" gate and an enablesignal are required to

implement SLP in hardware. The enablesignal, which is typically part of the ISA,

controls the propagation of the carry signal from the �rst adder to the secondone

in order to support full-word operations.

En

Carry
Adder Adder

Figure 6.4. Subword Parallelism
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As the number of SIMD opcodesincreases,the instruction memory width will

also increase. There are also additional overheadsto consider. The nature of

subword data introducesmemory alignment issues. Accessingsubword data also

requiresextra instructions. Permutation instructions are also required to reorder

subwords.

The power consumptionin ACT's instruction memory can be up to 50%of the

total power consumption. Increasingthe width of the instruction to support more

opcodes is not a wise choice. The approach taken in this dissertation is basedon

the observation that a particular algorithm operatesonly on 16-bit or 8-bit data

but not both more than 80%of the time. Hence,the opcodeswere separatedinto

two sets: 8- and 16-bit sets. Each oneof the ACT functional units can operate on

either sets. To switch between di�erent sets, a context register is added to each

cluster. The purposeof this context register is to select the operational set for

each of the FUs. The context register is also usedto control another feature that

is added to ACT's SIMD FU. This feature is the saturated arithmetic operation

discussedin section6.1 and shown in Figure 6.5.

Sat

ALU
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16 16

(a)                                          (b)

in0 in1

in0 = a (cn) d  ; in1= b (cn) c
in0 = a (cn) b ; in1 = c (cn) d

Where cn = concatenate

Shuffle:
in0 = a (cn) c ; in1= b (cn) d  

LOGIC

C
on

te
xt

�R
eg

Opcode

Shuffle

Figure 6.5. SIMD ALU
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Three shu�ing operations are illustrated in Figure 6.5(b). Addition, subtrac-

tion, min, and max opcodesuseall three combinations. The rest of the opcodes,

on the other hand, useonly the �rst option. The main reasonis that theseopcodes

rarely usethe other options, and supporting them would increasethe cycle time of

the coprocessor.Theseoperationscanstill be supported indirectly through the use

of the mergeand extend opcodes.

The main concernin designingrecon�gurableFUs is the number of cycleslost for

recon�guration. This application-dependent overheadcan overshadow all the ben-

e�ts that can be obtained by recon�gurabilit y. In stream-oriented applications this

overheadis very low. For instance,the operationsimplemented in the turb o decoder

all use an 8-bit wide data-path. The coprocessordoes not need to continuously

switch to a di�erent mode. Other algorithms, such as the sum-absolute-di�erence

usedin Mpegencoding, requireboth 8- and 16-bit modes. Such algorithms canstill

run on the coprocessorby con�guring di�erent FUs to work in di�erent modes.

The number of bits that each cluster context register contains is 6. Thesebits

are sharedwith the multiplier control signalsas shown in Figure 6.6. This means

that the multiplier will be stalled every time a recon�guration is done. The main

reasonto choose the multiplier is that more than 70% of the operations in 3G

wirelessbasebandalgorithms usethe ALUs. In the targeted domain, the multiplier

will be stalled for very few cyclessince the number of times the con�guration is

doneis very low.

6.4 Example: Mapping SIMD Implemen tation
of Turb o Decoder on A CT

6.4.1 Memory Mapping

As discussedin Chapter 4, the turb o decoder has very high memory require-

ments. Assuming that data-bits, parity-bits, and the interleaver addressesare all

1 byte, the maximum input frame size that �ts onto the input SRAM would be

around 1000bytes. Bigger frame sizescan be processedby increasingthe sizeof

the memoriesor by using multiple clusters. The secondoption would also increase
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Figure 6.6. Context register

the performance,sinceeach of the sliding windows (SW) discussedin Chapter 4

could be mapped and processedseparatelyon di�erent clusters. In this �xed-p oint

implementation, the data, input and temporary values are represented as 8-bit

quantities. The mapping of alphas, betas, extrinsics, branch metrics, interleaver,

parity-1, and parity-2 is shown in Figure 6.7. The baseaddressof each array block

is determined by the pointer Bi, where i=0,..,7. Eight pointers are required, one

for each of the eight arrays.

6.4.2 Branc h Metric Implemen tation

The branch metric computations are typically included in the loop where the

forward computations are performed. In our implementation, the branch metrics

are calculatedin a separateloop for the entire sliding window and then stored into

memory. This was mainly done to decreasethe programming complexity but also

to allow higher parallelism in computing the forward and backward metrics.

Figure 6.8 represents one iteration in the gamma calculation in cluster0 and

cluster1. In each iteration, extrinsic(k,k+1), systematic(k,k+1), and parity(k,k+1)

are loaded in order to compute eight gamma values: �00(k),�00(k+1), �01(k),
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Figure 6.7. Memory Mapping

�01(k+1), �10(k), �10(k+1), �11(k), and �11(k+1). Theseeight 8-bit valuesare

packed into four 16-bit words. Two cyclesare lost in the packing process.

The total number of storesin each iteration is eight. Four of them areperformed

in cluster0and cluster1. The remaining four are producedin cluster2and cluster3.

The total number of cycles required to store these eight values is four. This is

becauseall gammas are stored in one dual-ported memory and, consequently,

no more than two stores per memory are allowed per cycle. As a result of this

bandwidth limitation, the utilization factor of the ALUs in the coprocessorfor this

loop is around 68%. A di�erent memory mapping could potentially alleviate the

memorybottleneck and thus increasethe utilization factor. This loop aswell asthe

forward, backward, and extrinsic loopswas modulo scheduled. Modulo scheduling

this loop decreasesthe length of each iteration from six cyclesto four.

6.4.3 Forw ard and Backw ard Metrics Implemen tation

Sincethe forward and backward metric computationsareequal,just the forward

metrics implementation will be discussed. The basic computation performed in

each stageof thesemetrics is the butter
y operation. This operation involves two
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Figure 6.8. Gammascalculation

ACS operations. The total number of ACSsper stageis 8. The ACT architecture

exploits this high level of concurrencyby mapping multiple ACS operations onto

multiple clusters. Figure 6.9 illustrates the executionof two ACSson cluster0 and

cluster1. Normalization takesoneadditional cycle per ACS which is not shown in

order to simplify the diagram.

