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Umea’s Ninth Student
Workshop in Computer
Architecture

This book is the proceeding from Umed’s Ninth Student Woolsim Computer Ar-
chitecture. It contains a collection of short technicalcées about past and present
processors, medias, busses and protocols. The articlesbiesn written by the stu-
dents of the autumn 2005 offering of the course in Computehiecture.

Introduction

Another year has gone by since the last student workshoprimpQter Architectur, and
the time has come for a new one. The main topic of the courd® ithe same (as can
be seen above) but one major and some minor changes has lmeein ttee formatting
department. This is the first year that we generate one ammpdf file containing
all the reports. This means that a slightly different style fiad to be used, and we
have had to enforce a stricter set of allowable things to dauger-defined definitions
outside of the bibliographies, labels must be unique, etc.)

The main purpose of this book is to give an overview of theenir(and the not so
current) state of Computer Architecture as well as to shaeffort put into the course
by the students. My wish is that the reader might find somgthiteresting to them,
something that is worth further research and therefor@énrenlightenment.

| hope you'll find it a pleasurable book to read.

September 2005
Program committee: Taha, Lofstedt and Agren

A Note on Trademarks and Registered Trademarks

All brand names or product names referred to in this work heeproperty of their
respective holders, and their use here should not be seeri@ation of current trade-
mark laws. The program committee takes no responsibilityues of such names
without further references.
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JOHAN LUNDSTROM& JOHAN STENBERG 3

1. AMD Athlon 64

1.1 Introduction

The AMD Athlon 64 was released on September 23, 2003 and fa$hé4-bit proces-
sor on the market fully compatible with the 32-bit legacy »86hitecture. This makes
any Athlon 64 based system compatible with all existing 82«86 software such as
Windows and all its software. The AMD Athlon 64 is used in degkcomputers.

The AMD Athlon 64 is built upon the x86-64 architecture whista extension of
the existing x86 architecture and it was developed by Adedrdicro Devices, Inc.
as an attempt to create a seamless transaction between-taed84-bit computing
platforms. This is because today it would be almost impdssibgo to a new pure 64-
bit platform, which would require that all software was attand recompiled. And
that is not done overnigHil[2].

The first 64-bit AMD processor was the Opteron. It was reld@sépril 2003 with
clock speeds of 1.4, 1.6 and 1.8 GHz. The 2.0 GHz Athlon 64 a@@ 2 GHz Athlon
64 FX was released in September 2003. The latest addititet@MD64 family is the
dual-core Athlon X2 that was introduced in June 2005. It cam¥edifferent versions,
4200+, 4400+, 4600+ and 4800+ [4].

1.2 Overview

1.2.1 Registers

When the processor is run in the x86 32-bit legacy mode thegssmr will have eight
32-bit general purpose registers, eight 64-bit MMX and fleapoint registers, eight
128-bit SSE extension registers a 32-bit flag register ang-bitlinstruction pointer.
This is normal for any modern x86 processor but when the [smres run in 64-bit
mode there will be eight more general purpose registeririgtd6 and they will all

be 64 bits, there will also be 16 SSE extension registerdadlaiand the instruction
pointer will be extended to 64 bitsI[2].

1.2.2 Instruction Formats

The processor can be run in two major modes. The first is 32dptcy mode which
makes the processor able to run an unmodified 32-bit OS hatifde other mode
is long mode where all the x86-64 extensions is enabled. Moide is divided into
two submodes, compatibility mode and 64-bit mode. The cditifity mode can be
run by a 64-bit OS with 64-bit programs and at the same timeatbald 32-bit x86
software which can be run in x86 protected mode. When run mpatibility mode
the programs will see it as a x86 protected mode while the ®@Susa all the 64-bit
mechanisms on the processor. The second submode of long-mtte 64-bit mode
which is made for the pure 64 bits applications and in this etbeé program can access
all the 64-bit extensions.
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4 CHAPTER 1. AMD ATHLON 64

The processor also fully implements SSE1/2, MMX, 3DNdwA]L,

Defaults!
Operating | Application
Mode System Recompile | Address | Operand " GPR
Required | Required | Size Size Ropister L | widh
(bits) (bits) Extensions ﬂﬂi“s:l
::;:: yes a4 yes 64
3 Hew 32
Long Mode o 64-bit 05 33
Com patibility = = 37
Mede 16
Legacy 32 32
i 32-bit or 16- ng ng 32
Legacy Made it 05 16 6

L, Detaules can be overziddess i most nades using aninswoction prefic on system contml bir,

2. Regisrer pxtensions includes elght pew GPRS and eight newy XMM 2glies (iso caled S5E rglsers),

2, Long mode supports caly x86 protected mode, It does ot support X86 real mode or virual-S08 mode,
Also, it does o suppont sk switching.

4. Lagacy modds supports x86 real mode, viral-8086 made, and proteeted made

Figure 1.1: Processor operating modes (frbm [2])

1.2.3 Instruction Set Extensions
3DNow!

3DNow! is a multimedia extension created by AMD in 1998 foeithkK6 proces-
sors. It's an addition of SIMD instructions to the x86 ingtiion set, to better cope
with the vector-processing requirements of many graphierisive applications. It was
orginally developed to extend the integer only MMX instiantset to allow floating-
point calculations.

3DNow! have been updated two times. The first “Enhanced 3DNwow&s intro-
duced with the first generation of Athlons and only minor &dds were made. The
second was introduced with the first Athlon XP processorsatteey combined their
3DNow! with Intel's SSE1 and called it “3DNow! Professiohgd].

SSE1, SSE2 & SSE3

Streaming SIMD Extensions (SSE) was developed by Intel eglg to AMD’s 3DNow!
It also replaced the by Intel's generally disappointing MIget instructions which had
two major flaws. First it re-used existing floating-pointistgrs making the CPU un-
able to work with both floating-point and SIMD data at the samee, and second it
only worked with integers. SSE fixed the second issue, tliidlit't use floating point
numbers, but the the first issue was not fixed until the releSSE2.

SSE also adds eight 128-bit registers called XMMO throughNKiMhat contains
four 32-bit single precision floating-point numbers.

SSE?2 adds support for 64-bit double precision floating-paird for 64-, 32-, 16-
and 8-bit integer operations on the eight XMM registerss thade the MMX instruc-
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JOHAN LUNDSTROM& JOHAN STENBERG 5

tion set redundant. This was on the version that Intel dgezldor their Pentium 4 in
2001. AMD also added support for SSE2 to their Opteron andoAtf4 in 2003 but
they also extended the SSE2 with 8 more XMM registers to d tta6 to be used
while running in 64-bit mode.

SSE3 was introduced with the 64-bit Pentium 4 which addedelBinstructions
that simplified the implementations of a number of DSP and &rations. The SSE3
is not supported in the 64-bit AMD processdrs [6].

SIMD

Single Instruction, Multiple Data (SIMD) is a computingtethat refers to operations
that efficiently handling of large quantities of data, eddiag the same value to large
number of data points. SIMD is commonly referred as multilmedstruction set.
MMX, SSE, SSE2, SSE3 and 3DNow! are all SIMD instruction §&fs

1.3 Memory Hierarchy

1.3.1 Instruction, Data and 2nd Level Cache

As many modern computers, the memory hierarchy consistreétlayers. The fastest
is the processor cache, which is made of SRAM, main memoresa®acond which is
made of DRAM and last and slowest is storage memory which iagretic disk.

The processor cache is divided into two parts, L1 cache, iorgoy cache where
the instructions and registers are stored and L2 cachecondary memory, which is
the link between the L1 cache and main memory. SRAM that tbegssor cache is
made of have a typical access time of 0.5 -5 ns.

Data that is needed by the processor, for example progranesded into the main
memory. DRAM have a typical access time of 50 — 70 ns.

