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ABSTRACT

SixD: A CONFIGURABLE AND CUSTOMIZABLE SISD/SIMD
PROCESSOR SOFT CORE

The demand for FPGA-based processor cores incregsemre embedded systems
are built on FPGA platforms. The flexible choice tige “soft” processor IP core, a
processor implemented in the reconfigurable logictlee FPGA. Commercial and
academic soft processors have been widely deployed, most are synthesized
implementations of legacy instruction sets thdtuid large and costly FPGAs. With high
performance media processing applications domigaiie embedded scene, and many
modern microprocessors adopting the SIMD techngldgg a fact that soft cores could
also make use of array and vector processing fumality.

This thesis presents the SIxD, a configurable CBft) @re designed to combine
computer architecture basics to exploit instructerel parallelism with the flexibility and
customizability advantages of soft cores realizadeconfigurable fabric. With run-time
configuration options such as variable data spagstomizable instruction set, and array
processing capabilities, the SIXD is a novel sofedhat can be configured to fit in as low
as a forty thousand system gate FPGA, or offer drigierformance array processing on
bigger FPGAs.



OZET

SIxD: YAPILANDIRILAB iLIR VE UYARLANAB iLiR BIR
TKTV/TKCV YUMU SAK M IKROISLEMC I CEKIRDEGI

Gomula sistemlerin Alan Programlamal Kapi DizileAPKD) icinde tasarlanmasi
arttikga, bu ortamlar icin 6zel olarak tasarlagpmmikroislemci ihtiyaci da artmaktadir.
Mevcut seceneklerden esnek olani, “ygaki Entelektiiel Mulk mikraglemci ¢ekirdgi,
yani mikroglemcinin APKD’nin yeniden programlanilabilir mantkapilari icerisinde
gerceklgtirilmis olanidir. Guntumuzde ticari ve akademik yuyaki islemciler yaygin
olarak kullanilsa da, bunlarin go eski ve halihazirdaki komut kimelerinin
sentezlenmesiyle odmus, pahali ve buyuk APKD’lere gn uygulamalardir. Yuksek
basarimli gorintt ve ortamgleme uygulamalarinin gomuli sistemler piyasasindnna
olmasi ve gunimuiz slemcilerinin TKCV (tek-komut, c¢gul-veri yolu) 6zellgini
benimsemesi ile birlikte, yungak mikroglemci cekirdekleri de dizi ve yoneyleme
kabiliyetinden yararlanabilmelidirler.

Bu tez, komut dizeyi paralgli ile yapilandirilabilir yumgak mikroglemci
cekirdeklerinin esneklik ve uyarlanabilginden yararlanarak tasarlargn81xD’i sunuyor.
Degisken veri alani, Ozeligirilebilir komut kiimesi ve veri dizilerisleme kabiliyetiyle
SIXD kirk bin dizilik APKD’lere sgabilen, veya veri dizilerisleme secerigyle daha
biyik APKD’lerde daha yiksek performans gosterabyeni bir yumgak cekirdekli

islemcidir.
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1. INTRODUCTION

Each day, our lives become more affected by emlkdsistems, the digital
information technology embedded in our environmehhis does not only include
consumer electronics such as cellular phones, afligiameras and printers, home
appliances like microwave ovens and washing mashibasiness equipment, but also
safety-critical applications such as automotiveicky and controls, aircraft and medical
devices, enough to say that nearly any devicertive on electricity either already has, or

will soon have, a computing system embedded within

More than 98% of processors applied today are ibesltled systems, and are no
longer visible to the customer as computers indiainary sense. New processors and
methods of processing, sensing, actuating, comratiois and infrastructures enable this
pervasive computing. As a result, billions of emibedl systems units are produced yearly,
versus millions of desktop units: there are pert&pger household and per automobile.
All of these have wide-ranging impacts on soci@tgjuding security, privacy and modes

of working and living, forming the basis for a siggant economic trend.

The evident design goal for embedded systems mobstruct an implementation
with desired functionality, simultaneously optinmgi the measurable features of a
system’s implementation, called design metrics. @om design metrics of embedded
systems are [1]: size, performance, power, the reoafring engineering cost, the unit
cost, flexibility, the time-to-prototype (until aosking version of the system), the time-to-
market, maintainability, correctness and safetytir@ping design metrics is a key
challenge, as they typically compete with one amothmproving one metric often leads to
degradation in another; i.e. reducing the size roayse the performance to suffer.
embedded systems are usually tightly-constrainedbfe cost, low power, small size and
high performance; they often must cost just a fawoE, must be sized to fit on a single
chip, must perform fast enough to process dataaftime, and must consume minimum

power to extend battery life.



Field-Programmable Gate Arrays (FPGA) are the Gstfigurable fabrics that have
been initially designed for rapid prototyping ofgiti@l complex systems. Later on,
reconfigurable devices have been used as co-parsdssspeed up computations. In these
implementations, either computation-intensive tasks user-defined instructions are
mapped on fabric in compile-time, [2-5] or frequgntsed loops and tasks are mapped on

reconfigurable fabric during run-time [6].

Although programmable logic saves development eost time over increasingly
complex ASIC designs, FPGAs have started becomapglar over the past decade as the
unit price has dropped and gate count per chipréashed numbers that allow for the
implementation of more complex applications and sofes [7-9]. A soft processor is one
that is implemented using the FPGA logic, rathanthbeing a fixed part of the chip
circuitry, providing the flexibility to implementra potentially customize processors as
required. The register-rich nature of FPGA chipshdbsolely consist of an array of look-
up tables and flip-flops, but now include on-chipN®s and hardware multipliers making
them perfect candidates for processor design. $ofes can also support custom
instructions and functional units, and can be régared to enhance system-on-chip (SoC)
development. FPGA systems offer high integrationl @asy field updates of entire
systems. Several companies sell FPGA CPU cores, rbost are synthesized
implementations of existing instruction sets, ffif)i huge, expensive FPGAs, and are too

slow and too costly for production use.

The architecture of these processors is usuallip$&ngle Instruction-Single Data).
Xtensa [5] is a SISD architecture whose instructencan be enhanced by including user-
defined application-specific instructions, as welk by including a SIMD (Single
Instruction-Multiple Data) engine for DSP applicats. Many modern commercial
microprocessors have the SIMD capability [10-14hasntegral part of the Instruction Set

Architecture.

In the literature, there are processor architestuhat incorporate both SISD and
SIMD in a single core using partitioned data wofts,16], or use VLIW techniques to
exploit Instruction Level Parallelism [17], howevemo cases of a completely
parameterizable SIMD core have been observed.



This thesis presents a novel processor soft chee SixD, a non-pipelined RISC
system (load/store architecture) with fixed 16Hbdtruction word and variable data space.
Depending on the size of the FPGA, the user caecse¢he operation mode (SISD or
SIMD) and shrink, extend or modify the instructiset for including application-specific
instructions or excluding redundant instructions@pile-time. The SIxD is a quite novel
soft core that can fit in as low as a 40 thousaystesn gate FPGA, or offer high
performance array processing on bigger FPGAs. Tdre & designed with VHDL for
Xilinx FPGAs, but modifications to fit FPGAs of @hvendors can easily be done.

This thesis is organized as follows. Section 2 ples background information on
embedded systems, reconfigurable computing, theAFBGhitecture and soft cores on
FPGAs. In Section 3, three experimental non-coméigle soft cores have been developed,
having the Fast Fourier Transform as a customuaostn. Section 4 explains the SIxD
system in detail. An illustrative implementationncerning the MPEG-7 Motion Activity
Descriptors is explained in Section 5, with conidos, future work and a method for
dynamic runtime reconfigurability of the SIxD presed in Section 6.



2. BACKGROUND

In this section, the relevant background required understand this work is
discussed. Section 2.1 presents the uses of Rgooaiie Computing for application
performance and flexibility, while Section 2.2 exipls the architecture and the benefits of
the Field Programmable Gate Array, a canonical @@mf a configurable device. Section
2.3 gives an overview of Intellectual Property soend compares the advantages and
trade-offs of soft, firm, and hard cores. Finallgection 2.4 discusses about the
architectures of several academic and commerciapsacessor cores.

2.1. Reconfigurable Computing

There are two primary methods in traditional computfor the execution of
algorithms. The first is to use an Application Specintegrated Circuit (ASIC), to
perform the operations in hardware. Because theSKC#\ are designed specifically to
perform a given computation, they are very fast affetient when executing the exact
computation for which they were designed. The bsggdisadvantage with ASICs is
inflexibility: the circuit cannot be altered afti&brication, so modification causes the need
for redesign [18]. The second method is by usingropirocessors which execute a set of
instructions. By changing the software instructjotige functionality of the system is
altered without changing the hardware. Howeves time the performance suffers, and is
worse than of an ASIC due to the fact that the @seor must read each instruction from
memory, decode it and determine its meaning, amgl tben execute it. This results in a
high execution overhead for each individual operatAdditionally, the set of instructions
that may be used by a program is determined afatirécation time of the processor. Any
other operations that are to be implemented mubulieout of existing instructions.

Today’s general-purpose processors are highly dag#nnfor executing complex
sequences of instructions for a popular set ofcbagerations. Almost by definition, these
processors are good at executing average apphcatiorkloads. Nevertheless, most
computationally complex applications spend 90 @t of their execution time in only 10

per cent of their code. Many algorithms containhsadtical kernels whose performance



significantly impacts total application performanead which are unlikely to be perfectly
implemented by any processor, making the idea fakg yet general purpose CPU seem
inconsistent. Reconfigurable hardware may be bettesupporting such kernels for two
reasons: at implementing functions that do not mafb to the standard set of operations,
and hard-coding the control flow within the recgufiable array logic, avoiding instruction
bandwidth bottlenecks and thus providing more paeto exploit parallelism.

Reconfigurable computing is intended to fill theopdeetween hardware and software,
achieving potentially much higher performance teaftware, while maintaining a higher
level of flexibility than hardware, therefore emimigy as the new paradigm for satisfying
the demand for application performance and flekibilThe ability to customize the
architecture to match the computation and the d&e of the application has
demonstrated significant performance benefits coathbéo general purpose architectures.
The term configurable is used to refer to architest where the active circuitry can
perform any of a number of different operationg, e function cannot be changed from
cycle to cycle. FPGAs (Field-Programmable Gate y8)yaare canonical examples of a
configurable device. Once the instruction has Beenfigured” into the device, it is not
changed during an operational epoch. The functiomalputation on the piece of hardware
is defined by a set of configuration bits whicH &glch gate and wire (interconnect) how to
behave. FPGAs can perform any computational taakfits in the machine’s finite state
and computational capacity that is set by its ajmral resources.

Many researchers have used the FPGA technologyak® rmomputing applications
faster. The performance achieved by these confijgirenachines is often one or two
orders of magnitude greater than processor-basattexparts. Configurable computers are
proven to be the fastest in fields such as RSAyg¢ion, DNA sequence matching, signal
processing, microprocessor emulation and cryptdorf®].

2.2. FPGA Architecture

A typical FPGA (Field Programmable Gate Array) detss of an array of
programmable/configurable logic blocks distributackoss the entire chip in a sea of



programmable interconnections, with the entire yarsarrounded by programmable
Input/Output (I/O) blocks, as depicted on Figurk. 2.
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Figure 2.1: Generic FPGA architecture [20]

A logic block is an FPGA unit of area that include® N-input lookup table (LUT)
and one D flip-flop. N-input LUT is basically a meny that, when programmed
appropriately, can compute any function of up tanNuts. Configurable logic blocks
(CLB), which are made up of groups of LUTs (cal#ides), are organized in an array on
the FPGA and are used to build combinatorial amttisgonous logic designs. Each CLB
element is tied to a switch matrix to access theegd routing matrix. Each CLB also has
carry logic to help build fast, compact ripple-gaadders and multiplexers to help cascade
LUTs into larger logic structures. Each Input/Out@lock (I0B) offers input and output
buffers and flip-flops. The output buffer can bestated for bidirectional I/O. The
programmable interconnect routes CLB/IOB outpuhalg to other CLB/IOB inputs. It
also provides low-skew clock lines, and horizormalg lines which can be driven by 3-
state buffers near each CLB. Although LUT and Ck& mames given by Xilinx [21], one
of the biggest commercial FPGA vendors, and Alf@2| calls these structures Logic

Elements and Logic Array Blocks, the structurethefFPGAs are quite similar.



On an FPGA, all layers already exist on the chigp emnnections are either created
or destroyed to implement desired functionalityhwihe aid of Computer Aided Design
(CAD) tools. This way, the designers themselvesehthe advantage to create an IC.
Although there are benefits like having a very IBMRE cost and a high time-to-market
period, it also presents some drawbacks such ashitite cost of unit, high power

consumption, and slower performance.

Many FPGA vendors now provide FPGA chips with datikd Block RAM area as
well as hardware multipliers and dividers, whicloye to be extremely useful in soft

processor core design.

2.3. Intellectual Property Cores

Introducing a new design process called core-bagesiem design, embedded
devices often come in the form of a System-on-G8mC) in order to keep production and
development expenses as low as possible, while lgoamgp with various design
constraints. A SoC is a concept that integratesuiee of pre-designed, pre-verified, re-
usable silicon circuitry, called Intellectual Proge(IP) cores, to be used as building
blocks for large and complex applications on ardrated Circuit (IC). So, rather than
developing every sub-system from scratch, the sys$éecomposed by integrating various
cores, including the re-use of previously deplogeds (Figure 2.2). SoCs have altered the
way commercial, off-the-shelf components are saddtP, rather than actual IC. Examples
of common IP cores range from a thousand-gate @naicuit blocks to memory
controllers, peripheral devices such as MAC (Maeh#uthentication Code) Ethernet,
UART (Universal Asynchronous Receiver / Transmijiter PCI (Peripheral Component

Interconnect) bus controllers, to hundred thousgei®-processor cores.
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Figure 2.2. Generic system-on-chip architectugs [2

IP cores are processor-level components with behalyistructural, or physical
descriptions, splitting into three primary categerisoft, firm, and hard cores.s&ft core
consists of a synthesizable HDL (Hardware Desawptianguage) description that can be
retargeted to different semiconductor processed.Hiuch as VHDL (Very High Speed
Integrated Circuit Hardware Description Languageyl &erilog increase the range of
options available to designers by enabling hardwa@ementation with the flexibility
that language-based design provides, allowing dessgto implement flexible Intellectual
Property coredirm IP coreshave a higher level of optimization and are ofemgeted for
a specific architecture or device, containing mstreicture than a soft one, commonly a
gate-level netlist that is ready for placement emding. Firm IP cores traditionally have a
mix of higher performance and more efficient reseurutilization than soft core
implementations of the same functionality, giveattthese structural cores take advantage
of specific device and architecture features, uthe other hand, they are less portable.
Soft and firm cores share many common propertielsvat be considered under the soft

core category throughout this thesis.