The forward metric loop is one of many examplesthat illustrate how the ar-

chitecture exploits the producer-consumerlocality in compute intensive kernelsas

well as exploiting data reusein the pipeline registers. To understand how this is
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Figure 6.9. Alpha calculation

achieved, consider the following equations which are part of the forward metric

calculation discussedin section4.3.3of Chapter 4:

tmp0 = max(� 0 + �00 ; � 1 + �11) (6.1)

tmp1 = max(� 0 + �11 ; � 1 + �00) (6.2)

tmp2 = max(� 2 + �01 ; � 3 + �10) (6.3)

tmp2 = max(� 2 + �10 ; � 3 + �01) (6.4)

The main operation in theseequationsis ACS. The addition part of the ACS of

both equationsis assignedto Cluster0 Al u0 and Cluster1 Al u0, respectively. The

compareselect parts are assignedto cluster0 Al u1. In each cycle, the following

operations are computed:

� Cycle 0: (� 0,� 1) and (�00,�11) are latched into the input pipeline registers

of Cluster0 Al u0 after being loaded from their respective memories. Also

in the samecycle, (� 2,� 3) and (�01,�10) are latched into the input pipeline

registersof Cluster1 Al u0. The additions in equations6.1 and 6.3 are then

performedin both ALUs. The results are then forwarded to Cluster0 Al u1.
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� Cycle 1: The compare select phase of an ACS operation is performed in

Cluster0 Al u1. Also in the samecycle,two other additions from equations6.3

and 6.4areperformedon both Cluster0 Al u0 and Cluster1 Al u0. Note that

the data beingaddedare the samedata that have beenlatched into the input

pipeline registersin cycle 0.

� Cycle 2: The compare select operation on the data forwarded from both

Cluster0 Al u0 and Cluster1 Al u0 is performed.

The abilit y to control the recon�gurabilit y of the data path and to control

the life time of any variable in any pipeline register on a cycle-by-cycle basishas

a tremendouse�ect on power since unnecessaryaccessesto the register �le and

unnecessaryswitching activities are minimized. The utilization rate of the ALUs

in each of theseloops is 48%. The main reasonfor the low utilization rate is the

serialization of the ACS computation, which enhancesdata reuse. For instance,

the calculationsin equations6.1 and 6.2 are not performedin parallel. Performing

theseoperationsin parallel would potentially improve the performance,but it would

result in increasedpower consumption.

6.4.4 Extrinsic Metrics

The extrinsics indicate the probability that a bit is 0 or 1. Their calculation

requiresthree parameters:alpha, beta and gamma. Their mathematical equations

are discussedin Chapter 4 and can be seenas the di�erences betweenthe output

of two binary trees of max searches. Each of thesetrees considersall the metrics

in a trellis stage,which are � 0,..,� 7,� 0,..,� 7,�00, �01, �10, and �11.

In each iteration of the loop, one8-bit extrinsic value is produced. The extrinsic

loop is unrolled twice,and the result of thesetwo iterations aregrouped together to

form a 16-bit extrinsic value. This loop is then modulo scheduled. The initiation

interval of the unrolled loop is 18 cycles. The major reasonsfor the high I I are

limitations in memory bandwidth and the packing/unpacking of the intermediate
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results. To seewhy packing and unpacking areneeded,considerthe following code,

which is part of the extrinsic calculation:

max0 = max(� 0 + � 4 + � 11; � 1 + � 0 + � 11)

max1 = max(� 2 + � 5 + � 10; � 3 + � 1 + � 10)

max2 = max(� 4 + � 2 + � 10; � 5 + � 6 + � 10)

max3 = max(� 6 + � 3 + � 11; � 7 + � 7 + � 11)

Alpha and beta are stored in memory in the order illustrated in Figure 6.10.

Thus, to add � 0 + � 4 and � 1 + � 0 in the sameFU with oneSIMD operation, � 0 and

� 4 needto be packed together. All the betas in the extrinsics calculation require

similar operations.

6.5 Results

The useof recon�gurable SIMD FUs limits the number of bits in the instruction

memory that are neededto support the larger number of opcodes. The SIMD

implementation of the turb o decoder, however, does not increasethe throughput

of a non-SIMD implementation of the samealgorithm. As will be discussedin

Chapter 8, there are two reasonsfor these results. First, extra decoding logic in

each FU is needed,in combination with the needfor additional logic at the output

of the FU to support saturation. This decreasesthe operational frequencyof the

coprocessorfrom 300MHzto 250MHz. Second,the SIMD implementation doesnot

fully utilize the hardwareresourcesin the coprocessordueto bandwidth limitations.

10 2 3 4 5

10 2 3 4 5

2 bytes

MEMAlpha

Beta
MEM

Figure 6.10. Memory order



CHAPTER 7

DATA CONTEXT SWITCHING

Traditional loop transformations improve program performanceby increasing

memory usagee�ciency . Thesetactics are limited by the existenceof loop carried

dependencies. Data context switching is an additional transformation technique

which improves performance in high-performance con�gurable processorswhen

loop-carrieddependenciesare present.

This chapter begins with a brief overview of traditional loop transformations

and then provides detailed descriptionsof the data context switching method and

shows how it is supported by ACT's architectural mechanisms.An In�nite Impulse

ResponseFilter (I IR) will be usedto illustrate the operational details.

7.1 In tro duction

Cellular telephony and multimedia applicationshave someimportant character-

istics that provide an opportunit y for performanceenhancement. They are stream-

oriented taskswhich processan input streamof frame-organizeddata to producea

streamof output frames. The computationsinvolvekeepingsomestate information,

but fortunately the memory requirements for the input, output, and state data are

relatively modest. The applications have a characteristic control structure that

consistsof a set of compute intensive regular-nestedloops. Loop transformations

therefore have the greatest impact in improving program performance. Typical

transformations are loop unrolling, fusion, and software pipelining. The primary

bene�ts of thesetraditional transformationsaredueto improvedmemoryutilization

e�ciency and increasedILP. However, thesetransformations have limited applica-

bilit y whenloop-carrieddependenciesexist in applicationssuch asecho cancellation,
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voiceover IP (VoIP), cryptography, adaptive rake receiving[59, 101],equalization,

and multiuser interferencecancellation.