In the storage memory is data such as the OS, programs andthies] with a
typical access time is 5— 20 ms.

The AMD Athlon 64 has a 128 kB L1 cache, where 64 kB is for insians and
64 kB for the registers. It also has 1 MB on-die L2 cad¢hé& |4, 5].

1.4 Execution

The AMD Athlon 64 processors has 3 integer execution uniteer& only one have a
multiplier and each with an eight entry scheduler. One flmgfioint execution unit
with three pipelines (FADD, FMUL, FMISC) and a 36 entry schled.

1.4.1 Pipeline Organization

The first step is to fetch 16 bytes of instruction code fromitistruction cache, then
it will pick three instructions from the data stream and dixthem either as a direct
path operation (RISC like) or a vector path operation. Thetarepath operation is a
more complex CISC like operation, which has to be loaded feomicrocode ROM
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6 CHAPTER 1. AMD ATHLON 64

as a microprogram. The hammer architecture introduces actems of instructions,
the double dispatch operations. They are split into twovilldial operations at the end
of the decode stage, thus making the processor capablertfgtsix operations in a
three-way pipeline. The instructions are then packed haickthree operations in the
following pack stage before the final decode stage.

The operations are then sent to the execution scheduleneihey await their
dependencies. The schedulers operates in an out-of-olt@renmeaning, that they
will execute a operation in their buffer as soon as their depacies are solved. When
the operations has been executed they will be placed in adeebuffer where they
will wait for all the operations that should have been exeditefore themselves, prior
to being stored in the registels [3, 4].

1.4.2 Branch Prediction

The AMD Athlon 64 has dynamic branch prediction with a 2,048¥Branch History
Table (BHT) and uses the 2-bit Smith Algorithm. The BHT camseinformation if a
branch was recently taken or not. The 2-bit Smith algoritlses.2 bits to remember if
a branch was taken or not, which implies that a branch has prdmicted wrong two
times in a row to change prediction for the branch. This iegpthat you get a much
more accurate branch prediction [4, 5].

1.5 References

[1] ADVANCED MiICRO DEVICES. (AMD Athlon 64 processor) Key archi-
tectural features, June 17, 2005 Jnttp://www.amd.com/us-e/Processors/
Productinformation/U.3U_L18 9485 948/%5E9493,00.htm !

[2] CLEVELAND, S. AMD x86-64 technology. White paper, Advanced Mi-
cro Devices, Aug. 2000. Available attp:/iwww.amd.com/us-en/assets/
content type/white papers and tech docs/xg8b-64 wd.p ar.

[3] HANS DE VRIES. Understanding the detailed architecture of amd’s
64 bit core, Sept. 21, 2003. http://chip-architect.com/news/
2003 09 21 Detalled Architecture of AMDS 64bit Core tmiEg .

[4] LubLOFF, C. sandpile.org — AA-64 implementation — AMD K8. Web page,
July 26, 2004 http:/iwww.sandpile.org/impl/kg.htm |

[5] PATTERSON, D. A., AND HENNESSY J. L. Computer Organization & Design:
the Hardware/Software Interfaceecond ed. Morgan Kaufmann Publishers, Inc.,
San Francisco, California, 1998.

[6] WikIPEDIA. 3DNow! — Facts, Info, and Encyclopedia article. Web pageg /81,
2005, nttp://www.absoluteastronomy.com/encyclopzdia/3/3d/ 3dnow3.htm .
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2. AMD Athlon X2 Dual-Core

2.1 Introduction

The AMD Athlon X2 Dual-Core processor was released on th¢éhnifi May, 2005
and was a natural successor to the AMD Athlon 64, which in taa based upon the
much celebrated Athlon XP series. AMD’s goal has since the 1890s, when they
announced their current architecture, been to put multiptes on a single processor.
The AMDG64 architecture, which the Athlon X2 Dual-Core prsser is based upon,
was designed from the ground up to accommodate the use aptawdores on a single
processor[2].

2.1.1 Overview of the Processor

The Athlon X2 Dual-Core processor has, opposed to Athlonnetlbgical cores for
symmetric multiprocessing. Because the Athlon 64 X2 abtuansist of two Athlon
64 cores mounted on one and the same chip with some additionabl logic, it has
inherited the register structure from the AMDG64 architeetwhich is used in Athlon
64. The AMDG64 architecture extends the legacy of x86 archite with sixteen new
64-bit general-purpose integer registers, sixteen newbi?gMM registers for en-
hanced multimedia which includes SSE/SSE2/$&E8®! full 64-bit virtual addressing
with 52 bits physical memory addressing. Each core in thegs®or is equipped with
128 KB L1 cache, 64 KB for instructions and 64 KB for data. Bahas, depending
on model, 512 KB or 1024 KB L2 cachel[1].

When using the shared resources, the two cores communiadtespecial Cross-
bar-switch and the System Request Queue. They interaceaih other on the same
level in order to solve cache coherency issues without theliement of the system
bus or the memory bus. Furthermore, communication with ABekripherals and the
hard drives is done using a single HyperTransport link ragrat 2 GHz, 1 GHz full
duplex to be more precise, and communication with the RAMIvashared Memory
Controller at a speed of 6.4 GB/sé¢[[4, 3]. Because the Mer@ontroller is built in,
the processor does not have to go via the northbridge to aticeRAM, this means
that requests reach RAM faster and data is returned from A Rore quickly. One
effect of the built in Memory Controller is that it benefitof the frequency of the
processor. Thus, when the processor clockspeed incréesktemory Controller will
go faster, see Figuke2.1 on the following p&de [5].

leXtended Memory Management.
2Streaming SIMD Extensions.
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8 CHAPTER 2. AMD ATHLON X2 DUAL-CORE

CPUO CPU1

L2 Cache L2 Cache
(for CPU 0) (for CPU 1)

AMD Athlon™ 64 X2
Dual-Core Processor Design

Figure 2.1: AMD Athlon X2 Dual-Core (from[]4])

2.2 Execution

2.2.1 Pipeline

The Athlon X2 Dual-Core has the same pipeline as the AthlarV@den compared to
the old Athlon XP, it is evident that the pipeline has beeméased from ten to twelve
stages, see Table2.1 on the next page. The new stages afiquabessor to scale
to higher clockspeeds then the Athlon XP. The main diffeecbetween Athlon X2

Dual-Core and Athlon XP pipelines lies in the first stadés [5]

The fetch phase of the Athlon 64 X2 Dual-Core processor &gct6 byte of in-
structions from the L1 cache. The fetch phase is divided mgtages to decouple the
clockspeed from the L1 cache. In the Pick stage of the pipdhe processor moves
the 16 bytes into a 32-byte buffer, appending the new 16 bittethe previous 16-byte
group. Then the processor scans the 32-byte buffer aftenagtons and sorts the in-
structions into one of two types; those who can be decodeladlydstpath decoder and
those who must be decoded by the microcode engine. The Hastpeoder and the
microcode engine translates the x86 instructions into tmal format that looks like
a RISC-format which is easier for the processor to managesemedule. The Fastpath
decoder can handle the shortest and simplest x86 instnscéiod it can handle up to
three instructions at the same time. The microcode engindlésithe more complex
instructions but it can only handle one instruction per klogcle [5].