Hard IP coresare physical descriptions that involve the implatagon of a silicon-
level circuit within the device fabric. A hard coiacludes layout and technology-
dependent timing information and is ready to bepdeal into a system. These components

are products of technology, software, and expertis# are subject to patents and



copyrights. Depending on the design constraintg, designer can use the already
optimized and synthesized hard cores, or to comyitly the constraints, adapt the soft or

firm cores to specific limitations.

Because soft cores are not implemented, they aerantly more flexible in function
and implementation than hard cores. On the othed,haard core developers can afford to
spend more time optimizing their implementationdéoused in many designs. For a SoC
that requires the highest performance in currentcgss and design technology, a full-
custom hard core is better at meeting these needsibg latches, dynamic logic, 3-state
signals and custom memories. However, if the peréorce target is within the range of a
soft core, then the performance goals can be mataxsoft core while taking advantage of
its inherent flexibility [24].

Soft cores are also technology independent. Thie-leigel Verilog or VHDL does
not require the use of a specific process techyotwgstandard cell library, serving the IP
core for multiple designs, or for future generasiaf the current design. A hard core, on
the other hand, is very technology-specific. Haaldes can be ported to new process
technologies, but the effort to re-optimize fullstom cores is significant and costly. In
reality, soft cores are likely designed with onehteology and library in mind. The design
itself is independent of this choice of technoloigyt it is optimized for a certain
technology and library.

A hard core, especially if it was implemented udmigcustom techniques, will look
like a black-box RAM. This causes difficulties mnning gate-level functional simulations
on a full-custom hard core which may not have &-gmtel netlist, because the design has
been done at the transistor level, and gates waresed [25]. Many FPGAs such as the
Xilinx Virtex-1l Pro and Altera Excalibur are eqypd with hard processor cores, namely
the PowerPC and the ARM (Advanced RISC Machinegpectively. While the internal
hard processors can be fast, small, and relatigbbap, they have several drawbacks.
Inclusion of one or more hard processors specilthe FPGA chip, due to the fixed
location of each FPGA-based hard processor, it mardifficult to route between the
processors and the custom logic. Besides, the mpeaftce requirements of each processor
in the application may not match those providedthy available FPGA-based hard
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processors, and the number of hard processorslediun the FPGA device may not match
the number required by the application, leadingeither too few or wasted hard

processors.

Hard cores are optimized once, when they are imphted by the IP provider.
Because the core is optimized only once, the IRigeo can afford to spend significant
resources. Thus, a hard core will typically rurntdagshan a comparable soft core for that
one technology in which it is implemented. But, ewe that single technology, it is only
optimized for one set of goals. If the goal is larea at reasonable performance, the highly
tuned performance-optimized hard core may be taye lfor the application. Soft cores, on
the other hand, can be application-optimized: Tgniarea and power targets can be
adjusted to fit the specific embedded SOC design.ifstance, if a SoC uses a 200 MHz
clock, then a soft IP core that was designed toatuB50 MHz can be targeted to run at
exactly 200 MHz instead. This allows for smalleeaand lower power while still meeting
the design constraints. If a SoC’s speed, aregpamger targets are exactly what the hard
core was targeted for, then that hard core wiliable, however, for the great majority of

designs, a soft core will be better optimized fattparticular SoC.

Soft cores offer another important advantage ovard hcores: compile-time
customizations. Custom instructions are algoritipeesfic additions of hardware to the
soft-core microprocessor's execution pipe, alorngside ALU. These new hardware
instructions are used for a time-critical piece asf algorithm, turning the software
algorithm into a hardware block. A RISC micropramswith custom instructions blurs
the division between RISC and CISC, because th®rusistruction units can be multi-
cycle hardware blocks doing quite complex algorghiut they are embedded in a RISC
processor with standard single-cycle instructidghgthermore several custom instructions
can be added to an ALU, (hence questioning theutred instruction set”) limited only by
the FPGA resources and the number of open positioite soft-core processor’s opcodes.
The most efficient use of custom instructions osauhen the algorithm to be accelerated
operates on data stored in local registers and fiequently called, relatively atomic

operation [26].
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Cache memory size is a common compile-time custtniz. A soft-core processor
can be configured for exactly the cache size nebgdtie specific embedded application.
A hard core, on the other hand, cannot be custamiz¢his way. Another customization
employed in many soft cores is support for custostructions. For example, support for
external coprocessors may be optionally includeddgtiired by the SOC. Special hardware
to enable instruction code compression may alsoeleeled in some systems. However, in
the systems that do not use these features, the letdware could be removed in a soft
core, saving area and power. Soft cores may aldode implementation configuration
parameters. These are special kind of compile-tinstomizations that help the soft core

better match the design requirements.

2.4. The Architecture of Processor Soft Cores

All of the benefits and characteristics of softdéres are realized by soft processor
cores implemented within FPGA components. Two comswit processor core examples
are the Xilinx Microblaze [7] and Altera’s Nios[®]. Both soft processor cores are 32-bit
Harvard bus architecture (separate data and ingtnucemories) Reduced Instruction Set
Computer (RISC) systems with 32 general-purposestexrg. The Microblaze has a three-
stage fetch-decode-execute pipeline, whereas tlos Nihas a 5-stage pipeline. The
MicroBlaze can operate at 100-200 MHz dependinghenFPGA, taking up between 900
and 2,600 Xilinx Look-Up Tables (LUTSs), depending loow the processor is configured.
The Nios Il is able to operate at 150-200 Mhz, comag between 700 and 1800 Altera
Logic Elements (LE). It should be realized thataamrcupation and performance are
completely dependent on the application, targdticture and the speed grade. The Nios
Il is compatible with Altera Cyclone and Stratixrfdy devices, whereas the Microblaze
can be placed on Xilinx Virtex-1lI, Spartan-Il angheBtan-3 FPGAs. Both cores have an
address space of 32 bits, handling up to 4 GBytasifuctions and data memory, and
support for both on-chip Block RAM and external nogyn Both cores use memory-
mapped 1/O, and support word, halfword, and byteesses to data memory. The
performance for NIOS Il is 31-218 Dhrystone MIPSIl(igh Instructions per Second), for
Microblaze, it is 92-166 DMIPS.
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It is common for commercial soft core vendors tolude standardized buses and
peripherals on their systems. SoC design includhes ihcorporation of many cores
obtainable from third party vendors, which are gesd compatible with soft IP cores,
through such standardized buses. On the Microb&kperipherals including the memory
controller, UART and the interrupt controller runff oof the standardized OPB
CoreConnect bus. MicroBlaze can be configured wtho eight Fast Simplex Link (FSL)
interfaces, which are dedicated unidirectional ptoapoint data streaming interfaces each
consisting of one input and one output port. ThesNI core has the Avalon Switch Fabric
wrapping all peripherals, similar to the CoreConnEor accesses to memory, the Nios has
an interface to fast external memory as well as waster ports for instruction and data,
and two optional internal caches for both these aress. Both IP cores also contain an
optional Floating Point Unit (FPU) supporting 32-HEEE 754 floating point addition,

subtraction, and optional division, multiplicatiand comparison instructions.

For the hardware multiply or the hardware dividatynthere are three possible
implementation options. The first is to include emtled hardware multipliers in the
arithmetic logic unit (ALU). This is usually the @ise when targeting devices that have
embedded multipliers. The second option is to melllE/LUT-based multipliers in the
ALU, for achieving multiplication without consumirftgardware multiplier resources. This,
of course is a slower option. The third option vebbé to omit the hardware multiply and
emulate the multiplication in software instead. thiése choices are also valid for hardware
divide. Experiments [27] show that a processor wiite multiplier implemented using
look-up tables required more area, more energycpele, and reduced clock frequency
over the same processor with multiplication implated in the dedicated multipliers.

Both the Microblaze and the Nios Il ISA consistsat bit opcodes and five bit
register addresses. Both register-immediate ty¢ructions contain an opcode, one
destination and one source registers, and a léAbiiediate value. Register-register type
operations contain an opcode, one destination\@odource registers, whereas the Nios Il
ISA has an 11-bit opcode-extension field includeddn immediate value. The J-type in
Nios Il is used to jump to subroutines and hashit @pcode field and a 26-bit immediate
data field.
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Another soft core that requires attention is thenXiPicoBlaze [8], a compact 8-bit
RISC microcontroller core optimized for the XiliBpartan-3, Virtex-1l, and Virtex-1l Pro
FPGA families, occupying only 96 Xilinx FPGA slicé&/ith 16 8-bit wide registers, an 8-
bit ALU responsible for ADD, SUB, AND, OR, XOR, cgare, shift, and rotate
operations, a single FPGA Block RAM storing up @24 program instructions, an internal
general-purpose 64-byte RAM, the PicoBlaze canoperf44 to 100 MIPS. The
microcontroller also supports up to 256 input pams 256 output ports or a combination
of input/output ports. The basic functionality detmicrocontroller can be extended and
enhanced by connecting additional FPGA logic tortherocontroller’s input and output
ports. The microcontroller is useful for controldastate machine instructions, and its
biggest advantage is its low resource use. The rmd@madvantage is that it executes
instructions sequentially, so the performance déggawith increasing complexity. The
program memory requirements also increase witreaging complexity and the response
to simultaneous inputs are slower. There are alsbhandware multiplier or divider units,

and these functions have to be performed usindablaiarithmetic and shift instructions.

The Nios Il has three implementation options: fanimal core size (non-pipelined),
small core size, and fast execution speed. Featurése Nios Il can be added or removed
on a system-by-system basis to meet performanpeica goals. Designers can also create
their own custom peripherals and integrate thera Mtos Il processor systems. Like
custom peripherals, custom instructions are a ndetbancrease system performance by
enhancing the processor with custom hardware. iecere nature of the Nios I
processor enables designers for custom instruetidansion, as shown in Figure 2.3, to
integrate custom logic into the arithmetic logicitu@ALU). Similar to native Nios Il
instructions, custom instruction logic can takeuesl from up to two source registers and

optionally write back a result to a destinationisegy.

The Fast Simplex Link (FSL) of Microblaze helps toumsize the processor in a
different way. Each FSL provides a 32 bit low latgidedicated interface to the processor
pipeline, which can be used for extending the p@saes execution unit with custom
hardware, providing custom acceleration as a ceqesor (Figure 2.3). Thgetinstruction
in the MicroBlaze ISA is used to transfer inforroatifrom an FSL port to a general
purpose register, theut instruction is used to transfer data in the ogpodirection [7].
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This method is similar to extending the ISA wittstam instructions, but has the benefit of
not making the overall speed of the processor jpipalependent on the custom function.
Also, there are no additional requirements on tiferssire tool chain associated with this
type of functional extension, such as modificati@ms the control unit. An FSL-based
coprocessor can take an arbitary number of inpudscamputation can be done in parallel
with the Microblaze, without occupying the sharerd.b

Custom
Instruction :
Decodt : Custom
: cpu L Hardware
Instruction : ) Acceleration
y M
- - Decodt : y 7y
instructior :
input 1 A : A,
L : \ Arbitrator/
d U :
input 2 :
: Instruction Data
Custom : Memory Memory
Instruction :

Figure 2.3. Custom instruction extension vs. aushcceleration as a co-processor

The Xtensa Processor Core [5] is a configurablderessble and synthesizable
processor core, designed to enable designers iforirig each implementation to match
the application requirements for the target SondgJXtensa, the processor can be molded
to fit the application by selecting and configuripgedefined elements of the architecture
and by inventing completely new instructions anddhere execution units that can

deliver high performance levels. Xtensa has fopesyof functional blocks:

¢ “Configurable” function blocks are elements paranieed by the system designer.

¢ “Optional” function blocks indicate elements avhlla to accelerate specific
applications.

¢ “Optional and Configurable” blocks are optional rents scalable to fit

applications, including peripherals.
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¢ “Advanced Designer-Defined” functions are hardwaxecution units and registers
added to the processor by the designer to accelspacific algorithms for a given design.

Common in all configurations is the base 32-bittrunstion Set Architecture with a
32-bit ALU, 16- or 24-bit RISC instruction encodjngp to 64 general-purpose physical
registers, 6 special purpose registers, a 5-stipgdinee and 80 base instructions, which is a
superset of traditional RISC instruction sets. Ktensa configuration parameters include
Instruction/data memory size, Size of windowed stgifile, External bus width, Number

of interrupts, Interrupt levels, timers and memorger.

The Tensilica Instruction Extension (TIE) language Verilog-like language used
to describe new instructions, new registers andwian units, additional data-types, and
new I/O ports that are automatically added to thenXa processor. Program optimization
using TIE is first accomplished by identifying "hggots", which are performance-sensitive
regions of application software [28]. By utilizimgn execution profiler, the efficiency of an
application program can be analyzed and evaluatestevTIE can be used to accelerate
the performance of the software. A sequence ofga®mr builds can be iterated while
profiling the new processors to compare the benedit adding instructions and TIE
hardware. Aggressive use of parallelism and otheshrtiques can often deliver

performance increases using the new TIE instrustion

The Xtensa LX processor [29] implements TensilickkIX (Flexible Length
Instruction Xtension) architecture. FLIX is a capufration option that allows designer-
defined instructions to consist of multiple, indegent operations bundled into a 32-bit or
64-bit instruction word. Wide 32-or-64-bit FLIX itreiction formats are intermixed with
the base Xtensa ISA’s existing 16/24-bit instrugsiovithout a mode switch penalty to
utilize a FLIX instruction. This performance incseacomes with very little overhead,
adding 2,000 gates to the size of the processom&iruction decode and control. The
FLIX supports data parallelism with SIMD operatiarsing vectors of length 2, 4, 8, and
16, and of width up to 256 bits. There is supportunaligned vector loads and stores, and
vector operations including MIN, MAX, ABS, and us#fined operations [30].
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While commercial soft cores are commonly deploysdft core generation and
automation is a very active academic research &meaious research work has been done
in attempts to understand and generate soft processe microarchitecture. Yiannacouras
[27] presents an infrastructure for rapidly geneatRTL (Register Transfer Level)
models of soft processors, as well as a methoddtmgyeasuring their area, performance,
and power. Plavec [31] developed a replica of thierA’'s Nios to be able to closely
examine its characteristics. The CPUgen [32] géasraustomizable RISC CPU cores,
allowing customization of address/data/instructinrs size, interrupt handling, indirect
addressing, data/instruction latency timings arstam instructions definition.