7.2 T ypical Lo op Transformations

7.2.1 Lo op unrolling

Many DSP algorithms have such a small body that most of the time is spent in

incrementing the loop-counter variablesand testing the loop exit condition. Loop

unrolling is the processof expandinga loop so each new iteration contains several

loop bodies. For example,in the code fragment below, the body of the loop can be

replicated onceand the number of iterations can be reducedfrom 100to 50.

for(i = 0; i < 100; i++)

f(i);

After unrolling, the code becomes

for(i = 0; i < 100; i += 2)

f(i);

f(i+1);

Unrolling reducesloop overheadssuch as index variable maintenanceand control

hazards in pipelines. It also allows better instruction scheduling, becauseit re-

ducesbranching and allows instructions from di�erent iterations to be scheduled

together. There are limits to the gainsthat can be achieved by loop unrolling. For

instance, loop unrolling increasescode size. Therefore, determining hotspots can

help determinewhereunrolling is most useful. Another factor often moreimportant

than code sizeis the increasedregisterpressurecreatedby aggressive unrolling and

scheduling.
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7.2.2 Lo op fusion

Loop fusion is a conventional compiler optimization that transforms two adja-

cent loopsinto a singleloop. This reducesloop overheadand memoryaccessesand

increasesregister reuse.For example,

for(i=1;i<N;i++)

f(i);

for(j=1;j<N;j++)

g(i);

The two loopsshown above are fusedinto the following single loop:

for(i=1;i<N;i++)

f(i);

g(i);

Fusioncan be applied only if the loopshave the sameboundsand whenoperations

in the secondloop do not depend on those from the �rst one. There are also

situations where loop fusion may reducerun-time performance. For instance, the

memory architecture may provide better performanceif two arrays are initialized

in separateloops rather than one loop.

7.2.3 Unroll and jam

Unroll and jam involvespartially unrolling oneor more loopshigher in the nest

than the innermost loop and fusing or jamming the resulting loops back together.

This techniqueexploits temporal reusein outer loops. Applying this transformation

to a loop nest improvesregister reuse.

for(i=0; i<N; i++)

for(j=0; j<N; j++)

for(k=0; k<N ;k++)

a[i][j]=a[i][j]+b[i][k]* c[k] [j];
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Unrolling by a factor of two,

for(i=0; i<N; i+2)

for(j=0; j<N; j++)

for(k=0; k<N ;k++)

a[i][j]=a[i][j]+b[i][k]* c[k] [j];

for(i=0; i<N; i+2)

for(j=0; j<N; j++)

for(k=0; k<N ;k++)

a[i+1][j]=a[i+1][j]+b[i+ 1][k ]*c[ k][ j];

Jam or fusethe loopsback,

for(i=0; i<N; i+2)

for(j=0; j<N; j++)

for(k=0; k<N ;k++)

a[i][j]=a[i][j]+b[i][k]* c[k] [j];

a[i+1][j]=a[i+1][j]+b[i+ 1][k ]*c[ k][ j];

Although unroll-and-jam improves the performance of some applications, it

increasesthe code sizeand register pressure.

7.2.4 Soft ware pip elining

Software pipelining is one of the most important and e�ective techniques for

exploiting parallelism in loops. In this technique, the compiler issuesone or more

instructions from successive iterations beforeinstructions from the current iteration

have completed.

Software pipelining reorganizesthe code so that each iteration is made from

instructions chosenfrom di�erent iterations of the original loop. The code can be

divided into prolog, steady, and epilogue. In the prologue phase,a new iteration

is initiated every instruction cycle and executedconcurrently with all previously

initiated iterations. Steady state is reached when the pipe is �lled, and this state
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is repeateduntil all iterations have beeninitiated. On leaving the steadystate, the

iterations currently in progressare completedin the epilog.

One of the drawbacks of software pipelining is its high register bandwidth

requirement, which increasewith the number of functional units and their degree

of pipelining.

7.3 Lo op Carried Dep endencies

Dependenciesamong di�erent operations in the sameiteration of a loop are

called intr a iteration dependencies. Dependenciesbetween di�erent iterations of

a loop are called loop carried dependencies. Adaptive �lters are characteristic

examplesthat exhibit loop carried dependencies. The key attribute of these�lters

is that they are self-adjusting. They are used in applications which require that

the �lter characteristics adapt to input signal conditions. An adaptive MMSE

rake receiver exhibits similar characteristics. In this algorithm multiple adaptive

correlating receivers, called �ngers, are usedto enhancethe received signal quality.

The adaptive rake structure attempts to utilize multipath diversity in the sameway

as the rake receiver.

An in�nite Impulse ResponseFilter (I IR) shown Figure 7.1 is a simpleexample

of code containing a loop carried dependency. I IR �lters are an important com-

ponent of larger applications such as VoIP. In this algorithm, H is the number of

channels, S is the number of samplesper channel, and C is the number of �lter

taps. Each iteration of the outer most loop 'i' represents a particular data context.

This exampleusesH contexts.

The performanceof this loop on a DSP or GPP can be improved by unrolling

the inner most loop in order to increaseILP. Unfortunately unrolling only works

for the inner-most loop. Unrolling the outer loop has more ILP potential but will

complicate addressgeneration and will increasepressureon the memory-register

bandwidth and the register �le. Improving addresscalculation e�ciency will have

a signi�cant impact on performance. The performanceof an I IR hardware im-

plementation can be improved by replicating the hardware resourcesas shown in
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       t=0

          t=t+w[I,K]*y[I,J�K�1]
       ENDDO

   DO J=1, S
DO I=1, H

    ENDDO

       DO K=1, C        

    y[I,J]=w[I,0]*r[I,J]�t
ENDDO

Figure 7.1. I IR

Figure 7.2. While the performanceincreasesby a factor of four, the area has also

increasedby a similar amount. However, the hardware resourcesdue to the loop

feedback will be idle most of the time.

7.4 Data Con text Switc hing

A data context is consideredto be the state of the outer-most iteration of the

loop nest. Data context switching is the processof interleaving the execution of

Figure 7.2. Hardware unrolling
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theseouter loop contexts. This is doneby �rst interchanging the outer most loops

'i' and 'j' and then interleaving the execution of the contexts. By interleaving

the executionof the �lter taps betweendi�erent contexts, the performancecan be

improved signi�cantly.

For this I IR benchmark, modulo addressingis alsoa dominant theme. Attempt-

ing to take advantage of data context switching on a traditional DSP or general

purposemicroprocessoris problematic. Data context switching will signi�cantly

increaseregisterand memorypressureaswell asexecutionunit demandssinceeach

new context will require reloading addressregistersand recalculating addressesto

accessthe operandsneededfor the body of each new context. In single context

mode, especially when strides are regular, this recalculation problem does not

occur. The increasedlevel of addresscalculations will also share the traditional

arithmetic units with the body calculations and henceexecution unit saturation

is likely to limit performanceon traditional architectures. Figure 7.3 illustrates

the implications of the data context switching technique on the I IR hardware

implementation. In this implementation, the register model shown in Figure 7.1

changesto a memory-basedmodel whereboth temporary data and coe�cien ts are

stored in memoriesrather than local registers.