2.2.2 Branch Prediction

The branch prediction of the Athlon 64 X2 architecture hast lijke the Athlon XP, two

main structures consisting of a local history table and aajlbistory table. The local
history table keeps track of the execution history of eadividual branch in order to
predict whether the branches will be taken or not taken. Tblged history table keeps
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OSKAR NORBERG ANDROBERT JOHANSSON 9

Athlon XP Athlon 64 X2 Dual-Core

1 Fetch Fetchl

2 Scan Fetch2

3 Alignl Pick

4 Align2 Decodel

5 Decodel (EDEC) Decode2

6 | Decode2 (IDEC/Rename) Pack

7 Schedule Pack/Decode

8 AGU/ALU Dispatch

9 | L1 Address Generation Schedule
10 Data Cache AGU/ALU
11 Data Cache 1
12 Data Cache 2

Table 2.1: AMD Athlon XP and Athlon X2 Dual-Core pipelinesqin [5])

track of the history of a large number of branches and predibich way each of these
will go by correlating them to the execution histories of tliker branches in the table.
Furthermore, a branch selector table chooses between thiables depending upon
which of the two prediction schemes that has produced th¢ acosrate result for each
branch. This way, superpipelined machines like the AthibiX8 can be provided with
just what it needs; a very accurate branch prediciibn [5].

When compared to the Athlon XP, the number of branch selectidhe Athlon 64
X2 is twice as many and the size of the global history tablecheslrupled to over 16
000 entries, which results in an five to ten percent improverirebranch prediction
accuracy over the Athlon XRP1[5].

When the branch predictor decides that a particular bralnghld continue to exe-
cute, it needs to know the address, which can either be spebaifithe branch instruc-
tion itself or be the result of a calculation to which it shdjlimp. In cases where
the branch target is the result of a calculation, the AthlérX@ stores the calculated
target address in yet another essential structure in thiodBd X2's, as well as the
Athlon XP’s, branch prediction units, that is called therifatarget buffer. As a result,
no recalculation of the branch target is needed when, latémn a program execution,
a particular branch is reencountered and predicted as .talkestead it retrieves the
address from the branch target bufier [5].

Both the Athlon XP’s and the Athlon 64 X2's branch target buffan hold infor-
mation about 2048 branches. The branch target buffer of thiebpA 64 X2 is backed
up by a branch target address calculator that diminishgsahalty caused by a wrong-
ful prediction when the branch target buffer is holding thearrect branch target for
a branch. This is done by comparing the result given by thedtrdarget address
calculator with the branch target produced by the brandjetaouffer; if the two do
not match, then the branch predictor calls mispredict aackethy eludes penalty cycles
caused by a wrongful prediction mentioned abave [5].
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10 CHAPTER 2. AMD ATHLON X2 DUAL-CORE

2.3 Comparing to the Intel Pentium D

The Pentium D is Intel's contribution to the dual core tedbgy and is the main com-
petitor to the Athlon 64 X2 Dual-Core. The main differencavixen these two is
that the Pentium D has a much longer pipeline, 31 steps cadparl2 steps of the
Athlon X2, which in turn leads to an advantage in clock fregmefor the Pentium D.

The higher clock frequency of the Pentium D has some disddgas though, it has a
larger power consumption then the Athlon X2 and is therefmmeerating more heat.
Another difference is that the Pentium D needs a new Nowlgleribecause it must
handle the communications between the cores. All commtiaichetween the RAM

and the processor must also go through the Northbridge betha Pentium lacks the
integrated Memory Controller.

Generally it seems that most people that have comparedtiveggocessors have
come to the same conclusion; the Pentium D is the best chdiea winning multiple
applications simultaneously on a system due to its Hypexdding technology but
when running a single application or two applications thaléw 64 X2 is the best
choice with up to 30 % better performante [6].

2.4 References

[1] ADVANCED MICRO DEVICES. Athlon 64 X2 Dual-Core Product Data Sheet
May 2005. Also available étitp:/iwww.amd.com/us-eh/assets/content_Fype/ -
white papers and tech docs/3342%.pdf

[2] AbvANCED MICRO DEVICES. Multi-core processors - the next evolution in com-
puting May 2005. Also available dttp:/imulticore.amd.com/WhitePapers/
Multi-Core Processors WhitePaper.pat

[3] FREEMAN, V. Athlon 64 x2 4800+ processor review. Web page, June 22520

http://www.sharkyextreme.com/hardware/cpu/articie.p hp/3514901 |

[4] GAVRICHENKOV, l. AMD athlon 64 x2 4800+ dual-
core  processor  review. Web page, Aug. 5, 2005.
http://www.xbitlabs.com/articles/cpu/display/athlon o04-x2.html

[5] STOKES, J. Inside AMD’s Hammer: the 64-bit architecture be-
hind the Opteron and Athlon 64. Web page, Feb. 1, 2005.
http://arstechnica.com/articles/paedia/cpu/amd-hamm er-l1.ars

[6] VOLKEL, F., TOPELT, B., AND SCHUHMANN, D. Stress test:

Athlon 64 x2 4800+ vs. pentium 840 ee. Web page, June 24, 2005.
http://www.tomsharaware.com/cpu/20050603/index. html
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3. ARMY

3.1 Introduction

The ARM7 family of processors is one of the most widespreatheéworld. It is
used in many types of embedded systems, especially in pergvices due to its
low power consumption and reasonable perfornﬁn‘ﬁbe ARM architecture features
a 32-bit RISE processor with 37 pieces of 32-bit registers, 16 of whichvelable
for the programmer. Due to its simple structure it has reaslyngood speed/power
consumption ratio.

The ARM company was founded in 1990 after a collaboratiorjgotabetween
Apple and Acron on the existing ARihat produced such significant results that it
made the companies come together and start the newﬂAtRthany. This work
eventually led to the release of the ARM6 family which is adaeessor to the ARM7
family. The most successful implementation so far has beerARM7TDMI which
can be found in millions of mobile phones, mp3 players, goe@game consoles, to
name only a few. Today ARM processors account for 75 % of albiB2mbedded
CPUs [5].

-
[ =
=
-
=

ik

Figure 3.1: ARM7TDMI (from[[1])

IMIPS/Watt.

2Reduced Instruction Set Computer.
3At the time Acron RISC Machines.
4Advanced RISC Machines.
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3.2 Reqgisters

The ARM?Y is a load-store architecture. This means that iriorol perform any data
processing instructions the data first has to be moved frenmtbmory into a central
set of registers. After this the instructions can be exaetatal the data moved back
into the memory. The ARM register structure is dependent lvditvtype of mode is
selected. There are seven different modes available in B fArocessor, each of
which has their own register availability. In the table el an overview of the
registers available in the different states.

Sys & usr fiq svc abt irq und
RO RO RO RO RO RO
R1 R1 R1 R1 R1 R1
R2 R2 R2 R2 R2 R2
R3 R3 R3 R3 R3 R3
R4 R4 R4 R4 R4 R4
R5 R5 R5 R5 R5 R5
R6 R6 R6 R6 R6 R6
R7 R7 R7 R7 R7 R7
R8 *R8_fiq R8 R8 R8 R8
R9 *R9_fiq R9 R9 R9 R9
R10 *R10_fiq R10 R10 R10 R10
R11 *R11_fiq R11 R11 R11 R11
R12 *R12_fiq R12 R12 R12 R12
R13 *R13_fig || *R13_svc|| *R13_abt|| *R13_irqg || * R13_und
R14 *R14 fiq || *R14_svc|| *R14_abt| *R14_irq || *R14_und
R15(PC)|| R15(PC)|| R15(PC) || R15(PC) || R15(PC)|| R15(PC)

Table 3.1: Register table for different modes (fram [2])

Explanations of the different modes in TableB.1
e User (sr): Normal program execution state.
e FIQ (fiq): Data transfer state.
e IRQ (irq): Used for general interrupt services.
e Supervisor $vQ): Protected mode for operating system support.

e Abort mode ébt): Selected when data or instruction fetch is aborted.

SRegister banking (fields marked with an *) means that thexseveral copies of the register and whether
one is visible depends upon which mode the ARM is in. The redésohaving these banked registers is to
get faster interrupt handlers and OS services, as theseseaheir own banked registers without having to
save user mode registers.
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e System $y9: Operating “privilege” mode for user.
e Undefined: gnd): Selected when undefined instructions are fetched.