Two examples of academic open architectures fewtympelined RISC systems are
the F-CPU [15] and the XC16 [33]. The XC16 is a@rprocessor with 16-bit instruction
word that runs C code, compiled by some alteratmmghe LCC retargetable compiler
[34] fitting in less than 400 Xilinx slices. The GPU architecture defines a SIMD,
superpipelined, 64-bit RISC microprocessor withrédisters. The priority on the OpenUP
project [35], 8-bit FPGA-based CISC microprocessoth 12 bit addressing and 32
registers, is the quick development of applicaticass opposed to the quick execution of
instructions. The architecture having 8 or 164hdtiuction word and 33 instructions in all,
also has external memory access and a DMA chaittied) fon 200 Xilinx CLBs. Another
open extensible processor is the OPENRISC 140Q EBfijee superscalar 64-bit flexible
RISC system featuring different instruction seteesions: a basic Instruction Set, a
Floating-Point extension and a Vector/DSP extenswith 32 bits wide instructions
aligned on 32-bit boundaries in memory and opegatim 8, 16, 32 and 64 bits data.

Not all soft cores implement assembly languageussbns. Lavacore [37] is a 32-
bit configurable, application-specific, direct eméon Java processor for Xilinx Virtex
devices, which executes Java Virtual Machine bydedo hardware, eliminating the need
for software-based interpreters or code translatdm®ther non-RISC architecture is the
LEON [38] which implements a 32-bit processor confmg to the SPARC V8
architecture. The LEON processor has separateuatg&in and data caches, hardware
multiplier and divider, interrupt controller, timger UARTS, watchdog, 1/0O port and a
flexible memory controller. Additional modules caasily be added using the on-chip
buses.
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Hundreds of processor soft cores have been desigakdwith different
architectures, functionalities, advantages and baaks, with no core completely
overpowering the other. Depending on the targeliGgifon, a simple microcontroller core
might be enough, and a full extended commercial sofe would be superfluous. The
general-purpose core concept has to make the besififlexibility in order to fit well for
different kinds of applications with different carants.
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3. ARCHITECTURAL EXPLORATION ON SOFT CORE
CUSTOMIZATION

As discussed in the previous section, the optiorcudtom unit inclusion to the
Instruction Set Architecture is a major contribatim compile-time customizations in soft
core processor design. This chapter presents tHréerent architectures of FFT-
customized soft cores, namely the SISD, the SIMD thie NoC systems. The FFT was
chosen as the specific application because it t@ramonly used DSP algorithm that
contains a simple atomic operation, namely the HMiterfly, which is used as the
application-specific custom functional unit to fmcessor architectures. The inclusion of
the butterfly unit to the general-purpose ISA pdagd to be very useful in fast FFT

computation, combining many atomic operations orte.

First, the toy algorithm, 8-point-FFT is explained section 3.1. The first soft core,
on Section 3.2, is the SISD system, a simple npelipied RISC processor. On Section
3.3, the shared-bus SIMD machine, which was deeelopsing the SISD as a host
computer to an array computer is explained. Thal fainchitecture explained on section 3.4
is called the NoC, a multiprocessor with a set ofchip routers, again based on the
original SISD.

3.1. Explored Architectures

3.1.1. The Basic Uni-processor

A typical uni-processor consists of an Arithmetmglic Unit (ALU), memory and a
control unit that manages the flow of operationCRU basically fetches, decodes and
executes. The requested instruction word is broyfgtthed) from memory on to the
registers of the ALU. Following the execution oétfequested operation, which is always
a portion of the instruction word, the producedultess saved back, either to memory or
one of the registers, ready for possible use inndw operation. The control unit, which
manages the memory-ALU duo, is responsible forci@plete movement of bits inside

the CPU. The set of control bits are used to deivery single component of the processor.
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The memory unit of Von Neumann architecture cathbeght of in two parts, namely the
instruction memory, and the data memory. Obvioulg, data memory holds the data to
be processed, while the instruction memory hol@sitktruction program to be run, using
the data. Internal registers to keep the progradresd, the instruction word, the data
address and the data word are also necessary.n$traction decoder is responsible for
taking the instruction in the IR and decoding tbircontrol bits. A control unit decides on
the functionality of each component according &sthbits.

3.1.2. Exploiting the Instruction Level Parallelisn with SIMD

The use of the data-parallel approach to explsiruction level parallelism (ILP) is
now very commonly used in microprocessor technal&@srting a decade ago with Intel's
MMX (Multimedia Extensions) [10], then later moviran to PowerPC’s AltiVec [11],
Sun’'s Sparc VIS [12], AMD’'s 3DNow! [14], and Intel' SSE (Streaming SIMD
Extensions) [13], many modern commercial micropssoes have the SIMD capability,
which has become an integral part of the Instraclet Architecture.

C - Control Unit _H \ =T
P - Processing Unit s | o LII = 0s
M - Memory Unit l .
IS - Instruction Stream : :
DS - Data Stream : : M
E s DS | s s ' 5
I_n' J o I [l )
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18] :
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P ) | = s - bs
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Figure 3.1. Flynn's classification

The idea of using multiple processors both to iaseeperformance and to improve

availability dates back to the earliest electrooenputers. On 1972, Flynn proposed a
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simple model of categorizing all computers thadtid useful today [39]. He looked at the

parallelism in the instruction and data streamsseduby the instructions at the most

constrained component of the multiprocessor, amadeal all computers in one of four

categories:

1)

2)

3)

4)

SISD (Single Instruction Stream, Single Data Sthedmclassical Von Neumann uni-
processor computer, a single stream of instructisrgenerated by the program. The
instructions operate on a single stream of datesteThe algorithms for SISD
computers do not contain any parallelism.

SIMD (Single Instruction Stream, Multiple Data $tme): A specially designed
computer in which a single instruction stream @nfra single program, but multiple
data streams exist. The instructions from the @wgare broadcast to more than one
processor. Each processor executes the same tiwtrigynchronously, but using
different data. The processors operate synchrojausli a global clock is used to
ensure lockstep operation. SIMD is a data-parallehitecture. Two types exist, array
computers perform concurrent operations on an asfgyrocessors, whereas vector
computers use extreme pipeling when applying iesityos to a sequence (vector) of
data.

MISD (Multiple Instruction Stream, Single Data $tn@): A computer with multiple
processors, each sharing a common memory. Therawdtiple streams of instructions
and one stream of data.

MIMD (Multiple Instruction Stream, Multiple Data f®am): General purpose
multiprocessor system where each processor hasparase program and one
instruction stream is generated from each programefch processor. MIMD is a
process level parallel architecture, so each instnu stream operates upon different
data. Each processor operates under the contah afistruction stream issued by its
own control unit. The processors operate asynclusipon general. MIMD machines
with shared memory are described as tightly coypldtereas MIMD machines with
interconnection network are described as looselplsal.
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3.1.3. The Network-on-Chip

Cores do not make up SoCs alone, they must in@duadaterconnection architecture
and interfaces to peripheral devices. The intereonon architecture includes physical
interfaces and communication mechanisms, whiclwallee communication between SoC
components to take place. Usually, the interconmecirchitecture is based on dedicated
wires or shared bussd3edicated wiresare effective for systems with a small number of
cores, but the number of wires around the corecas®s as the system complexity grows.
Therefore, dedicated wires have poor reusability thexibility. A shared bugs a set of
wires common to multiple cores. This approach igamiéexible and is reusable, but it
allows only one communication transaction at a tirae all cores share the same
communication bandwidth in the system and havetdithiscalability. Using separate
busses interconnected by bridges or hierarchical dsahitectures may reduce some of
these constraints, since different busses may atcfou different bandwidth needs,
protocols and also increase communication parsieliBecause of the necessity to
arbitrate between several requesters, shared lalews When additional components are
presented to the system, there is further dedtinati performance. The ad-hoc routing of

wires results in backend complications, lower penfance and higher power consumption.

The increasing complexity of integrated circuits/els the research of new intra-chip
interconnection architectures. In the context dbife ICs with several cores running on
high frequencies, aetwork on chigNoC) appears as a better solution to implement on-
chip interconnects. A network on chip uses concegtsrited from distributed systems
and computer networks to interconnect IntellecRralperty (IP) cores in a structured and
scalable way. A NoC is an on-chip network [40] cosgd by cores connected to switches,
which are in turn connected among themselves byraamication channels. The structured
network wiring gives well-controlled and optimizedectrical parameters that eliminate
timing iterations and enable the use of high-penfoice circuits to reduce latency and
increase bandwidth.

Sharing the wiring resources between many commtioicalows makes more
efficient use of the wires: when one client is jddéher clients continue to make use of the
network resources. An on-chip interconnection nekwacilitates modularity by defining
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a standard interface in much the same manner aslglane bus, just like VME or PCI.
The definition of a standard interface facilitatesisability and interoperability of the
modules. The scalability of NoCs in bandwidth aatehcy allows for any system size
implementation and multiple concurrent communiaagiorl he flexibility supports multiple
applications and configurations for various bitesgtproviding connectivity between each
pair of IPs. NoCs are also compositional, allowenmerge of multiple sub-systems.

Several switching methods adapted from traditiowedivork designs are available on
NoCs. In circuit switching, a control message 8t$m source to destination and a path
is reserved. Communication starts, and then thie igateleased when communication is
complete. With packet switching, each switch wéotsthe full packet to arrive in switch
before sending to the next switch. Several novethodplogies are also possible with
packet switching, such as cut-through routing ormwvdiole routing where the switch
examines the header, decides where to send theageessnd then starts forwarding it
immediately.

Interconnection Networks have different architeatwariations based on topology,
direct or indirect (through switches), static (fixeonnections) or dynamic (connections
established as required), and the routing typedstmd forward/worm hole). The inter-
processing element communication can be synchronowsynchronous. There can be
central or distributed control. The efficiency of anterconnection network primarily

depends on the delay, bandwidth and the cost.

3.2. The Toy Algorithm: Fast Fourier Transform (FFT)

A Fourier Transform is a representation of a fuoctin terms of a set of sine waves.
The set of sine waves of different frequenciesrieagonal, and any continuous function
can be represented by summing enough sine wawbs appropriate frequency, amplitude
and phase. Fourier Transforms have many sciemifpdications in areas such as physics,
number theory, signal processing, probability tlheostatistics, cryptography and
geometry.
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The Fast Fourier Transform (FFT), invented by Cgotnd Tukey [41], is a
computationally efficient algorithm for computingcamplex Discrete Fourier Transform
(DFT), a more sophisticated version of the real DB®th of these transforms are named
for the way they represent the data; using reabomplex numbers. The DFT is extremely
important in the area of frequency (spectrum) aialipecause it takes a discrete signal in
the time domain and transforms that signal into discrete frequency domain
representation. Without a discrete-time to discfetguency transform, the Fourier

Transform can not be computed with a microprocessarDSP-based system.

Decimation is the process of breaking down somgthmo its constituent parts.
Decimation in time (DIT) involves breaking downigrsal in the time domain into smaller
signals, each of which is easier to handle. Tha idehind the FFT is the divide and
conquer approach, to break up the original N pearple into two (N / 2) sequences,
since a series of smaller problems is easier teestilan a large one. This process of
decimating each DFT is continued until a seriestvad-point DFTs (only two input
samples) are reached. The DFT requires (N-1)2 canmphultiplications and N(N-1)
complex additions, whereas FFT's approach onlyires; a complex multiplication and
two complex additions, and the recombination of pments, which is minimal. More
information on DFT and FFT can be found in [42].

The Twiddle Factors (TF), which are the frequenesoiution of the DFT outputs,
stating how far apart each sample is on the frequelomain, can be represented as
periodic vectors in the unit circle. The vectore aymmetric, and equally spaced around
the circle with spacing2/N. The DFT results are periodic around the samgpliequency,
so in one round ¢2radians), the sampling frequency is obtained. tWhadle frequency is
also inversely symmetric about the origin, therefdhe first half (O tor) of the twiddle
factors contain all the necessary information, hees gecond half is just an inverse of the
first half. Thus, four TF's are necessary for apdat FFT operation.

The elementary building block of the FFT is the RBUtterfly. The FFT butterfly is
a graphical method of showing multiplications armitliifons in-between the samples. A
signal flow graph of an FFT operation consists afumber of butterflies. Each butterfly
takes a pair of input data values A and B and dstpuand B’ as shown in Figure 3.2.
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The input data is multiplied by the associated Higd=actor W*. The solid dots represent

addition/subtraction.

A . T A=A+WB

Wi 3
H - ey
B—»——~ 44— p_AWEB

Figure 3.2. The FFT butterfly

Using this notation, we can construct butterflywatks that perform the FFT. Given

below is the signal flow graph for the 8-point CHFT.
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Figure 3.3. Signal flow graph of an 8-point ra@®IT FFT

The 8-point radix-2 FFT involves eight complex itgufour complex Twiddle
Factors (TF), and eight resulting complex outpAis.shown in Figure 3.3, the algorithm
consists of bit-reversal, followed by three exemutstages consisting of four FFT butterfly
operations each. The process of decimating theakigrthe time domain has caused the
input samples to be re-ordered. For an 8-pointasjghe original order of the samples is
{0, 1, 2, 3, 4, 5, 6, 7}, but after decimation, tbeder is {0, 4, 2, 6, 1, 5, 3, 7}. The bit
patterns representing the sample number has beersee. This new sequence is the order

that the samples enter the FFT, as shown on Table 3



Table 3.1. Bit-reversal

Original Input Re-ordered Inpuf
Decimal| Binary| Binary| Decimal

0 000 000 0

1 001 100 4

2 010 010 2

3 011 110 6

4 100 001 1

5 101 101 5

6 110 011 3

7 111 111 7

3.2.1 The Butterfly Unit
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The FFT Butterfly Unit is designed to take the Fbiterfly of two 16-bit fixed-

point signed integers, using an FFT twiddle factmuputting two 16-bit results, one

yielding A+WB and the other A-WB. Both the inputdaautput pairs consist of real and

imaginary parts of 8 bits each. The twiddle facwbk,is also made up the same way. The

computation process, called the FFT butterfly isdenap of two complex additions and

one complex multiplication to compute A-WB and A+WEhese complex operations have

been achieved by real operations instead, as shoiigure 3.4.