Figure 7.3. Hardware implementation to support DCS
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Bondalapati [18] implemented data context switching on a FPGA and a high-

performancerecon�gurable processor. However, their implementation requires a

largelocal memoryto storesuspendeddata contexts which increasesmemoryband-

width requirements. Theserequirements are problematic in the energy-constrained

embeddedprocessingdomain. The ACT coprocessor,on the other hand, contains

multiple arithmetic clusters and additional architectural mechanisms to support

intercluster pipelining, independent addresscalculation structuresfor both registers

and memory, support for modulo scheduling and loop control which facilitate the

useof data context switching in the embeddeddomain. The utilit y of thesefeatures

is illustrated in the next section.

7.5 Mapping

In order to facilitate an accuratecomparisonwith [18], the I IR algorithm has

been chosenas the driving example in this chapter to illustrate the bene�ts of

the ACT coprocessor. Although IIR is used here for pedagogicalpurposes,it is

important to note that similar tactics have proven useful for a much wider variety

of DSP and telephony algorithms.

Each cluster in ACT has two 32-entry register �les. Each register �le has only

a single read and a single write port. Multiple read and write ports improve

bandwidth but consumean incommensurateamount of power. The two-level

routing structure of the ACT architecture provides su�cien t data routing 
exi-

bilit y to counteract this apparent bandwidth defect while consuminglessenergy

than a multip orted register �le. Data context switching requiresmultiple register

mappings and a considerableamount of register renaming. If this can be done,

data storagecan be reducedand performancecan be signi�cantly improved.

Figure 7.4 shows the memory map for a number of data channels(CH0,..,CHn)

and for a number of temporary channels (TMP0,..,TMPn) which store the �lter

history y[j-k]. Memory blocks usedto store TMPi are accessedasa circular bu�er.

The addressingmode for CHi dependson the amount of context switching that

can be employed. For instance,if the total number of contexts is N and all of them
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CH0

CHn

Base

Base

Base

Base

TMP0

TMPn

Base

Figure 7.4. Memory mapping

can be switched, then simple linear addressingwill su�ce. If N is implementation

limited due to memorycapacity, then a circular addressingmode will be necessary.

A similar argument holds for coe�cien t addressesif they do not �t in the register

�le.

In ACT, the partially con�gurable AGUs and MARF units provide the required


exibilit y. ACT AGUs support both simple (1D strided and 2D unit strided

accesses)and up to four complex (2D nonunit strided accesses)addresspatterns.

The MARF unit supports two register windows, one of which is directly accessed

in the traditional fashionwhereasthe other is accessedvia a set of simple address

modes. One of the MARF modessupports circular addressing.The combination

of the AGU and MARF capabilites, coupled with four scratch RAM ports can

e�cien tly support up to eight I IR data contexts. The eight contexts, given that
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C=10, requires88 coe�cien ts which easily �t into the available register spaceof

the four cluster ACT design.

To avoid additional temporary storagefor data context switching, the execution

of each cluster has to be retimed. The idea is to use producer-consumerlocality

as meansto reduce the storage neededfor the intermediate values. To achieve

this, the result of a sectionof code in onecontext which is assignedto a particular

cluster is accumulated with the result of a di�erent section in the samecode in a

di�erent cluster. This retiming model is illustrated in Figure 7.5. In this mapping,

the executionof each context is pipelined through the four-cluster series.Oncethe

accumulated valuesreach the �nal cluster they are then sent to memory.

CONTEXT1

CONTEXTn

CONTEXT0

CONTEXTn

CONTEXT0

CONTEXTn

CONTEXT0

CLUSTER 1

CLUSTER 2

CLUSTER 3

CONTEXTn

CONTEXT0

CLUSTER 0

CONTEXT1

CONTEXT1

CONTEXT1

TIME

CLUSTER

Figure 7.5. Execution retiming
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Figure 7.6(a) shows the executionof the �rst stageof the pipeline. The primary

advantage that ASICs derive is the abilit y to utilize application-speci�c pipelined

data-paths. The ACT data-path derives the sameadvantage albeit more 
exibly

and with slightly lesse�ciency . Both the 
exibilit y and e�ciency di�erences are

due to routing data through the 2-level mux-basedrouting layersrather than using

an ASIC-like hardwired interconnect. Since routing in ACT is under software

control, ACT supports the e�ective creation of a di�erent pipeline on every cycle.

Figure 7.6(b) shows the executionof the �rst and secondcontext in the �rst and

secondstage of the pipeline utilizing cluster0 and cluster1. These two �gures

illustrate how one of the inputs is initialized to the accumulated value from the

previouscontext which was executedin the precedingcluster.

This retiming mechanism,even though it alleviatesthe additional storageprob-

lem, increasescomplexity of the program sincethe intercluster pipeline has to be

�lled and drained in each interleaved iteration of the eight contexts. In order to

avoid the �ll-drain parasitics,which degradesperformanceby 37.5%in the I IR case,

the loop alsoneedsto be modulo scheduled. The e�ect of modulo scheduling on the

scheduledcode is shown in Figure 7.7. The executiontime is improved signi�cantly

sincethe pipeline doesnot have to be �lled and drained in each iteration.

The results presented in chapter 8 will show that the performanceof the loop

carried dependencyI IR code can be improved by 2.15when comparedto an unop-

timized naive mapping of the I IR code onto ACT which doesnot take advantageof

data context switching. When comparedto a DSP implementation, the optimized

ACT implementation is 7.09 times faster.
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CHAPTER 8

EVALUA TION

The development of the ACT architecture has evolved through several stages.

In every stage, the architecture was re�ned by adding or eliminating features

to enhanceits performanceand decreasepower consumption. The development

processcan be divided into three main phases,which will be called ACT1, ACT2,

and ACT3. ACT2 was described in Chapter 5 and ACT3 includes the SIMD

function units described in Chapter 6. ACT1 is a simpli�ed versionof ACT2 and

will be described in the next section.

The purpose of this chapter is to evaluate the ACT architecture. Bench-

mark results comparing the architecture to a low power embeddedprocessorand

application-speci�c integrated circuits will be presented and discussed.Three sets

of comparisonswill be presented which will be basedon ACT1, ACT2, and ACT3.

The chapter beginsby discussingACT1. It doessoby illustrating the similarities

and di�erences with phaseI I of the architecture. It then discussesthe benchmarks

and experimental methods that are usedto evaluate the e�ciency of ACT. Finally,

the results of all the three phaseswill be illustrated and discussed.