As we can see in the table there are 16 32-bit registers alailanormal (usr) ARM-
mode. RO to R12 are standard registers. The R13 registevdyslused for the stack
pointer, R14 is the link register (it holds the address tamreto from a function) and
R15 is the program counter (referred to as PC from now on). Rt@is the Current
Program Status Register (CPSR) which holds informationuati® current state the
processor is in.

3.3 Instruction Set

The 32-bit ARM instruction set is fully conditional. This @aues that every instruction
is executed with one of sixteen conditional mnemonic in fiadrthem. For instructions
that don’t need any condition the prefix AL (Always) is usetheTadvantage with this
is that you get a diverse instruction set with the possibititexecute every instruction
with a condition, 16 different mnemonics that can be appltethe beginning of the

instruction. Another benefit with this is that if an instriact does not satisfy the con-
dition it will be handled like a NOP. This is done to make sussaoth flow through

the pipeline is kept.

3.4 Pipelining
The ARM7 has a three-stage pipeline, consisting of fetchpde and execute. This

allows the CPU to execute one instruction while decodingarsé and fetching a third
instruction.

e 2 3 4 5 8 | Insiruction
Feich : :
o The ARM 7 Iyee-slage pipetine
Decode has independent felah, decode
Execuie and execule slages

Figure 3.2: lllustration of the pipeline in ARM7 (frornl[3])

The pipeline performs at its best in linear code, as soon asmch is encountered
the pipeline is flushed and needs to be refilled before fultetien speed is resumed.
Because of the use of a pipeline the programmer needs to efikcahen modifying
the PC and remember that it is eight bytes ahead of the inigtrnugeing executed.
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3.5 Thumbs

As mentioned before, the ARM7 is a 32-bit processor, but #ithuse of ThumiBkit
has a second 16-bit instruction set. This makes it possiblthe processor to cut the
memory use with about 30 % when dealing with 16-bit code. Gnather hand the
normal ARM instruction set is about 40 % faster when dealiith @2-bit codell4]. So
the advantage of Thumbs is the possibility to switch betwtertwo instruction sets
when dealing with different code.

3.6 References

[1] ADVANCED RISC MACHINES LIMITED. ARM7TDMI. Web page, Sept. 18,
2005 nttp:/iwww.arm.com/prodiicts/CPUS/ARM / TMI.html , date visited given.

[2] ATMEL. Embedded RISC Microcontroller Cqorélov. 1999. Also available at
ntep://www.atmel.com/dyn/resources/prod_doct ments/U b/3s.pdl .

[3] TREVOR MARTIN. The Insider’'s Guide To The Philips ARM7-Based Microcon-
trollers. Hitex (UK) Ltd., 2005. Also available dtp:/iwww.hitex.co.uk/arm/ -
[pC2000D00K/PC-ARM-DOOK Sfn.pdf

[4] VILLE PIETKAINEN. ARM Architecture. PDF presentation, 2002.
http://tisu.mit.lyu.filembedded/ TIE345/Iuentokalvot Embedded 3 ARM.pdf L

[5] WIKIPEDIA. ARM architecture, Sept. 18, 2005nttp://en.wikipedia.org/ -
ARM architecture |, date visited given.

6Thumbs is to be found in all ARM7 processors with a T followihg ARM?7.
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4. ARM926EJ-S

4.1 Introduction

The ARM design was started on in 1983 by Acron Computers Lt ia 1985 the
team released development samples called ARM1, and thesfilgiroduction systems
called ARM2 the following year. The ARM2 was possibly the plest useful 32-bit
microprocessor in the world at the time, with only 30,00@/&iators.

In the late 1980s, Apple Computer started working with Aasamewer versions of
the ARM core. The work was so important that Acron spun offdbsign team in 1990
into a new company called Advanced RISC Machines. This wankldieventually turn
into the ARM6 with the first models released in 1991. Appledude ARM6-based
ARM 610 as the basis for their Apple Newton PDA in 1994, whilerédn used it as the
main CPU in their RiscPCs.

The most successful implementation has been the ARM7TDNH thwindreds of
millions sold for use in cellular phones. DEC licensed theigie and produced the
StrongARM. At 233MHz this CPU only consumed 1 watt off power.

The ARM7 family also includes the ARM7TDMI-S and ARM7EJ-Ses and the
ARM720T macrocell, each of which has been developed to addi#ferent market
requirements. This family was later developed into the ARSd8es|[1D].

4.1.1 ARMS9 Processor Family

The ARM7 has only 3 pipeline stages, this was later increagesl stages for the
ARM9. The ARM9 processor family is built around the ARM9TDMiocessor and
incorporates the 16-bit Thumb instruction set, which inveocode density by as much
as 35 %l[7].

The ARM926EJ-S processor, which was released on June 1B [2)@nd can for
example be found in the cellular phone V800 by Sony Ericshas,extensions such
as Jazelle and Digital Signal Processing (DSP). The ARM D&énsions that offer
enhanced 16- and 32-bit arithmetic capabilities within filmectionality of the CPU,
improves performance and flexibility.

ARM'’s Java acceleration technology consist of two partszella [9], a hard-
ware component and JTEK, a highly optimized software coreponThese compo-
nents must be together to provide a complete Java accelesatiution. ARM Jazelle
technology provides hardware Java acceleration to dedigaificantly higher perfor-
mance. It dynamically executes some 9096 [8] of Java bytedwdetly on the core to
give both performance improvement and power savings.

IBM, Texas Instruments, Nintendo, Philips, Atmel, SharanSung, etc have also
licensed the basic ARM design for various uses. The ARM chip lrecome one of
the most used CPU designs in the world, found in a wide vanétevices such as:
cell phones, cars, toys, routers etc. Today it accountsvier 85 % [5] of all 32-bits
embedded CPUs.
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4.2 Overview of the Processor

The different details of the ARM926EJ-S that are discusedtis section can be ob-
served in FigurE4l1. More in-depth information can be foimi3, 4, [@].

'R B B R BN EERENENI
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inerface | o g
ETM O ETMS Interface E
\\:;ac | ¥ r g A 4 [
Instruction Data
u TCM interface E TCM interface E
O ]
Instruction 401 | Kl . Data
0 | cache 17| armoessm cache | |1
= lem O VMU core MMU 7]
0 ]
Write buff
ARMBEJS [ : rite u er ]
,,,,, - ‘ Control Logic and Bus Interface Unit ‘
| e L 3 ]
= M 1 0 Intorace (wisian] L 0ea | M
\—‘ & e — O ]
HE NN NNNNNNN

Figure 4.1: ARM926EJ-S overview (froml[3, 6])

4.2.1 Tightly Coupled Memory (TCM)

There is a separate interface, the TCM, which the processwoides access too. The
TCM can be used for storing instructions and data. It is desigo allow single cycle

access that can be extended by a wait signal which in turvalimnzero wait state
memory to be used, and for DMA-type access to occur.

There is no restriction on the type of memory or memory sysattached to the
interface other than that it must not contain read-semsitications. The physical ad-
dresses and write accesses are protected based on thedtiéorstored in the Memory
Management Unit (MMU). The TCMs are typically used to staiiaal code and data
for which deterministic access times are required, whictotsnot always the case for
code or data that resides in a cacheable region of merory [4].

4.2.2 Memory Management Unit (MMU)

The MMU supports a demand page virtual memory system redjbiyeperating sys-
tems such as Linux and Windows CE. The MMU provides the aquedection mech-
anism for all memory access. The address translation, giroteand region type in-
formation is stored in a series of page tables in main memdhe MMU contains
hardware for automatically reading and processing thddegaand storing the result-
ing Translation Look-aside Buffer (TLBJ[4].