‘ Inputs for butterfly operation: |

|£'«rea| |f1'«irnag || Breal | Bimag | | Wreal| VWirmag |

WhB =

[

.

WB real

!

real || Breal | -| YWimag || E-iman;1|+ i E\!real | | Bimag |+ | YWirnag || Ereaﬂ
T - ~

A+ WR = |ﬂrea| ‘ + | Werzal | + i E&imag | + | WE-imau;E

'
real

A-WB = |areal | - | wWBreal +iEimag S WE-imag]
\ A . A

'
imag

~
WEB imag

2 complex additions + 1 complex multiplication = 6 real additions + 4 real multiplications

Figure 3.4. The FFT butterfly operation
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The FFT Butterfly Unit contains a ROM for the stgpeaof Twiddle Factors, which
are brought in during the Butterfly operation. Tér&able signal set high activates the unit
that is shown on Figure 3.5.

A " FFT Butterfly > ATWB
B —» Unit L > AWB
y N
Twiddle T T
ROM TF en ¢l

Figure 3.5. The butterfly unit

3.3. The Implementations

The implementations were done on Xilinx Virtex-lIPGA. The VHDL cores were
synthesized using the tool Xilinx ISE (Integratedft&%are Environment) 7.1 [43], and
simulated with Modelsim SE 6.0 [44]. The flow ofsign, as accomplished by ISE takes a
VHDL description, synthesizes it, places it on thdgp and routes the signals to finally get
the FPGA programming file, the bitstream determgnithe contents of every
programmable element inside the FPGA. The ISE desviwith information on area
utilization of LUTs, I0OBs, and dedicated units dre tchip. It also provides with timing
information and a maximum frequency calculation.e Tbores were simulated with

Modelsim and waveforms were examined to ensureecbfunctional operation.

The Xilinx Virtex-11 2v500fg256-5 FPGA is a 500K gaFPGA with 24 by 32 CLB
columns which have 4 slices each. The chip contitetal of 3072 slices, 32 of 18 Kbit
Block RAMs and 32 dedicated multipliers as hardwanienitives that do not use up LUT
space. These primitives have been extensively mse®f in the designs.
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Figure 3.6. The Xilinx Virtex-11 [45]

3.3.1. The SISD Model

The SISD model is a RISC (load/store architectsgstem with 16-bit instructions
operating on 16-bit data words. The SISD proce¢Bmgure 3.7) has 8 general purpose
registers and dedicated special registers for dideess bits and the data words. It is FFT-
application-specific, meaning that a dedicated tmitFFT calculations is available, as

well as general-purpose processor functionality.

To serve as Instruction Memory to the SISD, theinXilVirtex-II component
RAMB16_S18 was chosen. This is a Single-Port Symbus Block RAM that can be
configured to address the data space in differayswror the SISD-FFT implementation,
the instruction word was selected to be 16 bitsevadd the addressing is accomplished by
10 bits using this particular unit that has a tetaé of 16 Kb. The Block RAMs in Xilinx
Virtex-1l are primitives that use reserved blocks the FPGA as opposed to general-
purpose LUT space, therefore being the best choicéhe selection of large RAM. The
unit also contains 2 parity bits alongside the &6width; however, these bits were left
unutilized. The Data Memory is also a 10-bit adsabde, 16-bit Block RAM, same
component as the Instruction Memory. The data @eedlain the Data Memory of

SISD_FFT is two's complement, fixed-point, signediesigned 16-bit vectors.
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Figure 3.7. The SISD architecture

There are four special registers in the FFT-custethiSISD system. The MDR
(Memory Data Register) that contains the outputtltd Data Memory and the IR
(Instruction Register) which points at the currgnrocessed instruction are 16-bit
registers. The 10 bit wide special registers MARe(Wbry Address Register) and the PC
(Program Counter) are address-keepers of the Datadvy and the Instruction Memory,

respectively.

The Register File (RF) is a unit with a single-pmogiut, and a double-port output,
keeping 8 of 16-bit values to be served to the AUUL/BUTF execution trio. The RF is
implemented as Select RAM on the Virtex chip, diseaitilizing LUTs as RAM. It is
preceded by th&egmuxwhich is a 5-to-1 multiplexer with inputs from,IRIDR, ALU,
MUL and BUTF. The decision-making of which of thasputs should be directed as an
input to the Register File, is again governed lgy@ontrol Unit.
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The ALU, which is driven with a 3-bit signal thaglects between operations, is
capable of performing the following seven operaioADD, SUB, AND, OR, XOR,

arithmetically shift right and arithmetically shiéft.

Table 3.2. The ALU operations

ALUop | Operation
000 ALUout =0
001 ALUout = ALUin1 + ALUIn2
010 ALUout = ALUINn1 - ALUIn2
011 ALUout = ALUIn1 AND ALUIn2
100 ALUout = ALUIn1 OR ALUIn2
101 ALUout = ALUIn1 XOR ALUin2
110 ALUout = Shift Right Arithmetic (ALUin1)
111 ALUout = Shift Left Arithmetic (ALUIn1)

After each operation, the ALU also outputs a zetcabd an overflow bit that are
necessary for the branching instructions. The faetclof an instruction in SISD is as
follows. The content of the Program Counter potot$nstruction Memory address input.
Next, the output of the IM, the IR (16-bit instriact word) is forwarded to the Control
Finite State Machine. The Control FSM unit, contagnthe instruction word, decodes the
instruction and sets up the necessary units t@parthe correct operation. If a fetch from
Data Memory is issued, the address is sent to th& Mhen to the DM address input, and
after a read operation is issued, the MDR conttiasl6-bit input, which might send it to
the Register File and then to the processing elesndrihe data is in place at the registers,
a processing might be issued, saving the data lathe registers. Also, an immediate
operand could be specified, bypassing the MAR/MD®&ine.

The Control Unit is a finite state machine comgietiescribing the Instruction Set
Architecture of the SISD via hardwired control. &puts, it has the clock, reset, branch
conditions, and the Instruction Word. The outputs @ large set of control signals for all
units contained in the SISD, varying from enabgmals, resets, multiplexer select signals,

to the ALU operation select signal, and the Prog@ounter increment signal.

The Multiplier unit is the Xilinx Virtex-Il primitve MULT18X18s, a hardware
multiplier of two 18-bit signed or unsigned numbe8nce the data bus width of the



30

register file is 16 bits, the 32-bit result hadtosent in 2 cycles, with the low half stored in
the desired destination register, and the highihdtie register number 8.

The FFT Butterfly Unit, as described previoushkesthe FFT butterfly of two 16-
bit fixed-point signed integers using an FFT tweldhctor. The inputs are gathered from
two registers and the in-place algorithm makes garesave the outputs on the same
register locations. The butterfly unit also consaan ROM for twiddle storage, which is
considered to be external to the processor impléatien. The processor accesses this
ROM by the specified 6-bit address inside the utdton word.

The instruction set of the SISD is summarized obld8.3. All 16 possible opcodes
have been utilized for different instructions. T@édit address fields on load and store

instructions limit the use of the DM to the lowalfrof the unit.

Table 3.3. The SISD instruction set

Q

Opcode|Meaning|Type|Inst.Word DistributionExplanation ~

0000 |NOP - 4 No operation 2
0001 |ADD R 4+3reg+3reg+3reg Add 2 registers, sawedestination register 4
0010 |SuB R 4+3reg+3reg+3reg Subtract 2 registar® ® a destination register 4
0011 |AND R 4+3reg+3reg+3reg AND 2 registers, sava tlestination register 4
0100 |OR R 4+3reg+3reg+3reg OR 2 registers, sagal@stination register 4
0101 | XOR R 4+3reg+3reg+3reg XOR 2 registers, saedestination register 4
0110 |SHIFTRIR 4+3reg+5blank+4shiftArithmetically shift a register right by at most g4
0111 |SHIFTL|R 4+3reg+5blank+4shifrithmetically shift a register left by at most his |4
1000 | MUL R 4+3reg+3reg+3reg Multiply 2 regs. Saighthalf of result in reg 8 5
1001 |BUTF |R 4+3reg+3reg+6romaButterfly 2 regs & twiddle. Save result in regs 7&%
1010 |LD I 4+3reg+9address Load a register fromhalf of the data memory | 3
1011 | ST I 4+3reg+9address Store a register to klfwfithe data memory 3
1100 |BL J 4+3reg+3reg+60ffsef Compare 2 regs, brérfst less than second 5
1101 | BEQ J 4+3reg+3reg+60ffsgt  Compare 2 regschrairst equals second 5
1110 |ADDI |l 4+3reg+9constant Add a register with-bit immediate value 4
1111 | LDI I 4+3reg+9constant Load a 9-bit immediahue to a register 4

a. ~: clock cycles.

3.3.2. The SIMD Model

On the SIMD-based design for the FFT applicatiogefir general-purpose
processor, the SISD design serves as the host ¢emjouthe SIMD array unit (Figure



31

3.8). The SIMD unit consists of 4 Processing Noaesh containing a Local Memory
(LM) coupled with a Processing Element (PE). interfaced with the SISD via extending
the control unit and using dual-ported Block RAMw Data Memory. The working

principle of an SIMD operation can be observed pa8s:

1. The set of data from Data Memory, starting with so@rce address, is carried
to Local Memories.

2. The selected instruction processes on 4 differetstf data on LMs.

3. The results are carried back to the Data Memogyrtisg with the destination

address.

Twiddic
R

L1 Lm1s
L2/ L2/

MORautl
B
F.
KMDRouk? l t ]

v v

MORim MORin

Figure 3.8. The SIMD extension to the SISD

The Processing Elements of the SIMD are made uphef ALU/MUL/BUTF
processing trio. Depending on tR&opselcontrol bits that select which operation is to be
performed, one of the three units is enabled aedittal output is gathered from that unit.
The Local Memories of the SIMD are RAMB16_S18 St#ponents, dual-ported Block
RAM s just like the Data Memory. Although they miglgem to be excessively large just

for the 8-point FFT, for longer array operationfseyt are the best solution in the Xilinx
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Virtex-1l FPGA environment where they do not occugyT space. A large (128-t0-32)
data multiplexer is placed at the end of the Lddaimories to select which one to read
from when writing back to the main Data Memory.

Since all the 16 different instructions that cobkl extracted from a 4 bit opcode is
occupied, a slight change had to be done on th® $t8nponent: it was decided for the
SISD to be stripped off its XOR functionality to mpensate for the switch for SIMD
instructions, as shown in Table 3.4.

Table 3.4. Changing the SISD opcode table for Siivihxle

OpcodeMeaning|Type |Inst.Word Distribution| Explanation

0101 | SIMD | array| 16+16+16 Takes the processor iltDSmode

A SIMD adopts a VLIW (Very Long Instruction Word)pproach and the
instructions are executed by fetching three l6#structions from Instruction Memory.
The 39-bit SIMD instruction depicted in Figure %ormed the following way. When the
opcode “0101” is detected on the fetched instrugtibe next two instructions are fetched
as well, and saved into the SIMDWORD register. Tite 9 bits of the first instruction
fetched, including the opcode “0101” and the follogv 5 bits, are discarded. The
remaining 7 bits are merged together with the otiver 16-bit instruction words fetched,
to form the 39-bit SIMD instruction word.

Go to SIMD Mode unused SIMDWORD (38 downto 32)
A N A\

First Ve S g ~
Instruction !

wod | [OTATOITE [ [ T[4 T T T [ [T

SIMDWORD (31 downto 16)

Second Va ™~
Instruction ! !
wod | | LT T LTI T T

Third 7 ~
Instruction

\ H
Lo N v v

Figure 3.9. Interpreting SIMD instructions
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The SIMD instructions contain source and one dastn address and a 6 bit field
for iterations, which determines the number of exiens to be performed on the SIMD
unit. Table 3.5 shows the instructions that capdxormed on the SIMD.

There are two different types of operations for 8i8ID array unit. For arithmetic
instructions that use the ALU and MUL, up to 25€cakations can be done with a single
instruction, 6-bits specifying the number of itévas on 4 PEs. Afterwards, the results are
automatically written back to the Data Memory sfiediby the destination start address.

Table 3.5. SIMD instruction set (39-bit instructs)

Opcode| Meaning Instruction Word Distribution
001 ADD <10addr destination> <10addr sourcel> <dbadurce2> <6iterationsp
010 SUB <10addr destination> <10addr sourcel> <diOsmlirce2> <6iterationsp
011 AND <10addr destination> <10addr sourcel> <dbadurce2> <6iterationsp
100 OR <10addr destination> <10addr sourcel> <IOsmidce2> <6iterationspP
101 XOR <10addr destination> <10addr sourcel> <di0source2> <6iterations>
110 MUL | <10addr destination> <10addr sourcel> <tibadurce2> <6iterationsr>
111 BUTF | <10addr source&destination> <6twiddleadd# blank) <6iterations>

The other type of SIMD operation is the butterflpecation, whose control is
different than the arithmetic operations and igihéred into the state machine. The system
does not perform iterations of the butterfly operabn the inputs, but executes an 8-point
butterfly operation on input groups of 8. After eagng the first 8 inputs and bit-reversal,
all three phases are accomplished while the selexiguts of the processing elements are
sent to each other through the static interconoeatntil all phases are completed. Then
the 8 resulting outputs are sent back to Data Mgrnamid another 8 can be fetched for
another 8-point butterfly operation. So, for the BUoperation, the SIMD is capable of
calculating up to 64 three-phase butterflies wiingyle instruction. To enable the butterfly
operation, the Twiddle Factors are automaticalstrdiuted to the ROM in advance. The

three phase butterfly calculation works as follows:

Fetch 8 of 16-bit values from the Data Memory (eatated O through 7).