8.1 A CT1

ACT1 is a simpli�ed version of ACT2. Key di�erences between ACT2 and

ACT1 are as follows:

� AGUs: ACT2 hasvery e�cien t stream-oriented AGUs. ACT1 hasvery simple

AGUs. These AGUs provide addressesto either the scratchpad, input or

output SRAMs. Read/write control and the target SRAM for a particular

AGU's addressareprovided by the microcode. An AGU contains two registers
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and an adder. It can accept a data value from the associated cluster or an

immediate value from the micro-code. AGUs e�ectively support a variety of

common addressmodes: immediate, indirect, displaced, and strided. The

AGUs, however, do not have support for module addressingand 2D accesses.

� HLU: ACT1 doesnot have support for loop-level parallelism, which in ACT2

is achieved through the useof the HLU.

� MARF: ACT1 contains distributed multip orted static register �les insteadof

MARFs.

� Routing: The number of muxes in the routing level between the memories

and the clustersis 6 in ACT2 and 4 in ACT1.

The e�ect of all the new featuresin terms of power and performanceon the ACT

architecture will be evaluated and discussedin detail in the following sections.

8.2 Benchmarks

Eleven benchmarks are used to test the e�ciency of ACT in terms of power,

performance,and 
exibilit y. These are taken from 3G wirelessbaseband,VoIp,

Mpeg kernels,and genericDSP kernels. Thesebenchmarks are the followings:

1. TFIR is a 16-tap �nite impulseresponse�lter which takes16-bit input values.

2. TFIR is a 16-tap transpose�nite impulse response�lter which takes 16-bit

input values.

3. IIR �lter, asdescribed in Chapter 7, represents the categoryof digital signal

processingalgorithms where loop carried dependenciesare present. This

algorithm is an important component of larger applications such as VoIP

where the �lter is used to processmultiple channels simultaneously. The

algorithm is de�ned by the following four parameters:the number of channel

H=100, the number of samplesper channel S=8, the number of �lter taps

C=11, and the number of bits per sampleb=16.
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4. Turbo decoder is an important component in 3G basebandalgorithms as

described in Chapter 4. Two versionsof the turb o decoder areevaluated. The

�rst oneis a 16-bit �xed-p oint non-SIMD implementation which is evaluated

in ACT1. The secondone is an 8-bit �xed-p oint SIMD implementation and

is evaluated in ACT3.

5. The rake receiver is another important component in many wirelessbaseband

algorithms. The implementation in this dissertation includes four �ngers or

correlators.

6. The Sum of AbsoluteDi�er ences (SAD) is used in the block match kernel

of an Mpeg-2encoder. This algorithm operateson a pair of 8-bit inputs. It

producesthe sum of the absolutedi�erence betweencorresponding pixels of

two 16x16macro-blocks.

7. Vecmax selectsthe maximum element from a 128-element vector.

8. Dotp takestwo 256-element vectorsV1 and V2 and producesthe dot prod-

ucts V1 � V2 .

9. Matmult is an 8x8 matrix multiply .

10. STMatmult is strided matrix multiplication which is the sameas Matmult

however rows and columnsof the matrices are accessedin a strided fashion.

11. Dotp sqr takes two 256 element vectors V1 and V2 and producestwo dot

products V1 � V1 and V1 � V2 .

8.3 Exp erimen tal Metho d

Three implementations of the above benchmarks are considered: (1) software

running on a 400 MHz Intel XScale processor,(2) a microcode implementation

running on the ACT coprocessor, (3) the benchmarks have been implemented

as custom ASICs. All these implementation will be discussedin the following

subsections.
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8.3.1 A CT

ACT has beenimplemented in Verilog and the Synopsysmodule compiler lan-

guage. The Synopsysdesigncompiler maps the HDL description into a gate-level

netlist. The netlist is then annotated with heuristic worst-caseRC wire loads

which assumesthat all signalsare routed on the lowest metal layer. The energy

measurements are therefore likely to be pessimistic. Exact measurements are

extremely sensitive to wire routing decisions,and as a result wire capacitance

calculationsarebasedon the worst-casewiring layer. The microcodecorresponding

to each benchmark is loaded into program memory and the design is simulated

using SynopsysNanoSim,which is a transistor-level Spicesimulator. The circuits

are designedfor a 0.25� CMOS TSMC processusing a cell library provided by

Artisan.

Each benchmark is run for several thousand cyclesuntil the energy estimate

converges.ACT operatesonly on data present in local SRAM and doesnot access

main memory. To isolate main memory systempower consumption and compare

the merits of the architecture in a fair manner,both the ACT coprocessorand the

low power embeddedprocessordiscussedin the next sectionareforcedto repeatedly

reusedata, which have already beentransferred into on-chip memory.

The dual-ported SRAMs are macrocellsgeneratedby an Artisan's SRAM gen-

erator tool. Simulating the entire SRAM array using Nanosimis not feasible. For

the SRAMs each read, write, and idle cycle are logged. The normalized energy

consumptionis then computedbasedon the read, write and idle currents reported

by the SRAM generator.

8.3.2 Low Power Em bedded Pro cessor: XScale

General-purposemicroprocessorsare the ultimate in 
exibilit y and are ubiqui-

tously usedto implement a wide variety of computational tasks. The Intel XScale

PXA250 architecture has been chosen as a referencebecauseit represents the

state-of-the-art in low power general-purposemicroprocessordesign. It is a 32-bit

RISC microarchitecture basedon the AdvancedRISC Machinesarchitecture. The
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PXA250 is currently the most popular 32-bit embeddedCPU family on the market.

The chip we evaluated was implemented on a .18� m CMOS technology and run at

400MHz.

Berkeley Design Technology [16] estimates that the general signal-processing

performanceof the Intel XScalePXA255, a 400MHzlow power processorsimilar to

the PXA250, to that of a 200MHz C55x core. The C55x is a low power DSP

processorfrom Texas Instruments. They concluded that the signal-processing

benchmark execution times of both processorsare similar. Hence,comparing our

results to thoseof the XScaleprovides a defactocomparisonto the C55x.

The C55x family has beendeveloped for power aware portable devicessuch as

cell phones.Devicesfrom this family are available in three variants: C5502,C5509,

and C5510.This family is consideredto be �v e times faster than the previousC54x

generationand dissipatesone-sixth of its power. Texas instruments has claimed

that more than 60%of mobile phonesare basedon TMS320C54x[121].