September 29, 2005 Taha, Lofstedt and Agren (editors)



EMANUEL DOHI AND MATTIAS HARALDSSON 17

4.2.3 Caches

The ARM926EJ-S uses separate caches for instructions aad allowing both an
instruction fetch and a load/store access to take placeltsinaously. The cache is
constructed using standard compiled SRAM blocks, allowimgde range of processes
and libraries to be targeted. The size of each cache candmtextin 4, 8, 16, 32, 64 and
128 kB range. The caches are virtually addressed, with esdfedine containing eight
words. A cacheable memory region can be defined as eitheg beite-back (copy-
back) or write-through. This is controlled in the page tadiéry for the region([4].

4.2.4 Coprocessor

ARM926EJ-S supports the connection of an on-chip copracdssugh an external
coprocessor interface. All ARM processors feature a cagmsar interface to allow the
developers the flexibility to enhance the feature set of the,adding support for new
features and extensions to the instruction|set [4].

Such an extension is the DSP instruction set that provide®tlowing features:

1. 16-bit data operations
2. Saturating, signed arithmetic — on both 16- and 32-ba dat
3. Enhanced Multiply Accumulate (MAC) operations

Multiply instructions are processed using single-cycle3®implementation. There
are 32x32, 32x16 and 16x16 multiply instructions or Multigiccumulate (MAC),
and the pipeline allows one multiply operation to start eaatie.

4.2.5 Reqgisters

The processor core consists of a 32-bit datapath and asstaantrol logic. The
datapath contains 32 registers coupled to a full shifteithAretic Logic Unit (ALU),
and multiplier. At any time, 16 registers are visible to theeiu The remainder are
banked registers used to speed up exception processing [3].

4.3 Execution

ARM or Thumb
Instruction Inst Decode st MAC2 + SAT Reg
B . i?ds . Shift + ALU || Memory Access || Wt
FETCH DECODE EXECUTE MEMORY WRITE

Figure 4.2: ARM926EJ-S pipeline (frornl[1])
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The processor core implements a 5-stage pipeline desidrasla Harvard archi-
tecture, meaning that data accesses do not have to completastiuction fetches for
the use of one bus. Result-forwarding makes it faster in émses that results from
the ALU and data loaded from memory gets fed back immedidtehe used by the
following instruction.

In this pipeline design, dedicated pipeline stages hava hdded for memory ac-
cess and for writing results back to the register bank, sgeréll4? on the preceding
page. Register read has been moved back into the decode $taege changes allow
for higher clock frequencies by reducing the maximum amadrbgic which must
operate in a single clock cycle.

4.4 Performance

Code Size Performance

350%

101.00%

100.00%
300%

99.00% e

250%

98.00% E—

200% || |mJava bytecode, 97.00% =
& Thumb-2EE

96.00%
Thumb-2
180%

QARM 95.00% —

100% 94.00% -]
93.00% _
50%
92.00% —
0% 91.00%

Micro benchmarks Larger benchmarks Class Librares

@ Thumb-2EE
® Thumb-2
] ARM

Micro benchmarks

Figure 4.3: ARM926EJ-S performance comparison of bothaimespeed (fron[9])

Figure[Z3 illustrates results from a compilation of Javéebgde using the ARM
Ahead Of Time (AOT) compiler. The compiler output includeRM code, Thumb-2
code and Thumb-2EE (Jazelle RCT) code, the results are shownalized against
the original Java bytecode. Note that this compiler is higigtimized for code den-

sity rather than performance, so code bloat for all ISAs ésltlhw end of the possible
rangel[1].

4.5 Special

Some of the richer features of this processor is that it cacue 80 % of javas code
directly and that it has extensions for both encoding anddiag of MPEGA4.
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5. Intel Pentium Pro

5.1 Introduction

The Pentium Pro processor by Intel is a sixth-generationmiBBoprocessor that re-
placed its predecessor the original Pentium processordifieeence between the Pen-
tium Pro and its predecessor is, despite the name, actuailly big. Based on the
then new P6-core Pentium Pro uses the same core as the latemPd, Pentium I
and Pentium M. So when the Pentium Pro was introduced in 1198&s a big step
for the Pentium processor family. Pentium Pro introduceeise unique architectural
features that had not been seen in any PC processor before.

5.2 Overview of the Processor

Using a new way of processing instructions and several ddsdmical advances the
Pentium Pro achieves approximately 50 % higher performtrare a Pentium of the
same clockspeed. Some of the advances that contribute todteased performance
are [4]:

1. Superpipelining: To compare with the Pentium processor, which uses 4 execu-
tion steps in pipelining, Pentium Pro uses 14.

2. Out of Order Completion: The executions can be completed out of order.

3. Register renaming: This makes parallel performance of the pipelines better.

4. Speculative Execution: To reduce pipeline stall time in the core, the Pentium
Pro uses speculative execution.

5. Superior Branch Prediction Unit: The Pro has a branch target buffer that is
two times the Pentium’s and its accuracy is increased.

6. Wider Address Bus: With a 36 bits address bus the Pentium Pro can address up
to 64 GB of memory.

7. Integrated Level 2 Cache: A then new level 2 cache memory is used in the
Pentium Pro. It uses integrated level 2 cache, which runkseafull processor
speed, instead of using the motherboard-based cache timatuhe speed of
the memory bus. The cache memory of Pentium Pro is also raakiblg, this
makes the processor continue without waiting on a cache miss

8. 32-Bit Optimization: When the Pentium Pro was released most software used
32-bit code and because of that the Pentium Pro is optimizetth&t.

5.2.1 Implementations

When the Pentium Pro was released it was mainly designeddbrdnd servers and
workstations, because it was optimized for 32-bit codegpably those computers that
was using windows NT and UNIX systems. This made the processurly suitable
for 16-bit code. When the Pro was released it was not weltijposid to compete in the
desktop market, because most desktops used Windows 3dh ishising only 16-bit
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code, and Windows 95, which was new at that time and therafeoeusing most 16-bit
programs. To make a new processor improvement suitabladatésktop market Intel
released Pentium MMX as the successor for the original Bentlfoday Pentium Pro
still is popular for servers because its low coEis [6].

5.3 Memory Hierarchy

5.3.1 Register

The registers of the processor is the at the top level of theong hierarchy. It is the
register that provides the fastest access to data possilte®0x86 CPU. The register
is also the smallest memory in the hierarchy of the CPU witlza af 32 bits for the
Pentium Pro. The register is a very expensive meniaory [1].

5.3.2 Level 1 Cache

The next level of memory in the CPU is the level 1 cache. It ixadisize memory
provided by Intel and it can not be expanded. The size of tlemory is 16 KB for
the Pentium Pro, 8 KB for data and 8 KB for instruction. Thetques byte of level 1
cache is much lower than the regisfér [1].

5.3.3 Level 2 Cache

Below the level 1 cache in the hierarchy is the level 2 cachiee Fentium Pro has
integrated level 2 cache which makes the cache run at the Sa@eel as the processor
(usually 180 or 200 MHz) instead of just the system bus spé@a( 66 MHz). Be-
cause of the integrated cache memory it is not possible tarekthis memory without
replacing the whole CPU. Another drawback of this type otheamemory is that it
is very expensive to manufacture the large chip requiredhietevel 2 cache. This is
the main reason why Intel did not use integrated level 2 cagten designing the next
processor, the Pentium [M[1].

5.4 Execution

The Pentium Pro uses the three independent-engine apprbaathconsists of a Fetch/-
Decode unit, Dispatch/Execute Unit and a Retire Unit.