2. Bit-reverse the inputs.

3. Bring the 16-bit twiddle factors into local twiddRAM of the PEs (enumerated
twiddleO through twiddle3).

4. Start executing:
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butterfly 0 and 4 with twiddleO.
butterfly 1 and 5 with twiddlel.
butterfly 2 and 6 with twiddle2.
d. butterfly 3 and 7 with twiddle3.
5. Move results around the PEs to:
a. butterfly 0 and 2 with twiddleO.
b. butterfly 1 and 3 with twiddle2.
c. butterfly 4 and 6 with twiddleO.
d. butterfly 5 and 7 with twiddle2.
6. Move results around the PEs to:
a. butterfly 0 and 1 with twiddleO.
b. butterfly 2 and 3 with twiddleO.
c. butterfly 4 and 5 with twiddleO.
d. butterfly 6 and 7 with twiddleO.
7. Save the final results into Data Memory.

o T p

Keeping in mind that each PE initially deals witte tinputs in twos, that is, PE1
initially has inputs 0,1, PE2 has 2,3 PE3 has B4 has 6 and 7, the necessary intra-PE
transfers shows that a 2x2 mesh without wrapar@oemeections is the obvious choice for

the network topology, as shown in Figure 3.10.

source PE| after first phage after second phase ! =
PE1 PE3 PE2 . .
PE2 PE4 PE1l
PE3 PE1 PE4 A A
PE4 PE2 PE3 PE3 |l PE4

Figure 3.10. The PE interconnection of the SISPH3I

The intra-PE routing is managed by the control amt as shown in Figure 3.8,
made possible by a multiplexer, nanmf@8@routemux This unit comes before the PEs, and
has three pairs of inputs and one pair of outplvgo of the input pairs come from
neighboring PEs and the third pair comes from tleeal Memory. A select signal
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PEroutemuxsehelps select which of these should be sent am@ut ito the Processing
Element. By changing this signal, the control usiéble to route the correct outputs to the

inputs.

When the system is in SIMD mode, a DM address @untit is responsible to keep
track of the data address incrementation bothdading and writing. Another addition to
the SISD are the two multiplexers placed before alidress and the input of the Data
Memory, distinguishing SIMD mode from the SISD mpéeabling the counter unit to
access the DM in SIMD mode, while closing out tihelS elements in SISD mode.

3.3.3. The Network-on-Chip Model

For the NoC design, the Hermes router infrastraectmodel [46] was utilized to
create a 2x2 router. In this model, for communaatipackets are sent in forms of flits
instead of wide buses. For each switch, a requesta acknowledge signal is present as
well as an input and an output of flit width. ShownFigure 3.11, an output port in the
HERMES switch is composed by the following signdig: (data availability), Data_out
(data to be sent) and Ack_tx (successful data teegpAn input port, on the other hand is
composed by the following signals: Rx (data avalilglh Data in (data to be received)
and Ack_rx (successful data reception).

Switch L Switch N
N e — P
Output Port ack_tx‘ni ack_rx |nput Port
——data i -
data_oy ) data_in W:ﬁ lenorginc)l ~E
Input Port 50k r;() 1 > zti)z:k tx Output Port E-] \
data:ir ‘n_ datz;_out Tsl L

Figure 3.11. A Hermes switch and its ports [46]

A switch of the HERMES router can have up to 5 @oNorth, South, East, West
and Local. The router is implemented to operate2g&® mesh with no wraparound
connections, so each switch is a corner switch Bitavailable ports. The router was
implemented with 8-bit flit size, and 8 input-outpouffers. Figure 3.12 presents the
developed NoC system.
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Figure 3.12. The NoC system

Two wrapper modules around the routers had to bestoacted for the NoC
implementationPEwraplis the wrapper module for the integration of PEIGES-Data
Memory+Instruction Memory+Twiddle ROM with the rastthe network. Its primary job
is to convert flits into inputs that can be usedlmPEs, and to convert the PE outputs into
flits that can be routed. Also, it detects from thenber of flits received and sent, what the
current operation is and what should be done nextwhere and how many flits should be
sent at the next stage. This is necessary fomipéementation of the three-stage butterfly.
The wrapper modules keep track of which stage iseatly being processed and sends
either all or some of the outputs to the correct PE

PEwrap2is the wrapper module for PE2, PE3, and PE4. Taexe instances of this
module for each PE. It is very similar REwrapl but it is a bit simpler since it does not
deal with wrapping the SISD and the memory elemelmsshort, both the wrappers
basically convert packet flits into inputs for th&s and the PE outputs into flits so that the

packet is ready for communication. The PE operatiare the same as in the SIMD
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module; ADD, SUB, OR, XOR, AND, MUL and BUTF. Therappers are equipped with
the necessary state machines to enable correeghgdor the butterfly operation. So, the
overall control of the machine is done by thredsyimEwrapl, PEwrap2and the control
unit of the SISD. The control unit is responsiblghvthe transfer of Twiddle Factors, and
the data memory during SIMD mode. It also contdiits coming from the switches to
decide when to send the data out to the routews bitterfly operation at the wrappers can

be summarized with Table 3.6.

Table 3.6. Butterfly operation on the NoC

NODE 00 — PEwrapl NODES 01,10,11 — PEwrap?2
. - , 2) Receive 6 flits, save to internal
1) Send 6 flits containing twiddles. storage.

3) Send 5 flits of the first operation 4) Receive 5 flits, execute with corregt
(PEiIn1,PEin2,PEop) Execute local PE|twiddle. Send one of the outputs (2
route one of the outputs (2 flits) flits) to the target node.

%ﬂ Receive 2 flits, process with corregt
[twiddle, send out one of the outputs (2
flits).
8) Receive 2 flits. Process with correft
twiddle. Send 4 flits (both the outputs
of the PE)

5) Receive 2 flits as one input to the lo
PE, execute, route one of the inputs.

7) Receive 2 flits as one of the inputs.
Execute. Send 2 flits.

9) Receive 4 outputs from each node.
Save to Data Memory along with the
Local PE output.

It should also be note that storage of three twiddttors on each PE is enough for
the 8-point FFT, since each PE operates three timeslculate the final values. This is
why 6 flits containing these twiddles are initiaignt out at first.

3.4. Conclusions

The primary accomplishment on this section wasstiecessful implementation of
the 8-point FFT operation, using the FFT Buttedlyeration as a custom unit, on three
different architectures. The SISD provided withra-processor infrastructure, which was
used for the creation of the SIMD and NoC modele BIMD used a simple VLIW
technique to create long instruction words by fetghmultiple 16-bit instructions. The

usage of Block RAMs as Local Memories helped wiaaefficient design. In an attempt
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to cancel out the shared bus between the ProceS#ngents and the host computer, the
NoC system was formed. Although complete conndgtivias established between the
elements, the wrapper design was an intricate oreectomplish. Furthermore, the NoC
obtained MIMD-like behavior since the PE’s did raperate in lock-step manner, they
were set to execute whenever they complete receiviair packets. Also, a problem of
wasted cycles was caused since the source for ppadation and sending is the SISD, and
it is the node that sends packet after packet.hAsnumber of flits in a packet increase,
network congestion problem arose because of pambdision. Therefore, extra clock

cycles were added to the end of the packet serslatg machine to make the switch wait

for the input buffers to empty. Eventually, thisuéed in slower performance.

The SIMD increased performance over the SISD wabheprocessing inside the
array unit taking 2 cycles each. For example, with6-bit iterations field set to 4, after the
initial 8 cycles of instruction fetch, it takes &gcles for moving data to local memories, 8
cycles for processing, and 16 for moving data baxkocal memory. So, 16 ADD
operations of the SIMD-FFT take 48 clock cycles ielas 16 iterations of the load-add-
store subroutine on the SISD takes 160 clock cydese figures can be examined on
Table 3.7.

Table 3.7. Comparisons of SISD, SIMD and NoC

SISD | SIMD |NoC
Number of Slices: 489 2028 3028
Number of Slice Flip Flops: 401 1234 2366
Number of 4 input LUTs 789 3441 5134
Number of BRAMs 2 6 2
Number of MULT18X18s 5 25 25
Minimum period (ns) 8.585 15.450 12.32
Maximum Frequency (Mhz) 116.48%4.725 | 81.129
Clock cycles to complete 1 Butterfly operation 5 5 5
Clock cycles to complete 1 8-pt Butterfly 112 54 91
Clock cycles to complete 16 8-pt Butterfly ops. 279|218 956
Clock cycles to complete 1 ADD operation 5 5 5
Clock cycles to complete 16 ADD operations 160 48 | 421

All implementations were able to fit onto the taesge FPGA, the Xilinx Virtex I,

which has 3072 overall slices. Looking at Table 8.5 convenient to say that SIMD had
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the best performance per area for making sevesations of the 8-point FFT. However,

for a single 8-point FFT operation and for scatamputations, the SISD was satisfactory.

Hardware units such as the Block RAM and the Miktipwere important for low
LUT utilization. It was showed that the equivalémtT count for the hardware multiplier
was 569, and for the Block RAM was 1328 [47]. ThénX || FPGA has 6144 LUTSs. For
the SISD, the design with no hardware primitivesuldohave occupied close to 6200
LUTs instead of 789, where the other two modelsld/oever fit onto the selected FPGA.

A weakness in the SIMD model is that since the FKfpEration’s intra-PE data
movements were handled by the control unit FSMspecific operations to route values
around these Local Memories were implemented. Tdta chovement from DM to the
LMs is also done automatically with a SIMD instioct being issued, so there are also no
SIMD-load or SIMD-store instructions. Although hagi these instructions would

complicate the design, it would help the SIMD twider range of possible applications.

There are many reasons why the NoC system seehmv&ofailed. Firstly, the area
of the router is high, around a thousand slicesof&ly, the design was open to network
congestion, and therefore did not operate as desSien the flit size was increased to
16-bits, the performance was better, however,ahéer area increased even further, due to
packet buffers. Some of the possible enhancemerit'etNoC could be to use 16-bit flits
or to use packets that contain the next addressewiell as the Twiddle Factors. On the
SIMD, the iterations field can easily be increasdten more bits are added to the 39-bit
wide SIMDWORD. Each bit added could double theatee capability of the SIMD
instructions. Also with the extra bits, bigger peesing elements can be utilized.

Other architectural options that could be explocedld include the MISD and the
MIMD but these choices were not implemented bec#usg are not exactly suitable with
the data-parallel nature of the FFT algorithm. TWM&SD can be used for systolic
implementations, and the MIMD can be accomplishgthbluding a scheduler to manage
instruction flow around the system. For the MIMDstam, the event-driven routers of the
NoC could come in handy.
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4. THE SIxD ARCHITECTURE

The SIXD is a configurable, application-specifist®m with fixed 16-bit instruction
word and variable data space, fusing a non-pip@liRESC uni-processor, SISD, with a
SIMD multiprocessor. The SIXD supports applicatgpecific custom modules, as well as
general-purpose processor functionality. A confagion file governs ALU instructions,
branching instructions, data space, and most imptyt activating the SIMD mode of the
core with a user-defined number of Processing N¢table 4.1). The SIxD was designed
with additions to the SISD system and the SIMD eyspresented on Section 3.3.1 and
Section 3.3.2, respectively. The most importanigpess is the parameterization and the
configuration of the core with a header file wnitten VHDL that enables compile-time
configurability. Instruction set compaction, altérneE interconnection, and the non-VLIW
SIMD with SIMD load/store instructions are sometlwé other changes made.

Table 4.1. SIxD processor features

fixed features parameterized features
16-bit instruction word data width/length
non-pipelined instruction set
8 registers SIMD Processing Units
I/O Ports

Section 4.1 describes the accomplishments of thégroation file of the SIxD and
describes how different configurations can be agidsimed. Section 4.2 illustrates the
architecture of the SIxD in detail, looking at easdmponent. Section 4.3 focuses on the

instruction set, and finally Section 4.4 examirtes $IMD functionality of the core.

4.1. The Configuration File

The SIxD core is modified at compile-time with théd of a configuration file
written in VHDL. The following types of modificatis are supported by the configuration
file:

1. Determine the data space (width and length): Depgnon the size of data

memory needed and the Block RAM available on th&A&Pthe user can
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specify the data width (as a multiple of 8), andadength (at least 2K
words).

2. Select the most appropriate branch and shift iostms: In the default
instruction set, BL and BEQ are used. Howeverrglater-than operations are
used more frequently than BL, then the user hashiaace of replacing BL
with BG. There are six possible branch instructifmrdwo branch instruction
slots: BEQ, BNEQ, BL, BLEQ, BG, and BGEQ. As shiftgithmetic or
logical shift instructions can be selected.

3. Remove unused instructions from the instruction et example, removing
a 16-bit XOR instruction would reduce the area lod tore by 11 slices
(Table 11). This way, the SIXD core can be madéttm a smaller FPGA.

4. Enable SIMD with a number of Processing Nodes: Ddpg on the size of
chip, the user can enable SIMD instructions, chapsd have any number of
PNs that is a multiple of two.

5. Set the number of Input/Output (1/0O) Ports, up taaximum value of four.

Table 4.2. SIxD configuration variables

Constant Explanation

branchsel, branchsel? Branch selections: Seletiseba BL/BLEQ/BG/BGEQ and BEQ/BNEQ.
ALUANDen AND operation: Enables/disables the ANDeogtion of the ALU.
ALUORenN OR operation: Enables/disables the OR djperaf the ALU.
ALUXORen XOR operation: Enables/disables the XORration of the ALU.
ShiftRsel Shiftr select: Shift right arithmetic logical selection bit.
ShiftLsel Shiftl select: Shift left arithmetic avdical selection bit.
DATAWIDTH Data width: The data width as a power8of

NoDM Data length: Specify the address bit lengtHdast 11).

NoPN Number of Processing Nodes: The number of &fitlse SIMD.
SIMDenable SIMD enable: If O, the SIMD unit is rg@gnerated.
SIMDsingleresult Single/double result SIMD operato

PORTWIDTH I/O port width: Width of the I/O portss @ multiple of 8.
numports Number of 1/0 ports: Number of I/O porifwa maximum of 4.