The (StrongARM) PXA250 evaluation board has been augmented to permit

the measurement of the averagecurrent consumedby the processorand memory

module via a digital oscilloscope and a non intrusive current probe. Each of the

algorithms studied has beenimplemented in C or C++ and is compiled with the

GNU GCC/G++ compiler using optimization-level O3 with loopsunrolled.

8.3.3 ASIC

ASICs represent a high level of performanceand energye�ciency that general

purposeprocessorsare seldomable to match. Although most of the benchmarks

havebeenimplemented ascustomASICsusingour .25� m CMOStechnology, energy

and performancenumbers for the ASIC versionsof .18� m turbo and rake are taken

from publishedresults [17, 44]. Both theseimplementations di�er slightly from the

cluster and XScale versions. In particular, the rake implementation employs an

8-bit data path rather than the 16-bit data path usedin our implementations. The

turb o ASIC utilizes a look-up table-basedcorrectionthat is not implemented in our
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work. The implementations on the ACT coprocessorand the algorithms measured

on the XScaleare the same.

8.4 A CT1 Results

Someof the referencearchitectures that are consideredin this study are imple-

mented in di�erent fabrication technologies.To makea meaningfulcomparison,the

energyand delay metrics of thesearchitectureshave to be normalizedto a common

process.The results were scaledby the feature-size� to .18� m using the method

describedby GonzalezandHorowitz [40],usinga conservativeexponent of 2 to make

the results pessimistic.Figure 8.1(a) and 8.1(b) illustrate the power consumption

and the throughput of the coprocessor,and the XScale both are normalized to

the corresponding ASIC implementation. Throughput is de�ned as the number of

input packets processedper second.

ACT1 operating at 300MHzis capableof sustainingdata throughput 5-80times

that of the XScale. When comparedto the ASIC, the coprocessorperformance
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varies. The ASIC version of rake is tuned to run at a particular correlation rate.

The coprocessorversion is capableof running at 11.4 times the speedof the ASIC

version. In this case,the excessperformanceprovides an opportunit y to interleave

other tasks, execution units could be powered-down to save power, or the design

could be voltage scaledto reducepower. For the transposeFIR, the ASIC is not

tuned to any particular data rate but is synthesizedfor performance.The fact that

a coprocessorcluster can only sustain one-fourth of the performanceof the ASIC

implementation is not surprising, in that it hasone-fourththe number of multipliers.

For turbo, the coprocessorimplementation can sustaindata rates at just under half

that of the ASIC in a single cluster. If higher data rates are necessary, multiple

clusterscan be to improve the combined data rate.

TransposeFIR has very light data storagerequirements, as there are enough

internal registers in the cluster to store both intermediate values as well as the

necessarycoe�cien ts. Turbo, on the other hand, requiresa signi�cant amount of

intermediate storage,to the point that data storagebandwidth is the bottleneck.

Hence transpose FIR and turbo represent two opposite ends of the spectrum in

terms of being computation bound versusmemory bound.

To be fair to the XScale, it is worth noting that this processoris signi�cantly

more general than ACT1 since it has a translation look-asidebu�er, caches and

a memory controller. The benchmarks do not exercisethe memory controller.

ACT1 lacks that level of generality, but possesses12executionunits, streamaddress

generators,support for register�le addressesmodes,multiple scratch memories,and

support for loop control parallelism. None of these features exist in the XScale.

Figure 8.2 comparesthe energy-delay product overhead of the coprocessorand

XScale implementations with respect to the baselineASIC implementations. In

general,the coprocessoris within oneorder of magnitude of the energy-delay of an

ASIC implementation but o�ers much more 
exibilit y. Compared to the XScale

implementation, the coprocessoris three to four ordersof magnitudemoree�cien t.

The disadvantageof a �ne-grain controlled VLIW clustercoprocessoris the wide

instruction. The power consumption in the instruction memory can reach 50% of
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Figure 8.2. Energy-delay product of ACT1 and XScalenormalizedto the ASIC

the total power consumption as shown in Figure 8.3. Power can be decreasedby

the useof compressiontechniquesin ACT2.

8.5 A CT2 Results

The performance,energye�ciency , and 
exibilit y of ACT2 are tested by im-

plementing the following algorithms: rake, FIR, TFIR, Dotp sqr, Vecmax, dotp,

Matmult, STMatmult, and SAD. The algorithms are �rst hand scheduledand the

scheduled code is then compressedusing the techniquesmentioned in Chapter 5.

The microcodecorresponding to each benchmark is then loadedinto the instruction

memory and the CIM.

Two typesof experiments wereperformed: uncompressedmode,andcompressed

mode. In the uncompressedmode, the main instruction memory is accessedon

every cycle and hencethe power dissipation due to instruction fetch is the same

for all benchmarks. In compressedmode, both the LIM and SIMD decompression

units were used. This decreasespower depending on the compressiontype.

Figure 8.4 illustrates the data throughput sustainedby ACT2. When compared

to an ASIC for TFIR , the coprocessoris able to achieve almost one-fourth the

performanceof the ASIC sincethe ASIC implementation hasfour moremultipliers.
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In the FIR case,the coprocessoris capableof sustainingone-sixth the performance

of the ASIC. This is causedby the fact that the FIR implementation requiresdata

transfersamongthe register �les in di�erent clusters. Such a transfer requiresthe

useof an XU sincethe register �les are not directly connected.The e�ective data

transfer rate will decreasefor �lters with a higher number of taps. For rake, the

coprocessorruns at 11.4times the speedof the ASIC which is similar to ACT1. For

SAD, the coprocessorand the ASIC have almost the samedata rate sincethe ASIC

was designedto perform four SAD operationsper cycle. However, the coprocessor

o�ers much more 
exibilit y.

FIR and TFIR have very regular addressingmodes and high data reuse. As

discussedin Chapter 5, the high data reusecanbesigni�cantly exploited by the use

of the MARF. The only data read or stored from/to memory are the input/output

values once every N cycles, where N is equal to four for a 16-tap �lter. Vector

product and squareconsumefour data inputs per cycle and do not present any

data reuseopportunit y.
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Figure 8.4. ACT2 and XScalethroughput normalizedto the ASIC

Figure 8.5showsthe energy-delay product of ACT2 with no compressionand the

XScalenormalizedto that of the ASIC. Comparedto the XScale,the energy-delay

product of ACT2 is betweenthree to four ordersof magnitude better.