5.4.1 Instructions

The handling of instructions in Pentium Pro converts the @leminstruction Set Com-
puter (CISC) x86 instructions into Reduced Instruction Gemputer (RISC) micro-
ops. This conversion is to reduce the inherent limitationthie x86 instructions set,
such as irregular instruction encoding and register-toaog arithmetic operations.
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It passes the micro-ops to a out-of-order execution endiaedetermines if the in-
structions are ready for execution and else if not, the rige are shuffled to prevent
pipeline stalls[[5].

5.4.2 Pipelining

The Pentium Pro was the first in the x86 family that implemenigserpipelining. The
14 stages trades less work per pipe stage for more stagepipehstage time is 33 per-
cent less then the original Pentium, that results in a higloek rate on any given pro-
cess. The 14 stages are dived into three sections, calldbrégeindependent-engine
approach. Eight stages consist of the in-order front entioseahis handles decod-
ing and issuing of instructions. There are three stagestwdnecutes the instructions
called out-of-order core. The last three stages handlemtbeder retirement. Su-
perpipelining provide simultaneous, or parallel, progessvithin a CPU. It overlaps
operations by moving data or instructions into a concepiips with all stages of the
pipe processing simultaneously. As an example, while os&dlaotion is being exe-
cuted, it is decoding the next instructidn [2, 5].

5.4.3 Dynamic Execution

Also a performance improvement for the Pentium Pro is theadyin execution. This

includes branch prediction, data flow analysis and spaealakecution. These func-
tions reduces the wasted clock cycles, by making predistarout the program flow.
Consider memory latency problems when an instruction to argnis called and the
CPU must wait for the data to be read from main memory andmétbefore executing

an instruction on the data. This CPU stalls while waitingtfus data. To avoid this
latency problem, the Pentium Pro processor “looks-ahe#d the instruction pool at
subsequent instructions and will do useful work rather thastalled. This approach
has the side effect that instructions are typically exetotg-of-order. A call to mem-

ory will take many internal clocks, so the Pentium Pro prgoesore continues to look
ahead that could be speculatively executed, and is typit@dking 20 to 30 instruc-

tions ahead. Dynamic Execution can be summarized as optiagjlisting instruction

execution by predicting program flow, having the ability fresulatively execute in-
structions in any order, and then analyzing the data flow twsh the best order to
execute[[R, B].

5.5 Performance

As already mentioned the Pentium Pro processor is desigraliver optimal perfor-
mance for 32-bit software. This made it especially suitedsfifitware like CAD, 3D,
and multimedia applications. The processor became venylpofor high performance
desktops and workstations, as well as for large databaseraatprise applications on
servers. The processor delivers outstanding integer aatrtppoint performance.
Many different benchmark tests exists and T&bI 5.1 on thafimg page displays the
results from a few of them for the original Pentium, Pentiumm &d Pentium 2.
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Table 5.1: Benchmarks, higher values is faster

Processor CPUmark32 Norton SI32 iCOMP 2.0
Pentium 200MHz 382 44 142
Pentium Pro 150 MHz 420 70 168
Pentium Pro 166 MHz 465 78 186
Pentium Pro 180 Mhz 497 81 197
Pentium Pro 200 MHz(256 KB) 553 90 220
Pentium Pro 200 MHz(512 KB) 611 98 240
Pentium Il 233 MHz 640 115 267

As we can see from Tal[e®.1 the difference between the atiientium 200 MHz
and the Pentium Pro 200 MHz is bigger than the difference detvthe Pentium Pro
200 MHz and the later Pentium Il 233 MHz. This tells somethaimput how fast
the Pentium Pro processor was. The high performance had sackedraws, and, as
mentioned above, the high prize for the integrated levelcheavas one of them][3].
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6. Intel Pentium Il processor

6.1 Introduction

The Pentium Il processor is created by Intel, and was rekbas the end of Febru-
ary, 1999. It is based on the same architecture as its prsstacBentium Il, which
in turn was built on the Pentium Pro core. The instructionusstd by Pentium IlI
is the 1A-32 (Intel Architecture 32 bits), but with the addit of SSE (Serial SIMD
Extension). Another difference between Pentium Il and igemtll is the controver-
sial PSN (Processor Serial Number), a unique ID number loakttin each processor.
Just like Pentium Il, Pentium IIl also exists in two speciatsions. The slower and
cheaper Celeron, and the faster, but more expensive XeatiuRelll has now been
superseded by the newer Pentium 4 processor, but it issitl in a lot of place$[7] 8].

6.2 General Information and History

Pentium 11l was first introduced in a version called Katmaiwhs pretty much the
same as Pentium Il, but with the addition of the Streaming [SIEktension (SSE),
and an improved level 1 cache controller. It had a speed obA6HB00 MHz. Later a
version called Coppermine was released. It had an impraxed 2 cache with lower
latency, which made it a lot faster than Katmai. Versionfpitocessor speeds of more
than 1 GHz was created. Also the stalls that earlier existade instruction pipeline
was fixed. Finally Intel released a third version, called l&tia. It had as much as
512 KB level 2 cache, and existed with processor speeds @3Hz|[g].

One big advantage Pentium Ill has compared to the older ieritiprocessor is
the addition of SSE. This is a set of instructions createcteral the MMX instruction
set, that was introduced on Pentium Il. Both MMX and SSE ideBiSIMD (Single
Instruction, Multiple Data), which allows the processogfiply an instruction to large
quantities of data in parallel. This is used to acceleratkimedia applications, since
Intel saw a trend in the market requiring just that. Even gioMMX was similar to
SSE it had the big drawback that it could not handle floatingtpaperations, which
SSE could[[¥18.19].

Another addition to the Pentium 11l was a Processor SeriahNer (PSN), which
was a unique ID number hardcoded into each processor. Eeaghht was possi-
ble to disable it, it was shown that web sites could still ascitne PSN. This caused
groups of users, that did not want to be identified that easilfile complaints against
Intel. Eventually Intel had to accept this massive resistaand declared that no future
Intel processors would have the PSN. It is however stilluded in the Pentium llI
processor<]5].

Intel also released a cheaper version of the Pentium |llgesar, called Celeron.
It was more or less identical to Pentium Ill, with the sigrafi¢ difference that the level
2 cache was only half as big. This caused Celeron to be sléethe other hand, a
faster and more expensive version called Xeon was releideat] a much larger level
2 cache, up to 2 MB]8].
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Since Pentium Il processors are not created for some dpeia or machine, it
can be found in regular home computers and laptops. It isthls@rocessor used in
Microsoft's gaming console X-box. A special variant of thealatin version called
Pentium I11-S was mostly used in servers where power consiommattered([8].

6.3 Processor Overview

The first Pentium Il processors to be released had freqasmainging from 450 to
600 MHz. This increased rapidly, and eventually procesadtts frequencies up to
1.4 GHz existed. The system bus runs at 100 or 133 NTHZ [8, 4].

The processor has two separate level 1 caches. Both are 16riByne is used
for instructions, and the other for data, see Fidure 6.1.l&Wel 2 cache is 512 KB on
most versions of the Pentium Ill, but some exist where théeds only 256 KB, and
some where the cache is much largéf]3, 4].

There are four different kinds of registers. Eight 32 bitisegys for general purpose.
Eight 128 bit registers for SSE. Eight 64 bit registers for MMind finally eight 80 bit
floating points register§4].