Table 4.2 shows the list of constants defined & d¢bnfiguration file. An example

configuration can be seen below on Figure 4.1.



library IEEE
use IEEE.STD_LOGIC_1164.all;

package SISDconstants is

constant SIMDenable:std_logic:="1";
constant SIMDsingleresult:std_logic:="1",
constant noPN : integer := 4;--8;--2;--128;--642--316;--256;--

constant datawint : integer := 16;-- 24;-- 32;-8;-
constant no8 : integer := datawint/8;--2
constant datawmul : integer := datawint*2;

constant portw : integer:=datawint;
constant numports : integer:=1; --max:4
constant PORTIN : integer:=(portw*numports);

constant noDM: integer:=1;--2;--4;--
constant DMup: integer:=10;--12;--11;-- addressgbil

constant ALUANDen: std_logic:="1";
constant ALUORen: std_logic:='1";
constant ALUXORen: std_logic:="1",

--Branches

--slotl

constant branchsel: std_logic_vector(1 downto 00="0
--00 BL

--01 BLEQ

--10 BG

--11 BGEQ

--slot2

constant branchsel2: std_logic:='0";
--0 BEQ

--1 BNEQ

constant ShiftRsel:std_logic:='0";
--0 SLL
-1 SLA
constant ShiftLsel:std_logic:='0";
--0 SRL
--1 SRA

subtype PORTWIDTH is std_logic_vector((portw-1) ddw 0);
subtype DATAWIDTH is std_logic_vector((datawint-dywnto 0);
subtype DATAWIDTHX2 is std_logic_vector(((datawigft1) downto 0);

end SISDconstants;

Figure 4.1. The configuration file

42
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4.2. The SIxD Architecture
The SISD model is a non-pipelined RISC system @&itjeneral-purpose registers, as

well as dedicated special registers such as thgr&mo Counter, the Instruction Register,
Memory Address Registers and Memory Data Regigkegsire 4.2).

MARmMuUxse|
MAH::Ib
MDRoutt
Instruction | _ morin1—»| Data >
pc | Memory [ marz —»| Memory | |
MORINZ —= MDRoutz
—4—
IR L» en /O Port(s)
clock —»{ Control L Wmu:&elw
reset - FSM RFin
» | .
All rFrisel | Register
Control REr2se|— Fil
Signals e
RFriouty v RFr2out
ALU 01[11| 00; . 1 —
AL L
muxsel
ALLlind %I?_/ l
ALUBI / ALUop MULen Custom
ALUeqg AlLUen “an LInit

AL Uout

MULout{hig r._iUL{:ut{lel
SMULmugs
MULmuxout MULmuxsel

Figure 4.2. The SISD datapath

4.2.1. Instruction Memory

Attempting to make the most out of an FPGA, deéidaBlock RAM resources of
the FPGA are chosen to serve as Instruction Meribtyand Data Memory (DM) of the
SIxD. The standard Xilinx componeRAMB16_S18s a Single-Port Synchronous Block
RAM that can be configured to address the dataespadifferent ways. With 10-bit

addressing on 16 Kbits, the instruction programseimg of 16-bit instruction words was
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located in this particular unit. By common compuaeehitecture definitions, the address of
the unit is the Program Counter (PC), while thepauts the Instruction Register (IR). The
instruction program is presented to the core hyaiiding the contents of this component
with the program code in hexadecimal format, as seethe left column of Appendix B.

4.2.2. Data Memory

The basic building block of the flexible Data Memasf the SIxD is an 11-bit
addressable, 8-bit wide dual-ported Block RAM compd, the RAMB16_S9 S9. The
dual ported Block RAM, which occupies the same agdhe single port type, contains
two's complement, fixed-point, signed or unsignetggers. The parameterization of the
Data Memory has been accomplished by four constaatselydatawint, noDM,DMup,
andno8, determining the data width, the data length, théregking of the Data Memory
unit, and the vertical number of 8-bit basic builgli blocks, respectively. Some
configuration options are shown in Figure 4.3, venBM denotes an 8-bit block. Note that
whennoDM is 3 and 4, the 48 or 64 Kbit memory is addredsed? bits. For between 64
and 128 Kbit Data Memory configuration, the addregsvould have to be done by 13
bits.

No8=1 No8 =2 No8 =3 No8=14
Datawint =8 Datawint =16 Datawint=24 Datawint =32

Nobw =1 { DM DM DM DM
DVp = 11 { DM DM DM DM
DVp = 12 { DM DM DM DM
DMup = 12 { DM DM DM DM

Figure 4.3. Data memory configuration
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The concurrent “Generate” statements in VHDL camsed in architecture bodies to
describe regular structures, such as arrays ok&Jomomponent instances or processes.
Using the constants described above, the situatibiigure 4.3 has been achieved with the

VHDL code shown below, on Figure 4.4.

datalength: for i in 0 to noDM-1 GENERATE
datawidth: for j in 0 to (n0o8-1) GENERATE
DM:dmem port map (

DMADDRA =>DMADDRA(10 downto 0), --PortA address
DMADDRB =>DMADDRB(10 downto 0), --PortB address
DMclk => DMclk, --clock

DMinA => DMinA(((j*8)+7) downto (j*8)), --PortA input
DMinB => DMinB(((j*8)+7) downto (j*8)), --PortB input
DMENA => enA(i), --PortA enable
DMENB => enB(i), --PortB enable

DMr => DMr, --reset

DMWEA => weA(i), --PortA write enable
DMWEB => weBj(i), --PortB write enable

DMoutA => DMouttA(i)(((7*8)+7) downto (j*8)), --PortA output
DMoutB => DMouttB(i)(((j*8)+7) downto (j*8))  --PortB output

end gene;ate datawidth;
end generate datalength;

Figure 4.4. VHDL code of the flexible data memdthgt generates block RAMs

4.2.3. Register File

) — RFrloul
RFIn —>  Register File
— RFr2ouf

tt 1t

clk rlen r2en wen
Figure 4.5. Reqgister file

The Register File (RF) with a single-port input andlouble-port output has been
implemented as a Select RAM on the FPGA, diredtiljzing the LUTs as RAM. The 8-
bit wide component RAM16X8D is instantiated simildp the Data Memory
implementation, as a building block for wider datath configurations of the SIxD. As
shown in Figure 4.5, the unit is run by two 3-lgtest signals for both ports, nameiekn
andr2en and a write enable signal depicteen all of which are controlled by the Control
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Unit. It is important to note that a simple in-ordssue processor that only use on-chip
memory is considered, so there is no cache. Theameon the FPGA is faster than a
typical processor implementation, eliminating treead for further exploring the memory
hierarchy.

4.2.4. Arithmetic Logic Unit

The ALU of the SIxD is similar to the one explained Section 3.3.1. However, the
shift instructions can be configured in compileito run logically or arithmetically. Also,
as stated on Section 4.1, unused AND, OR, XORun8tns can be removed for lower
area utilization. The ALU also contains two compars, so that when a branching
instruction is issued, it determines if the brargcto be taken or not.

Table 4.3. The ALU of the SIxD

ALUop | Operation

00C ALUout = C

001 ALUout = ALUin1 + ALUin2

01C ALUout = ALUin1 - ALUin2

011 ALUout = ALUin1 AND ALUin2 (optional
10C ALUout = ALUin1 OR ALUinZ2 (optional
101 ALUout = ALUin1 XOR ALUin2 (optional
11C ALUout = Shift Righ A/L® (ALUin1)

111 ALUout = Shift LeftA/L® (ALUin1)

a. A/L: Arithmetic or Logical.

4.2.5. Multiplier Unit

The primitive Hardware Multiplier, MULT18X18S, whicis standard in Xilinx
Virtex family and Spartan 3 FPGAs, is the obvioheice for multiplier, requiring no LUT
space on the chip. As discussed on Section 20, Hlardware Multiplier is present on the
target FPGA, the user must either remove the nliglippon instruction or provide with a
custom generic multiplier. It is a unit that take® 18-bit inputs, outputting a 36-bit result.
For the 8 and 16 bit data width configuration, reg multiplier would suffice, however,
for the 24 and 32 bit SIXD implementations, fourdweare multipliers could be combined
together, as suggested in [48].
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4.2.6. Control Unit

The hardwired Control Unit (CU) is a Finite StateadWine, implementing a
sequential circuit based on different states inniaehine, issuing a set of control signals at
each state. Depending on the instruction word injwxet Control FSM completely describes
the Instruction Set Architecture of the SIxD, byttieg up the necessary bits for
corresponding units to perform the correct openatas shown on Table 4.4.

4.2.7. Custom Unit

A custom unit can be a user-defined instructionaocustom-designed hardware
module, as described on Section 2.4. The bare §B®has an ALU, a multiplier and no
custom unit. In order to create a custom instractia the SISD, the custom unit must be
placed with inputs from the register file, and au{p) to the input multiplexer of the RF. A
reserved opcode in the ISA must be associated tghcontrol on the new unit and
corresponding states must be revised for the prepabling of the unit, and the correct
choice of the select signal of the RF input mudtyglr to assure the proper propagation of
the outputs. The “reserved” places are used faioousstruction extension to the ISA of
the SIxD. More custom units could be added to 8% by having selection bits distinguish
different instructions, like done in the shift insttions; two instructions for a single
opcode. Since there are eight registers, the not@aber of input and outputs to the custom
unit can be thought of as eight. The new statescaoaust load all the necessary registers
to the unit in advance, and then set the enabteabkaf the custom unit. The outputs have
to be multiplexed out one by one, and saved theléisged registers. More information on
custom unit implementation to the SIxD, as wellamsexample implementation can be

found in Appendix A.

4.2.8. Interrupt and Exception Mechanisms

Up to four interrupts are implemented on the S well as an interrupt
enable/disable instruction. The core has no sta@dcoumulator, so only a single level of
interrupt handling is possible. The SIxD gives aweption when an invalid opcode is
read, and the exception handler forces a skipam#xt instruction. An interrupt appears
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when interruptreq signal is high, with the IRQ sigidentifying which of the interrupts is
disrupting the system. The interrupt is acknowleddpy the system, which sets the
interruptack signal high, after which the excephiaterrupt address is stored into the EPC
(Table 4.4). Following the Interrupt Service Roati{iSR) that describes the actions to be
performed for the specific interrupt, finally thealue in EPC is stored back into the
Program Counter so that the program continues fraimere it left off. The
interrupt/exception addresses are at the starhefinstruction Memory, at hexadecimal
addresses “0000” and “0010” respectively, and casilg be changed by altering the
initialization data of the IM. This can be usefidcluse interrupts do not automatically
store the contents of the registers and if neeithesl could be accomplished by modifying
the ISR.

4.3. The SIxD Instruction Set

Using the components described previously, theltiegunstruction set is described
on Table 4.5. The instruction formats supportedneySIxD are:

* Register-register (direct)

* Register-constant (immediate)
* Register-memory (indirect)

* Branch format

The SIxD is a non-pipelined system primarily beeatise design is simpler and
cheaper to manufacture, lowering NRE and unit co&tthough with pipelining the
instruction bandwidth is increased by reducing ¢iele time of the processor, there are
certain advantages of not pipelining as well. Thecation of only a single instruction at a
time prevents branch delays, data and branch razAargipelined design also requires
more area related to pipeline registers and extréral logic. The instruction latency in a
non-pipelined processor is slightly lower than ipigelined equivalent, due to the fact that
extra flip-flops must be added to the data pathaopipelined processor. Also, the
performance of a pipelined processor is much hatdedetermine and varies widely
between different programs, but a non-pipelinedcessor will have a fixed instruction
bandwidth.
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Associated Unit Explanation Name of signal| In/Out Width
Clock signal clock in 1
Reset Rst in 1
Inst. Reg. IR in 16
ALU Branch if Less ALUDI in 1
Branch if Equal ALUeq in 1
ALU operation ALUop out 3
ALU enable ALUen out 1
branching branch out 2
MUL MUL enable MULen out 1
MUL reset MULr out 1
Register File RF reset RFrst out 1
RF write select RFwsel out 3
RF readl select RFrlsel out 3
RF read?2 select RFr2sel out 3
RF write enable RFwe out 1
RF readl enable RFrlen out 1
RF read2 enable RFr2en out 1
Instruction Memory IM read enable IMen out 1
Data Memory DM read enable DMen out 1
DM reset DMr out 1
DM write enable DMwe out 1
Program Counter PC PC out 10
Memory Address Reg.| MAR MAR out 9
Multiplexers RegFile MUX select regmuxsel out 3
MAR MUX select marmuxsel out 1
MUL MUX select mulmuxsel out 1
ALU MUX select alumuxsel out 2
Exception Exception exception out 1
Exception cause excause out 2
Exception PC EPC out 10
Interrupt Int. Request interruptreq in 1
Int. Acknowledge interruptack out 1
IRQ channel IRQ in 2
I/O Ports I/O port read enable Port_en out 4
I/O port write enable Port_we out 4
SIMD SIMD mode enable SIMD en out 1
SIMD PE operation sel. PEopsel out 3
SIMD iter Iter out 9
SIMD unit done SIMDdone in 1
DM serves SISD/SIMD DMmuxsel out 1
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Opcode|Meaning |Inst. Word Distribution |[Explanation ~2
0000 NOP 4+"000"+(9) No operation 2
0000 Interpt.En(4+“001"+(5)+4IEn Enable/Disable Interrupts 2
0000 RET 4+"010"+(9) Return from exception/interrup 2
0001 | ADD 4+"001"+3reg+3reg+3reg ADD 2 registersyesto a destination register| 4
0001 SUB 4+"010"+3reg+3reg+3refj SUB 2 registergega a destination register 4
0001 | AND 4+"011"+3reg+3reg+3reg AND 2 registersyesto a destination register| 4
0001 OR 4+"100"+3reg+3reg+3reg OR 2 registers, sagedestination register 4
0001 XOR 4+"101"+3reg+3reg+3reg XOR 2 registerses® a destination register | 4
0010 | ADDimm | 4+“001"+3reg+6imm ADD 2 registers, sawea destination register [ 4
0010 SUBimm | 4+"010"+3reg+6imm SUB 2 registers, siva destination register 4
0010 | ANDimm | 4+“011"+3reg+6imm AND 2 registers, sawea destination register [ 4
0010 | ORimm | 4+"100"+3reg+6imm OR 2 registers, sava testination register 4
0010 | XORimm| 4+"101"+3reg+6imm XOR 2 registers, stva destination register | 4
0011 | ADDindt | 4+“001"+3reg+3reg+(3) | ADD 2nd reg. iidata pointed by 1st reg. 5
0011 SUBIndt | 4+"010"+3reg+3reg+(3)| SUB 2nd reg.hadlata pointed by 1st reg. 5
0011 | ANDindt | 4+"“011"+3reg+3reg+(3) | AND 2nd reg. idata pointed by 1st reg. 5
0011 ORindt 4+"100"+3reg+3reg+(3)| OR 2nd reg. witita pointed by 1st reg. 5
0011 XORindt | 4+*101"+3reg+3reg+(3)| XOR 2nd reg.witata pointed by 1st reg. 5
8128 reserved | 4+... Reserved for custom instructions -
0111 SHIFTR | 4+“000"+3reg+6shift Shift the contenfsa register right 4
0111 SHIFTL | 4+"001"+3reg+6shift Shift the contewnfsa register left 4
1000 MUL 4+3reg+3reg+3reg+3reg| Multiply 2 regs. &av 2 regs. 5
1001 SIMDex | 4+3reg+3reg+3reg+30p SIMD execute textars, save into another 62
1010 LD 4+3reg+9address Load a register from dataony 3
1011 ST 4+3reg+9address Store a register to datzorge 3
1100 BL® 4+3reg+3reg+60ffset Compare 2 regs, branch fif fizss than second 5
1101 BEQ' 4+3reg+3reg+60ffset Compare 2 regs, branch if éigsials second 5
1110 SIMDId | 4+3reg+3reg+(3)+“000” | Load an array8idiD registers 5+31
1110 SIMDst | 4+3reg+3reg+(3)+“001”| Store an arranrSIMD registers 5+3)
1110 SIMDrt | 4+3reg+3reg+3dir+*0107 (F;_oute_ a value in SIMD regs. according to 6
irection
1110 SIMDiter | 4+9iter+%011” ?sért.he number of iterations to perform SIMD, >
1111 MOVimm(4+“000"+3reg+6imm Load a 6-bit inmediate value tregister 4
1111 MOVind1{4+“001"+3reg+3reg+(3) | Load 1st reg with data poihby 2nd reg. 5
1111 MOVind2|4+010"+3reg+3reg+(3) f;?rr(;;st reg into data mem. location pointed By
1111 LDport 4+"011"+3reg+3sel+“00(QLoad from port selected by 3sel signal 4
1111 STport 4+"011"+3reg+3sel+“1003end to port selected by 3sel signal 4
a. ~:clock cycles.
b. i:iterations.

c. Can be altered with the configuration file.