Many featureswereaddedto ACT1 to enhanceperformancein ACT2. However,

the performanceof someof the algorithms did not improve, and the power consump-

tion was slightly worseas shown in Figure 8.5. In fact, the power consumptionof

the \execution part" of the coprocessorfor TFIR, rake, and Dotp sqr hasincreased

by an averageof 22%which is equivalent to an averageof 10%of the total power

consumption.

As will be seensubsequently, instruction compressionsigni�cantly reducesthis

extra power consumption. In the speci�c case of a 16-tap TFIR, the size of

the ACT1 register �le is su�cien t enough to hold all live values without any

registerspilling. However, asthe number of taps increases,the algorithm requiresa

larger register �le, and we would observe signi�cant performancedegradationwith

the ACT1 model and signi�cant improvement with the ACT2 model. The same

argument alsoholds for the rake receiver for small delay valuesbetweenthe �ngers.
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Figure 8.5. Energy-delay product of ACT2 uncompressedand the XScaleboth
normalizedto ASIC

Figure 8.6showsthat the instruction memoryenergysavingsdueto compression

rangesbetween17%and 38%. Energysavings for most of the algorithms, excluding

FIR and TFIR , rangebetween17%and 21%and are due to the smaller instruction

memory. Energy savings for FIR and TFIR were27%and 38%and are mostly due

to SIMD compression.Taking advantage of SIMD compressionin this architecture

can be di�cult sinceopcodesand mux selectsin all routing levels have to be the

same.SinceFIR and TFIR operateon data stored in the local register �les, SIMD

scheduling is easyto do.

8.5.1 Data Con text Switc hing

As discussedin Chapter 7, Data Context Switching (DCS) is a compiler tech-

nique that is used to increasethe level of parallelism in algorithms where loop-

carried dependenciesare presented. The performanceof theseloops on a DSP or

GPP can be improved by unrolling the inner-most loop in order to increaseILP.

Unfortunately unrolling works only for the inner-most loop. Unrolling the outer

loop hasmoreILP potential but will complicateaddressgenerationandwill increase

pressureon the memory-registerbandwidth and on the register �le. In this section,
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memory without compression

the throughput of the I IR �lter with and without DCSwill becomparedto a similar

implementation on the XScaleand on the TI C62x, a cluster VLIW DSP processor

from TexasInstruments. The C62x is a state-of-the-art DSP architecture which is

extensively optimized for such nestedloops. Hence,comparing our results to the

C62x shows the ACT e�ciency .

Table 8.1 shows that by applying context switching inter- and intracluster

pipelining, retiming, and modulo scheduling, the performanceof the loop-carried-

dependencyI IR codehasbeenimproved by 2.15whencomparedto an unoptimized

(ACT-NOPT) naive mapping of the I IR code onto ACT which does not take

advantage of data context switching.

When comparedto the DSP implementation, the optimized ACT implementa-

tion is 7.64 times faster. However this assumesthat the host processoris capable

of feedingthe two scratch SRAMs without stalling the XU resourceswhich is not

possiblein the ACT architecture. More precisely, ACT's input SRAM is double

bu�ered and dual ported to allow concurrent accessby both the host and ACT
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Table 8.1. Performanceresults for data context switching

Exec. Time (� sec) Num. of Channels
DSP C62X (300MHz) 660 100
ACT-OPT (300MHz) 6.91 8

ACT-NOPT (300MHz) 14.9 8
XScale (400MHz) 161 8

coprocessorwhile the scratch SRAMs arenot doublebu�ered dueto generalenergy

considerations. For the I IR application, however, it is more e�cien t to have the

host processordirectly load the scratch SRAMs rather than the input SRAM which

then would require the ACT coprocessorto copy the data to the scratch SRAMs

prior to executionof the I IR code. The downsideof this approach however is that

while the scratch SRAMs are being loadedby the host, the clustersare idle. This

delay adds an additional .53 � secto the 8-channel executiontime which degrades

performanceby 7.6%to achieve an aggregatebene�t of 7.09times the performance

of the DSP implementation. The overall ILP for the I IR application was 11.6 for

the AGUs and 7.5 for the XUs.

XScale is capableof sustaining data rates of 3.92 million samplesper second.

ACT sustainsa data rates that is 22.7 times that of the XScale. The fact that

the XScaledoesnot perform well in this type of application is primarily due to its

small register �le size, bandwidth limitations, and more importantly on the fact

that addresscalculationsmust be donein the main executionpipeline.

8.6 A CT3 Results

ACT3 exploits the subword-level parallelismthrough the useof SIMD functional

units. The use of SIMD FUs can increase the performance of algorithms by

operating on several subwords of a data word with the sameoperation. In this

phase,the support for saturation arithmetic is also present in ACT3. Theseextra

featuresdecreasethe operational frequencyfrom 300MHz to 250MHz. This is due

to the extra decoding logic in each FU that is neededto operate in recon�gurable
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mode, in combination with the needfor additional logic at the output of the FU to

support saturation.

To illustrate the e�ect in terms of performanceand energyconsumptionof these

extra features,a SIMD implementation of turb o decoder hasbeenimplemented on

ACT3. As discussedin Chapter 6, the functional units utilization factor (UF) for

the branch, forward, and backward metric loops are 68%, 48%, and 48% respec-

tively. The UF in the extrinsic loop is 57%. Theseare much lower comparedto

the UF obtained in ACT1 which in average is equal to 90%. The main reason

for the low UF in ACT3 is bandwidth limitation. This limitation is mainly due

to memory mapping. For 5 iterations the throughput in ACT3 is 1.250 Mbit/s

comparedto 0.8Mbit/s for 10 iterations in ACT1. Thus, the performancein ACT3

decreasesby 22%. This is dueto three factors: bandwidth limitation, low-functional

units UF, packing/unpacking, and lower frequency. The energy-consumedand the

energy-delay product of ACT3 decreasesby 13%and 9% respectively. This means

that the reduction in power consumption in ACT3 due to lower frequency and

lower functional units UF is not enoughto balancethe performancedegradation.

The energydelay product of ACT3 can potentially be improved by using di�erent

memory mapping for the forward, backward, branch, and extrinsic loops.

Table 8.2 comparesthe turb o decoder implementation in ACT3 to two state-

of-the-art DSP architectures. These are the ST120 and DSP56603. The ST120

is a VLIW processorfrom STMicroelectronics. The DSP56603is a low power

DSP processorfrom Motorola. For both these processors,an optimized hand-

written assembly coding for the turb o decoder was implemented [132]. For the

ST120, a SIMD implementation of the turb o decoder was used. Following this

SIMD approach, this processorsupports 2x16-bit data packed into one32-bit data

word. Comparing our results to theseprocessorsgivesan indication of the ACT3

performance.