Pentium(r) lll Processor Architectural Block Diagram

Instruction Cache 16 Kbyte, 4-way | Dynamie Branch
32 entry TLB [Predictor: 512 entres|

Fetch/Decod Static Branch
RSt I_.IarmnlhlhstunthgmcudiH B et

Architectural
Ragister Fila

System Bus

Integer/FP Register
Rename & Allocator

Reservation Station (20 Entries)

Memary Order Buffer
12 entry store, 16 antry bad

Reorder Buffer
{40 entries)

' Data Cache 16 KByte, d-way
72 antry TLB

Figure 6.1: The Pentium Ill architecture (froh [6]).
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6.4 Architecture and Execution

Pentium Il uses the Intel P6 core, which features an outrder execution unit. A
window is opened on all instructions that are not yet exe;wtdich allows the execute
phase of the processor to get a better overview of the stréaratouctions. This gives
it a better ability to schedule the execution of the insinng optimally. The P6 core
breaks the x86 instructions into simpler instructions|echimicro-ops. This task is
performed by three parallel decoders. When the micro-opslacoded they are sent
to the Reservation Stations (RS). There they will wait utitdir data operands are
available, and are then sent to an execution unit. The P6haséive execution units,
designed to execute different sets of instructions. TwallenALU, MMX and SSE
instructions. One handles Load, one Store Address and one[Sata instructions (see
Figure[6.2). When a micro-op has been executed it is retuméte Reorder Buffer,
where it will wait for retirement. In this stage data is weittback to the memory, and
the micro-ops will then retire in-orderl[6].

There are two problems with this approach, that needs to bdl&g in order to
increase the performance of the processor. The first islibagxtecution units all have
a well-defined set of operations to execute. If a large bulkstiructions of the same
kind are sent, that execution unit will cause delays, whike dther units are idle. To
solve this, instructions often needs to be rearranged ttei@ balanced stream, that
make sure that all five execution units has about the samerarobwork. The other
problem is to decrease the number of dependency bounds anithe-ops, to make
sure that they do not stall, waiting for their data operandss available[l6].

Pentium Il has twelve pipeline steps, plus two out-of-arsteps. It also supports
Branch Prediction, to further increase the performahnice [4]

Store Address
Laad Unit Calculation S*Tnﬁm
Unit
3 - ,---”
Port 2 o Port 3 " Porta
.'I _.--"‘JF — f
-rj_______ Portd  ——___ Portd
— "'-..*_.. - +
| Integes Lnit Imteger Unit
FP Unit | MM
Address [

Generation Unit |

|
i
i

Figure 6.2: The five execution units (froir [6]).
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6.5 Performance

The performance of the Pentium 1l processor has been megsutwo different ways;
SpecFP95 and Specint95. The test performed by the Standeémifance Evaluation
Corporation (SPEC) was made on 500 MHz processors, and lgavesult of an aver-
age ratio of 20.7 for SpecInt95, and 14.7 for SpecFPb& [2, 1].
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7. Intel Pentium D with Dual-Core

7.1 Introduction

Codenamedmithfield the Pentiuf® D was first released on Ma 26th, 2005, with
clockspeeds of 2.8, 3.0, and 3.2 GHz. Its predecessor ig 4 with Hyper
Threadingtechnology. Other predecessors are the Per@iﬁmnily 3.

7.2 Overview

The Pentuim D processor dual-core features two PentiumgtBitgprocessors on the
same die. Initially, the Pentium D processor did not suppgper Threadinglthough
some Extreme Editions dbl[1].

Execution Execution
core core
2MB L2 2MB L2
Cache Cache
Bus I/F Bus I/F

MCH FSB

Figure 7.1: Pentium Dual-corefrom [2]

7.2.1 Specification

The main feature of the Pentium D processor is the fact tlnatsttwo executing cores.
The difference between that and Pentium 4 vidifper Threadings that with the Pen-
tium 4, processing threads are processed in the same cosdtihaore efficiency than
the normal Pentium processors (withdtitper Threading With Dual-core technol-
ogy, each processing thread is processed in a separaterakimg it more easy and
more effective to run different applications at the sameetisee FigurE711). More-
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over, Pentium D has Intel's EM64T technology which enalflestrocessor to support
64-bit operating systems and applications. In additiomnéd, tit:

1. Implements the 64-bit architecture.

2. Has 230 million transistors.

3. Features Enhanced Intel Speed@epProcessor voltage and frequency adjust
based on the needs of the application at hand which can rieslédss power
usage and heat production.

4. Has 800 MHz Front Side Bus. High speed between the procasgdhe other
peripherals.

5. Features Execute Disable Bit. Can help to prevent sonssedeof viruses and
worms that exploit buffer overrun vulnerabilities. EDB lwiénder the system
more secure.

6. Features 90 nm Process Technology. Newest generatiomfacturing process
with technologies to help increase processor performance.

7. Has Level 1 cache (two 16 kB Data Caches and two 12 kB Migr&xecution
Trace Caches.

8. Has 2«1 MB Level 2 cache. Each processor core has its own 1 MB cadtis. T
results in reducing the amount of Front Side Bus traffic.

The Pentium D is obviously optimal for server applicatioit that is not its only
major; it can be used with video editing and other demandapdieations. Yet today’s
programs do not fully support this architecture althougindféws and other operating
systems such as Suse are compatible. Despite that, Pentisicobhpatible with both
32-bit and 64-bit system5I[1].

7.3 Reqisters

The Intel Pentium D processor supports EM@Technology. EMB64T increases the
linear address space for software to 64 bits and supportqaigsidress space up to 40
bits. The technology also introduces a new operating mdderesl to as 1A-32e mode.
IA-32e mode works in two ways; It either runs a 64-bit systerd 82-bit programs or
64-bit operating system with programs that support 64-Bitese are the benefits with
64-bit model[l]:

64-bit flat linear addressing.

8 additional general purpose registers(GPR).
8 additional registers for streaming.
64-bits-wide GPRs and instruction pointers.
Uniform byte-register addressing.

Fast interrupt-prioritization mechanism.

ouhr~wNPE
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7.4 Memory Organization

The memory that the processor addresses on its bus is palesital memory.

Physical memory is organized as a sequence of 8-bit bloelk ef which is as-
signed a unique address callglysical address Intel EM64T supports physical ad-
dress space greater than 64 Gbytes. The actual physicassdslze of IA-32 proces-
sors is implementation specific.

When employing the processor’s memory management fasiliprograms do not
directly address physical memory. Instead, they accessomyaming on of three mem-
ory models|[[1]:

1. Flat memory model Memory appears to a program as a single, continuous
address space which is called a linear address space.

2. Segmented memory model Memory appears to a program as a group id in-
dependent address spaces called segments. Code, dattacksdase typically
contained in separate segments. In order for a program tessld byte segment,
it issues a logical address that consists of a segmentsetead an offset.

3. Read-address mode memory modelThis model is for the Intel 8086 proces-
sor. Itis supported to provide compatibility with existipgpgrams written to be
run on the 8086 model.

7.4.1 Virtual Memory

With the flat or the segmented memory model, linear addreasesi{s mapped into
the processor’s physical address space either directrough paging. When using
direct mapping (paging disabled), each linear address bas-#¢0-one correspondence
with physical address. Therefore, linear addresses atesgeon the processor without
translation. While when using 1A-32 architecture’s pagingchanism, linear address
space is divided into pages which are mapped to virtual menitrese pages are then
mapped as needed into physical memory. When an operatitensys executive uses
paging, the paging mechanism is transparent to an applicatogram. All that the
application sees is linear address spate [1].

7.5 Execution

The Pentium D processor uses the NetBBtamicro architecture. The Arithmetic
Logic Units(ALU) run at twice the processor frequency. Basteger operation can be
dispatched in 1/2 processor clock tick. The processor ugeetPipelined Technol-
ogy, which means it has deep pipelines to increase the cétek,rfrequency headroom
and scalability. The processor also provides an AdvancethByc Execution which
is a Deep, out-of-order, speculative execution engine.aift manage up to 126 in-
structions at once, up to 48 loads and more than 24 storepdliqe. It also has an
enhanced branch prediction capability. It reduces the mdiption penalty associated
with deeper pipelines and it uses a 4K-entry branch targayand an advanced branch
prediction algorithm. The Processor has a new cache s@#my3the first level caches
has an advanced execution trace cache that stores decatledtions. The advanced
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execution cache trace removes decoder latency from matutar loops and inte-
grates path of program execution flow into a single line. Theache is a low latency
data cache. The L2 cache is a full-speed, unified 8-way leveldie advance transfer
cache and its bandwidth and performance increases withrttoegsor family([L].