The area occupation of the core on different daitth configurations can be
observed on Table 4.6, where it can be seen thaetbhanges do not alter the size of the
Control Unit, whereas the other hardware modulespanportionally increasing in size as

a larger width is chosen. The effect of the deéddPGA modules can also be observed
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here, as the multiplier and the memory units caneggigible area utilization, and are not

included.
Table 4.6. SISD area information (slices)
Data Width
Unit 8-bit 16-bit 24-bit 32-bit
SISD (all) 279 426 573 689
ALU 68 148 231 310
Register File 20 40 60 80
Reg. MUX 22 44 66 88
Control Unit 186 186 186 186
4.4. The SIMD functionality
A Processing Node
| l
| |
| |
| I
| |
MDRout1 | |
33— - = |
MORout2 LR ] | |
LM LMmuxsel
| LMinB |
- S it |
— B — LMen
LM [ LM [ | LM oters |
v — B | v —LIMaddrB |
F
Y | | Mot Tumsouts |
e o e e f o m— — ]

_\“'-k\_ Iflﬂutml.i: __r_,»-""!__—_

MDRin1 MORinZ

Figure 4.6. The SIMD unit

The SIMD functionality of the SIxD, depicted in kig 4.6, is initiated within the
configuration file by theSIMDenablesignal set high. This produces the generation of a



52

number of user-defined Processing Nodes. A SIMDcé&ssing Node is made up of a
Local Memory (LM) and a Processing Element (PE)stiproviding with the most
elementary units for computation. The Local Memd®&IMD registers), which is
implemented in a dual-ported Block RAM also neexrle able to take inputs (MDRoutl
and MDRout2) from the main Data Memory of the SISEusing the need for a
multiplexer, completing a Processing Node (PN). Tastrol of the SIMD, including the
PEs, the LMs, and the multiplexers, are not mandyethe Control Unit, but inside the
SIMD itself.

The instructions that emerge with the activatiohef SIMD are as shown in Table
4.7. Since VLIW is not used for these SIMD instioes, only register indirect addressing
can be used, since otherwise there would be nooivesguing a SIMD instruction inside a
16-bit instruction word. In these instructions, tegister contents act as address locations
for the DM and the LMs. Theet_iterinstruction sets an iterations registiéey, with a
constant, determining the number of times to ieethe given SIMD instruction. Let’s say
that a load vector instruction is being issued @ $IMD with four processing elements,
and iter is set to eight. In this case, thirty-tvadues inside the DM are distributed dually
(via dual-port Block RAMS) to eight consecutive abions in the four PEs. This way, the
iterations registerter achieves the speeding up of data transfers bettieeDM and the
LMs. A large data multiplexer is placed at the et select which Local Memory to
read from when writing back to the main Data Memory

Table 4.7. SIMD instructions of the SIxD

SIMD instruction Explanation ~ 8
SIMDId Loads a vector from DM to the LMs. 543
SIMDst Stores a vector from LMs to the DM. 593
SIMDex Execute two vectors based on the op_sel signal,6 +oiP

save to a vector in LMs.
SIMDrt Route a scalar from one LM to another. 6
SIMDiter Set the number of iterations to perform. 2
a. ~:clock cycles.

b. i iterations.
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4.4.1. SIMD Customization

For the SIMD part, the customization process idlambio as explained on Appendix
A, but differs in the sense that the new customctional unit is added inside the
Processing Element with a certain bit of tge selsignal enabling it. For a double-input,
single-output, single-cycle custom operation, ndeot modification of the core is
necessary. If the custom unit outputs two resa#tting thedouble_outpubit high on the
configuration file lets results to be written orotwonsecutive memory address locations.

4.4.2 Intra-PE communications

It is easy to implement a SIMD with communicatiartanomy [49]: by having the
LM input multiplexers (Figure 4.5) take their ingudtom all outputs of all PEs. Of course,
especially for larger array units, this resultsv@ry large multiplexers and increased area
usage. If an on-chip network is formed with routemsbetween the LMs, these
multiplexers can be removed. However, this metha$ whown to be insufficient in
Section 3.3.3.

The slow but small method implemented in the Sixipl®ys none of these, but uses
a pre-defined look-up table that contains encodexttibn information for the movement
of data between the LMs. The table consists of @eddits of source and destination PEs,
requiring no extra hardware, and only a few sli¢ew. example, if the user defines “101”
as a transfer from LM1 to LM4 in compile-time, ugithis bit sequence in the “route”
instruction, along with the source LM address dreldestination LM address, results in a
data movement between these two Processing Units.

The area, performance and power metrics of the SidDcompletely dependent on
the application, since the number and the contehthe Processing Elements determine
the size of the SIMD mode of the SIXD core. Sectibmgives better insight on the
utilization and performance of the core with an lempentation of MPEG-7 Motion
Activity Descriptors on the SIxD.
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5. IMPLEMENTATION EXAMPLE ON THE SIXD: THE MPEG-7
MOTION ACTIVITY DESCRIPTORS

Although a detailed explanation can be found in,[3be MPEG-7 Motion Activity
Descriptors (MAD) considered here are for motiotemsity and spatial distribution of
motion activity. The algorithm, depicted on Figl&d, can be summarized as follows: In a
set of motion vectors, first the hypotenuses ofit8put pairs are calculated, and the
average of the results are found. Then, the lohan-the-average values of the vectors are
set to zero, resulting in the spatial activity matand another averaging of this matrix
gives us the intensity of motion for the frame. Tascriptor implementation which works
with pre-calculated motion vectors has been emplaye 16x16 motion vectors, requiring
two sets of 256 elements each. Although the inpres3-bits wide, a 16-bit CPU was used
because of the usage of multiplication and averpgifor the sake of processing
comparison, data is previously loaded from the tnparts, and is available in Data
Memory.

Y| xi) R, (i) R |
X F - 'MII'WI
F

avg(R)

l(Z)

Figure 5.1. The MAD algorithm [50]
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5.1. The MAD Algorithm Implementations

Fig. 5.2 shows how the PE operation bits (op_seluaed to manage the hypotenuse
unit, the compare unit, and the accumulator. Inalgorithm, first the hypotenuses are
calculated in parallel, after which, the outputs eollected and summed together by the
accumulator. Then, the final accumulator resules gathered by the SISD, added and
shifted to compute the average, and sent backedis of the SIMD. Afterwards, the
compare instruction comes into play, comparing da¢a elements with the average,
outputting zero if less than the average, or tipaitirdata itself if greater than or equal to
the average, forming the spatial activity matrixalso accumulates its results, which are
finally saved, added and scaled together for thal fiesult, the intensity of motion for the

frame.

e
Local
Memory
sou:rce1 sou.rce2 Op_sel oE operation
= - (3bits) P
001 Hypotenuse

| — T _i 010 Output accumulator
| v 011 Hypotenuse+accumulate
| | HYP >= | 100 Compare with average
| : 110 Compare+accumulate
| |
| |
I
| P ACC |
=]

Figure 5.2. The processing node for the MPEG-7onddctivity descriptors and the PE
operation table

There are many ways to implement this “processamlimnulate-intensive”
application. Some options are: custom square roibt custom hypotenuse unit and SIMD
customization. On the bare SISD core without a amasunit, an 8-bit square root
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calculation takes about 280 clock cycles. On onglementation, a custom unit designed
for the 8-bit square root calculation and placedpeode “0100” takes 5 cycles (including
instruction decode) and 55 slices to compute thrggroot. The whole algorithm runs for
a total of 21,286 clock cycles, 468 us on an 190sMHz) clock cycle.

Another method is to use the specially-designedtgquse custom unit, taking 76
slices, and 5 clock cycles to execute. Using this two MUL, one ADD, and one SQRT
operation is combined into one HYP instruction,hatite total MAD runtime reduced to
19,413 clock cycles, 427 us on a 11ns (90 MHz) dytje.

Finally, enabling the SIMD and using vector instimes on specially designed
Processing Elements that execute in two clock sy¢lgure 5.2) and occupying 111

slices, the results are shown in Table 5.1.

Table 5.1. The MPEG-7 motion activity descriptorsthe SIxD

'gil' Iter | Total slices SIMD slices Mg)/I(.l_'f;()aq. (cIoRcukn tcl}r/nctlees PO\(/Vrﬁ\I‘/\;:)OI’lS.
2 128 963 475 109 1833 521
4 64 1205 717 94 1196 548
8 32 1647 1163 94 882 542
16 16 2523 2049 89 734 566
32 8 4266 3800 94 678 606
64 4 7754 7288 83 686 647
128 2 14780 14308 108 762 689
256 1 28,720 28243 100 944 713

The cost vs. performance graph on Figure 5.3 shbews the performance is
inversely proportional to the area occupied bydbee. However, when the chosen number
of Processing Nodes of the SIxD is redundant feralgorithm, the design not only takes
up too much space and consumes more power, butislstower and inefficient.
Experiments done with 128 and 256 PEs resulted jA8D and 28,720 total slices and 762
and 944 clock cycles to execute, respectively. Thdue to the fact that the data transfer
starts taking more time than the processing. Thalidumber of PNs seems to be 16 or 32
(16 and 15 us, respectively on 11 ns clock cyae)tifie Motion Activity Descriptor on a
16x16 motion vector frame, depending on area oe tiing a constraint. Furthermore, the
256-PE SIMD (depicted SIMD-256) does not fit evérttfe biggest Xilinx Virtex-11 chip
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with eight million gates because it occupies 256cRIRAMs and 513 MUL units, more
than the chip resources.

. —&— Cost (Total slices)
MAD Implementation on SIXD | —g— ryntime (clock cycles)
Cost - Performance - Power Power (mW)
1 689 mwW il
19,400 ~ m
0.9 21,000 ~ 647 mW 20 :;IiTt\elg
~ 606 mW
| 566 mW 14,308 slices
0,8 521 mw 238 MW 542 mw S ne
e y slices
c 077 432 m
- 0.6 - 426 mw 4,266 slices
s O
@
N 0,5 - .
T 2,523 slices
e 0,4
= 1,647 slices
3 03]
1,205 slices
O,2 n 1833 =
i 1196 ~
01 1 500 siices 963 slices 882~ 734~ g73- egq. T2~ 944~
O o L 520 Swllces\ Il Il Il Il Il
SISD- SISD- SIMD- SIMD- SIMD- SIMD- SIMD- SIMD- SIMD- SIMD-
HYP SQRT 2 4 8 16 32 64 128 256
SIxD Configuration

Figure 5.3. Cost-performance-power graph of theDM#Agorithm optimized SIxD core

The MAD program using scalar instructions (AppenBjxtakes between 4310 and
4566 instructions and 21,286 clock cycles to ronthe resulting average CPI (Cycles per
Instruction) is between 4.94 and 4.66 and 2.1 MIP& MAD program using SIMD
instructions (Appendix C) takes 42 instructiongjamelless of the number of Processing
Nodes selected. The system is able to run at 665MIRJ the average CPI is 16.1. This
means that although the time to complete an aveirsgjeuction is about 3-folded, the
SIMD instructions do more, accomplishing a 31-fMtPS speedup, for an area increase
of 8.5 times of the SISD.
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6. CONCLUSIONS AND FUTURE WORK

6.1. The Partial Runtime Reconfiguration of the S{D

Partial reconfiguration is useful for applicatiotat require different designs to be
loaded into the same area of a chip, or that requne ability to change portions of a
design without having to reset or reconfigure thare chip [51]. There are two methods
of the partial reconfiguration of a Xilinx devictie difference-based and the module-
based methods. The difference-based method used pawtial configuration bitstreams
for making small changes in the FPGA, such as ceglaLUT or Block RAM contents.
The module-based method makes use of defined rigooalble modules that communicate
by boundary-defining bus macros on the FPGA, sthel no signal crosses the module

boundaries except for communications signals \ead¢tbus macros and global clocks.