It is clear that ACT3 signi�cantly outperformsthe other DSP processors.Note

that the energy-delay product is a morerelevant metric, but the literature doesnot

provide thesedata for theseDSP processors.However, theseDSP processorsuse
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Table 8.2. Performanceresults

Data Rate Number of Iterations
ST120 (200MHz) 540 Kbit/s 5
ACT3 (250MHz) 1250Kbit/s 5

DSP56603(80MHz) 48.6 Kbit/s 5

a typical load/store architecture. This meansthat all operations use the register

�le assink and sourcefor the operandswhich will have a signi�cant e�ect on their

power consumption.

8.7 Summary

The results show that ACT achieves superior performancecomparedto other

low power programmablearchitecturesthat arecommonlyusedto implement signal

processingalgorithms. It also shows that it is possible to achieve performance

similar to that of an ASIC while maintaining 
exibilit y. In termsof the energy-delay

product, ACT is three to four orders of magnitude better than the XScaleand is

within oneorder of magnitude of an ASIC implementation.



CHAPTER 9

CONCLUSION AND FUTURE W ORK

The problem addressedin this research is how an energy-e�cient processor

should be designedto provide performance comparable to that of a dedicated

solution while retaining su�cien t 
exibilit y to support multiple algorithms. The

approach taken is to allow direct program control over the low-level hardware

resourcesincluding communication. This increasesthe programming complexity

but pays o� handsomelyin performanceand energy e�ciency . The main idea is

a recon�gurable data-path where special purposecomputational pipelinescan be

dynamically establishedthat resemble data 
o ws found in ASIC solutions. By

executing the algorithms on dedicated pipelines containing optimized execution

resources,a signi�cant improvement in terms of performanceand energyconsump-

tion canbeachieved. In conventional architecturesthis dual improvement is seldom

possible.

The main contribution of this thesisis a low power programmablearchitecture,

namedACT, which hasbeenspecializedfor mobile basebandwirelessapplications.

The architecture resourcesare divided into data memory addressingand compu-

tational datapath sections. The data path includes a number of homogeneous

cluster processingelements. The data memory addressingsection includes dis-

tributed memoriesand distributed partially recon�gurable streamAGUs. In ACT,

a high energy-delay e�ciency wasachieved through software controlled distributed

memories, distributed single ported register �les which support addressmodes,

multi-level recon�gurable interconnects,partially recon�gurable addressgeneration

units, SIMD-ALUS, and compressiontechniques.
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Specializedhardware, by itself, may not completely improve the e�ciency of

a program if it is programmed poorly. We have shown how the performance

of algorithms with loop-carried-dependenciescan be signi�cantly improved by a

combination of context switching, data 
o w retiming, and modulo scheduling.

ACT is basically a �ne-grain VLIW architecture. The �ne-grained software

control providesconsiderablegenerality, ande�ciency in termsof energy-delay since

di�erent pipelines can be dynamically recon�gured to support a new processing

phaseand resembles data 
o ws found in an ASIC implementation. The e�ciency

of the processorwasstudiedby evaluating keyalgorithmstakenfrom the 3G wireless

baseband,voiceover IP, DSP, and MPEG domains.

9.1 Future Research

Embeddedsystemsare pervasive in all aspects of our lives, and they comein

many varieties such as PDAs, cell phones, digital cameras,etc. To obtain the

desiredlevel of energy-e�ciency, most of thesesystemsusespecializedcomponents.

Current mobile phones,for instance, have a specializedbasebandprocessingunit

and hardware accelerationunits for someapplications such as MPEG decoding,

turb o decoder, and cryptography. The number of these specialized units will

increasein the future consideringthat state-of-the-art embeddedtechnology is the

basisfor substantial innovation in many other domains. This product di�erentia-

tion has a tremendousamount of importance when power, energy, 
exibilit y, and

cost are considered.Designingan energyaware systemthat delivers the required

performanceand quality of service is a very challenging task. Automating this

processis even more challenging.

The ACT coprocessordesignedand implemented in this work focuseson the

important mobile cellular telephony algorithmic domain. The ACT architecture

gradually evolved from analyzing and observing the characteristics of thesealgo-

rithms and trying to designASICs to acceleratethese tasks. The architecture is

generalin nature and can in principle be applied to other algorithm domains. A

domain-speci�c designapproach, in the ideal case,makes it possibleto reusethe
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designfor a number of applications that fall in a particular domain. The research

in this �eld can be divided into three areas: architectures, compilers, and design

automation.

From the architecture prospective, many parameterscanbe taken into consider-

ation while cutomizinga generalpurposeprocessorinto a domain-speci�c processor.

This is mainly due to the numerouscomponents that form an embeddedprocessor.

These range from the memory system to processing/executioncore, and include

interconnectionnetworks. This canbe further divided into di�erent categories.For

instance,customizationin the executioncorecanbein the addressgenerationunits,

functional units, register �le organization,bypassinglogic, compressiontechniques,

etc. Most of the issuesthat are related to design, implementation, and measure-

ment of the performance-energycharacteristicsof a domain speci�c processorwere

addressedin my Ph.D. work.

Designing, validating, and integrating (under shrinking design-time schedules

and costs)energy-awareembeddedsystemswill be the focusof future research. The

aimsof the research, basedon the current high-performance,low power architecture,

ACT, are

� Investigatecompiler scheduling techniquesfor such domain processors.

� Develop algorithms and methods to automate the designof a domain speci�c

processor.

Compilers have a great importance in the successof theseprocessors.To fully

take advantage of the architecture undertaken, a new style of compiler scheduling

techniques is intrinsic to the research. For instance, the scheduling algorithms

should (1) explicitly managethe interconnectionnetwork betweenthe architecture

various components, (2) consider the application constraints such as power and

performance,(3) be a combination of generalpurposeprocessorsscheduling algo-

rithms (e.g.,modulo scheduling) and FPGA place&routealgorithms to account for

the limitation in the interconnectionnetwork.
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Design automation can be achieved by placing restrictions on the inter- and

intra cluster communications and by varying the degreeof recon�gurabilit y and or-

ganizationof the addressgenerationunits, the register�les, the specializedfunction

units, the scratch-pad memories,etc.

This research will yield a body of techniquesand toolsthat allow skilled but non-

expert systemsdesignersto quickly create and integrate e�cien t domain speci�c

processors.
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