In an attempt to increase the performance and dpabslities of the system, the
partial dynamic reconfiguration (Figure 6.1) of sorfunctionalities of SIxD can be

considered:

e The contents of the Custom Units (Section 4.2.7)l &éine Processing
Elements (Section 4.4) could be reconfigured frohaaware library, which
would enable a wider range of algorithms to beauarthe SIxD. Depending
on the instruction needed, the necessary unit(speaetched at runtime into
the Custom Unit and/or Processing Element spachesavboundaries are
defined by bus macros, ready for computation. Téeomfiguration time
would depend solely on the size of the Custom Brit¢essing Element and
the overhead required for reconfiguration.

e Intra-PE communications (Section 4.4.2) could beoméigured during
runtime, since as the number of PNs increaseseatayr variety of intra-PE
communications is necessary. The look-up table Westps the encoded
routing information occupies only a few slices,réfere its reconfiguration

could be done very quickly using the differencedaasiethod.
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e The ability to change the number of PEs duringimatcould also be of use.
Increasing the number could result in a performancesase in many cases,
on the other hand, having less PEs could providd wiore space on the
FPGA for other applications. Additional bus macwesuld be necessary to
define the boundaries where the extra PEs willlaeegl.

i i Configuration
Cﬁfﬁm Reconfigurable Logic oitsireamm
Custom : :
Bl | | PE PE PE | . .
|
: A A A : ! |
Custom | | Interconnection| | i :
Unit | LUT : . !
| ! I
: L L] v : i i
LM | | LM LM | contrar| |
: \ : ™| Logic | |
4 |
| A A SIMD | i : |
I . ! Y :
| |
> |1 | Block | |
Bare SISD *| RAM i
|
| |

__________

Reconfiguration
Unit

Figure 6.1. The reconfiguration system

A PROM initially configures the FPGA; however biesams that are small enough
could be allocated on on-chip Block RAM, so tha teconfiguration can be done on the
FPGA itself, improving the reconfiguration time.liKx Virtex devices have an Internal
Reconfiguration Access Port (ICAP), which can betodled by internal FPGA logic [52].
ICAP provides an 8-bit input data bus and an &btput data bus which can be used by
internal logic to reconfigure and read back confgion memory. Data is loaded into the
FPGA on a column basis, with the smallest unit dpean configuration frame of the
bitstream. There are multiple frames per CLB colusm the frame size is device size
dependent. For example, there are 3392 bits parefrim a XC2V1000 [53], which has
5120 slices in total. Since the maximum frequeinat the ICAP interface can be clocked
at is 66 MHz, the minimal time to reconfigure oV€AP a single XC2V1000 frame at 66
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MHz is 13us [54]. The Virtex-1l 1000 having a tot# 1536 frames to configure for its
5120 slices, yields to a rough estimate of a thodidaits to reconfigure on average per
slice, for which the minimum time to reconfigure &bout 4 us. Therefore, the
reconfiguration of the PE used at Section 5 (9@es) would take about 360 us per PE,
while the insertion of the SQRT unit (55 slices)ulebtake about 215 us.

In the reconfiguration system proposed in Figufe the bare SISD core does the job
of running the software for reading and writing tieeonfiguration data that is kept inside
the Block RAM, which is used as a cache for patitdtreams. The control logic acts as a
software driver for reading and writing to ICAP anface, while the ICAP accesses the
internal configuration of the FPGA. The reconfigulealogic part, which incorporates the
units to be altered by the loaded bitstreams, shbelwell-placed on the FPGA using bus
macros [51].

Obviously, the time for reconfiguration takes temd for a single iteration of the
MAD algorithm on the SIMD, but the introduction tife SQRT or the HYP custom units
to the bare SISD makes a positive impact on theralffign runtime. Multiple iterations of
any custom-unit-aided complex algorithm run on tbatime-reconfigured SIxD could
result in a performance increase compared to whereconfiguration methods are used,
provided that essential units suitable for the algms are readily available inside the
hardware library.

6.2. SIxD Conclusions

FPGA-based embedded systems design methodologies halped software
flexibility to represent hardware functionality,guiding the designer with many different
modular and architectural options. The SIxD has@esperous in representing different
computer architectures with a single program, a#i a®& configurations based on the
requirements of the target application, providiegesal options for the set of instructions

and the representation of data.

In this study, the implementation of a flexibledazustomizable soft processor was
presented. The soft core can be configured tom@calar mode and fit in small FPGAs or
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run with vector processing (SIMD) capability forgher performance on larger chips. A
look at the architectures of modern commercial anddemic soft cores facilitated to
perform an architectural exploration on three comstable soft core examples. Then the
configurable customizable soft core, the SIXD wessented and was demonstrated with
an implementation of the MPEG-7 Motion Activity Rewtors, showing how the core
might be configured for up to 31-fold speedup afoaithm runtime. A method for the
dynamic reconfigurability of the core, and how thmsight improve its processing
capabilities, was finally discussed.

This thesis has also presented in detail with haehsa soft core is developed in
VHDL, but does not necessarily mark the end ofteelastudies at all. Thanks to the
flexibility of VHDL and Verilog, the infinitely may design options are only limited by the
core designer’s interests, capabilities, and time.

Architecturally, the addition of MIMD and MISD optis to the core would complete
the taxonomy of Flynn. Furthermore, the comparidoetsveen the SIxD and its pipelined
version could also be of interest. A compiler talde the conversion from high level
languages to the SIxD assembly language is ab$pkgsential. This compiler could also
parse the code and decide which architectural opbest fits the requirements.
Furthermore, critical kernels in the code coulddeg¢ected, and custom instructions to be
mounted onto the architecture could be providedallgl the inputs to the compiler should
be the program code, the constraints for size,opmdnce and power, and the target
FPGA. Containing the FPGA device information, tbhenpiler can come up with the most
appropriate system for the application.

Although size and performance has been of primarmyortance in this study, the
low-power design considerations that are quite i@ for embedded systems design
have not been discussed. Also, more peripherak wsuth as timers, watchdogs, and
UART (Universal Asynchronous Receiver/Transmittegn be included in the core.
Another addition to the system could be to haveSIWdD operate parallel to the SISD, as
long as distinct data addresses are operated aisThot a very difficult implementation
option that could provide with even higher perfonoa Also, the instruction word can be
easily upgraded to 18 bits of width, since the RIBAMSs are actually that wide. The extra
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two bits could be used to increase the numbergi$ters to 16, or to create more space for

custom instructions.
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APPENDIX A: THE SIxD USER’S MANUAL

1) Open Project in Xilinx ISE 7.1.

2) Open sisdconst.vhd, set up all necessary constants.

3) Custom Unit extension:

a.
b.
C.

Add the custom VHDL file to the ISE Project.
Open sisd.vhd.
Add the component declaration of the custom unitD¥Hile among the
other component declarations in sisd.vhd. Also atecthe necessary new
signals.
Instantiate the new custom component.

I. Connect the previously declared signals:

1. As the clock signal, usgk. For reset, uskest.

2. As the inputs of the custom unit, uB&outland RFr2out
the outputs of the register files. For a singlepaotit use
RFrlout

ii. Connect the output of the custom unit to an unuBEdux input,
named regmuxin0 through regmuxin? Note that theregmuxsel
signal that is used to enable the correct multgdexutput is the
three-bit representation of the number at the éndi® signal name.

iii. Editing control.vhd for the enable signal and ott@ntrol signals:

1. Open control.vhd.

2. Add the new ports related to the custom unit to ehgaty.
Have the new ports to control.vhd the same sizaesanit
and for the sake of simplicity, the same name ashef
custom unit.

3. Add new states to the control Finite State Machirt@s is
done by finding the state declaration line: “typateat is
(S1,5S2,S3,54a,54b,S4c¢,S54d,S4e...”, and by adding new
states to the list in parentheses, such as S30et831

4. Associate the new instruction with an opcode.
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a. Find the line “case IR(15 downto 12) is”, followbg
“when "0000"=>". This is the case statement that
declares the opcodes.

b. Choose an unused opcode, for example, “0100".

c. Following the line “when "0100" =>", place the
necessary state information. Some common action
examples are:

I. “RFrilsel_ctrl <= IR(8 downto 6);”, selecting
to output the contents of the register file
through the first port, addressed by the bits 8
through 6 of the instruction word.

il. “RFrlen_ctrl <= '1";)", enabling the RF first
port output.

iii. “ALUen_ctrl <= '0";", disabling the ALU,
since it is not being used at the current state.
iv. “State <= S31;", next state information.

d. Declare all necessary states with correct state
transitions, and proper enabling and disabling of
signals. For a write back to the Register File, use
“RFwe_ctrl <= "1";” for write enabling. On the fiha
state of the custom operation, make sure to in¢lude
“PCC:=PCC+1;”, incrementing the program counter,
and “state <= S1;”, for the return to the inititdte of
the Control FSM.

5. Connect the newly added control outputs to the @mmate

custom unit signals.



APPENDIX B: THE MAD PROGRAMS

FOOC MOVimm RO, (
F280 MOVimm R1,32
7210 SLAR14
FEOO MOVimm R7,0
E440 len 0001

DFBF BEQ R7,R6,0
Interrupt (save regs)
F403 MOV R2, PortA
F082 MOV (R0), R2
1005 ADDimm RO,1
D041 BEQRO,R1,1
(restore regs)

EO0O0 RET

FEO4 MOVimm R7,1
E400 len 0000
(restore regs)

EO0O0 RET

--mempointr=0
--memptrend=32
--shift left R1 by 4 bits=MUL by 16
--memflag=0
--enable interrupts for port A
--wait while memflag=0

--move portA input to R2

--store R2 into (pointed by ®B{ch is the mempointer)
--memptr++

--memptr=?memptrend

--return from interrupt
--memflag=1
--disable all maskable interrupts

--return from interrupt

Figure B.1. Single port data load for the MAD aigam
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FOOC
F280
7210
FAOO
F404
FDOO
7C0C
F601
F881
86D8
8920
16E0
96C0
FCC2
1009
1409
1C05
1B58
C474
6A20
FEOO
FO00
FDOO
7C0C
F781
C742
1F08
D001
FCO02
1C05
2209
CO078
6E20
1C05
FDC2

MOVimm RO, (
MOVimm R1,32
SLAR1,4
MOVimm R5, 0
MOVimm R2, 1
MOVimm R6, 64
SLA R6,3
MOVindrt R3, (RO)
MOVindrt R4, (R2)
MUL r3,r3,r3

MUL r4,r4,r4

ADD r3,r3,r4
SQRT r3,r3
MOVindrt (R6), R3
ADDimm RO, 2
ADDIimm R2, 2
ADDIimm R6, 1
ADD r5,r5,r3

BL R2, R1, (-12)
SRARS, 8
MOVimm R7, 0
MOVimm RO, O
MOVimm R6, 20H
SLA R6,3
MOVindrt R3, (R6)
BL R3, R5, 2

ADD R7,R7,R3
BEQ RO,RO0,1
MOVindrt (R6), RO
ADDIimm R6,1
SUBIimm R1, 2

BL RO,R1,(-9)
SRA R7,8
ADDIimm R6,1
MOVimm (R6), R7

--memptr=0 x value
--memptrend=32
--shift left R1 by 4 bits=MUL by 16
--Accumulator for Rxy’s
--memptr2=1 y values
--start address for Rxy=64
--shift left R6 by 3 bits=MUL by 8
--first x value
-first y value
--X"2
--yN\2
--XN2+y"2
--SQRT(x"2+y"2)
--save result in Rxy table
--increment x value pointer by 2
--increment y value pointer by 2
--increment Rxy table pointerlby
--accumulate Rxy result
--loop if not end of table
--dvide the accumulator for therage
--accumulator for AVG2
--initialize counter
--point to beginning of Rxy tab
--shift left R6 by 3 bits=MUL by 8
--move value to R3 to be edlto AVG2
--if value lower than avg (R&ye a 0 instead
--accumulate AVG2
--jump 1
--saving a 0 for the lowbiah-average value
--increment Rxy counter
--decrement counter
--if counter=0 stop
--Divide the final result of the aewlator to obtain avg
--increment Rxy counter
--store the result

Figure B.2. The MAD algorithm program on the SISD



--There are four Processing Noc

FOO0O MOVimm RO, O
F300 MOVimm R1,32
1249 ADDR1,R1,R1
1289 ADDR2,R1,R1
1389 ADD R6, R1, R2
13D2 ADD R7, R2, R2
E1FB iter=63

EO00 SIMDId RO RO
940B SIMDexec R2 RO R1 “011”
EO003 iter=0

9C02 SiMDexec R6 RO RO “010”
E181 SIMDstore RO R6
FAO0O MOVimm R5, 0
F340 ADDindrt R5 (RO)
2201 ADDIimm RO, 1
F340 ADDindrt R5 (RO)
2201 ADDIimm RO, 1
F340 ADDindrt R5 (RO)
2201 ADDIimm RO, 1
F340 ADDindrt R5 (RO)
7142 ShiftR R5, 2
BAOO store R5, 0

BAO1 store R5,1

BAO2 store R5, 2

BAO3 store R5, 3

ECO0 SIMDId R6, RO

E1FB iter=63

9036 SIMDexec RO RO R6 “110”
E003 iter=0

9C32 SIMDexec R6 RO R6 “010”
E203 iter=64

F180 MOVimm R6, 0
EC81 SIMDstore R6, R2
33B8 ADDindrt R6 (R7)
23C1 ADDImmR?7, 1
33B8 ADDindrt R6 (R7)
23C1 ADDImmR?7, 1
33B8 ADDindrt R6 (R7)
23C1 ADDImmR?7, 1
33B8 ADDindrt R6 (R7)
7188  ShiftR R6, 8

F5FO  MOVindrt2 (R7) r6

--R0=0

--R1=32

--R1=64

--R2=128

--R6=R1+R2=192

--R7=256

--iter=63 (64 iterations)

-- load 128*4=512 values to 8Ikkgs
--(op:011-hyp_acc)

--one iteration

--SIMD execute (of2&dcc_out)
--store from LM(R6) to DM(R&0+1,R0+2,R0+3

--R5=0

~-RO=+1
~-RO=+1
~-RO=+1

-- divide R5 by 4

--DMsrc=R0, LMdest=R6
--iter=63
-- (op:110-compare) acc
--iter=0
--(op:010-acc_out)
--iter=64
--R6=0

-~ R7=+1
-~ R7=+1

-~ R7=+1

--div by 256 for overall avgea
--store the average

Figure B.3. The MAD algorithm program using SIMinttionality
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APPENDIX C: RELATED PAPERS

The following paper was accepted for publishingassult of the work described in

this thesis:

Sonmez, N. and A. Yurdakul, “SIxD: A Configurablegpplication-Specific SISD/
SIMD Microprocessor Soft-CoreRroceedings of International Symposium on System-on

Chip, Tampere, Finland, November 2006, to appear.
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