7.6 Performance

In Table[Z1 are some values that Pentium D processors pegsen

Table 7.1: Three Pentium D processors are tested. TestEn fadm [2

Processor MIPS MFLOPS

Pentium D 840 17407 4621 FPU /7950 SSE2
Pentium D 840(4.02 GHz) 18113 5737 FPU /8711 SSE2
Pentium D 840 64-bit 18191 4970 FPU /8770 SSE2

7.7 Conclusion

The Pentium D processor with dual-core is a good step towfasdsr systems. That
is why it is important for the next generation operating eyst to make use of this
technology so that its power can be properly used.

7.8 References

[1] INTEL CORPORATION |A-32 Intel Architecture Software Developer's Man-
uals, Volume 1. Basic Architecturésept. 2005. Available for download at
ftp://download.Intel.com/design/Pentium4/manuals/2o 3bb51/.pdl .

[2] MIKE D. Intel Pentium D 840 dual-core LGA775 processor revipastats.com
(Aug. 2005). Available gnttp:/iwww.pcstats.com/artvnl.ctmarticlelD=1838

[3] WIKIPEDIA.  Pentium D. Web page, Sept. 20, 2005. Available at
http://en.wikipedia.org/wiki/Pentium D L

September 29, 2005 Taha, Léfstedt and Agren (editors)


ftp://download.intel.com/design/Pentium4/manuals/25366517.pdf
http://www.pcstats.com/artvnl.cfm?articleID=1838
http://en.wikipedia.org/wiki/Pentium_D

ANDREASMATTSSON 33

8. Intel Itanium (I1A-64 Merced)

8.1 Introduction

Itanium, also called Merced, is the first generation of pssoes built on the 1A-64
architecture. Itis the result of a cooperation between arid Hewlett-Packard whose
goal was to create a 64-bit post-RISC architecture for heawer applications. It was
therefore intended to replace the Xeon series as Inteksriost server CPU]7].

When the processor was released in June 2001 its perfornaiéace live up to
expectations and had difficulties getting into the markkt [7

8.2 Overview

When it was shipped in June 2001 it was available at the spgg8lend 800 MHz
manufactured with a 180 nm process. The system bus used wamguat a mere
266 MHz which would prove to be one of ltanium’s weak pointhafis 33 % slower
than the bus used by the Intel Pentium 4 sold at the same tiime.CPU consists of
approximately 25M transistors excluding the L3 cache wisabff-die [4,[5].

At its core the Itanium is basically a RISC design but with tipl functional units
enabling it to execute 6 instructions in each cycle (6-widiges scalar). What makes
this architecture stand out from the ordinary RISC desigthésway instructions are
fed and decoded by the CPU [2].

8.2.1 Instruction Set

The instruction format for sending instructions to the CBldalled very long instruc-
tion word (VLIW). Each of these words is 16 bytes long and iBecha bundle. A
bundle is organized in three 41-bit instruction slots an@raglate field. Each in-
struction can take one or two slots depending on the sizeenkeebhe template field
contains information about the instructions in the bundie & tells if the bundle can
be executed in parallel with the next bundle [4].

With this design the CPU can be expanded in later versionartdle more parallel
instruction without changing the instruction set. In aidito the basic instructions the
IA-64 architecture also contains instructions for multdizeand floating point opera-
tions. Itis also possible to add more instructions by prograng using an extensible
firmware interface (EFI) prograrhl[6].

8.2.2 Registers

Itanium has a generous amount of registers, 256 of them, 4@8 &f 64 bits integer
(r0 through r127) and 82 bits floating point registers (flotlgh f127). Register r0
and register f0 is always set to 0 removing the need for thetaoh 0. The register f1
always hold the value 1. The CPU also has a feature calledteggbtation which is
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used to rename registers in hardware to make as efficientfusgisters as possible,
thus improve performancgl[6].

8.3 Memory

8.3.1 Caches

The cache memory of the Itanium consists of 2 or 4 MB off-dieck8he, 96 KB L2
cache and 32 KB L1. The L1 cache is divided in half betweerrutibns and data.
As can be seen in Figule8.1 the latency of the L3 cache is gigitewhich is one of
the main bottlenecks of the CPU. The other latencies in th@ong hierarchy is also
quite high and the bandwidth of the memory bus is a bit poot.tidse things were
vastly improved in the next generation of the CPU3, 7].

I On-die I
| 25.6 GByte/s

External 2.1 GBytE/S 12.8 GByte/s 12 cycles

latency
21 cycles

latency |

25.6 GByte/s

Figure 8.1: An illustration of the memory organization oé titanium.

8.3.2 Virtual Memory

Itanium supports the following page sizes: 4 KB, 8 KB, 16 KB KB, 256 KB, 1 MB,
4 MB, 16 MB and 256 MB. It implements 54 virtual address bitsl &4 physical
address bitd]5].

8.4 Execution

8.4.1 Pipeline

The pipeline of the Itanium is a highly parallel 10-stagestiipe. It is able to execute
up to 6 instructions in every clock cycle. Figlirel8.2 on theirfg page shows the diff-
erent stages in the pipeline and Tdbld 8.1 on the next padeinerbrief explanations
of each stage |2 1].

The pipeline is divided into two groups of units, the fromdeand the back-end.
The front-end consists of the IGP, FET and ROT units whiclkegponsible for fetch-
ing instruction bundles and doing branch prediction. loalses pre-fetching which
hides fetch latency. The back-end consists of the othes anidl is responsible for the
execution of the instructions. The communication of busiedone via a decoupling
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buffer with room for 8 bundles. This decoupling of the frartd and the back-end
makes it possible for the front-end to keep running, fetghand pre-fetching if the
back-end would stallJZ11].

IPG /FET /ROT//EXP/REN/WLD/REG/EXE DET/NRB

Figure 8.2: The 10 stages of the Itanium pipeline

Table 8.1: Explanations of the stages in the Itanium pigelin
State  Explanation

IPG Instruction Pointer Generation. An address for theriresion pointer
is generated.

FET  Fetches bundles and passes them on to the next step.

ROT  Determines which order bundles will be placed in thedauffhich passes
them on to the back-end of the pipeline.

EXP  Disperses the instructions in the bundles to 9 issusport

REN Register renamer.

WLD Word-line decode.

REG Read operands from the register file.

EXE Instruction execution.

DET Exception detection.

WRB  Write back.

8.4.2 Out-of-Order Execution

To create an efficient super scalar architecture it is necgs$s implement an out-of-
order decoder system which analyses the dependency beitvgterctions to see what
instructions can be executed i parallel. This is also the @ashe Itanium, however
instead of using some complex logic to accomplish this ttamielies on the compiler
to perform this task. The compiler is responsible for orging the instructions so
they can be executed in parallel to the greatest extentlgessihis method is called
explicitly parallel instruction computing (EPIC)I[1, 6].

8.4.3 Branch Prediction

In the Itanium design the complexity of branch predictios been moved from the
CPU to the compiler (EPIC). The CPU relies on the compilentbipformation about
this into the code being executed. The benefit of this is timesthe compiler has
a lot more time to decide on a branch and also access to thelemmwpde it can
often make better decisions. It also speeds up the exeaititve code since the same
decision doesn't have to be done every time the code is beicuted. However the
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runtime behavior of a program is not always obvious in theedbat generates it. This
sometimes makes it impossible for the compiler to correptlydict what probably
could be predicted at runtime by some logic on the CPU it3&[€].

Using the information handed from the compiler the pretetegine of the Itanium
can see to that the instructions needed can be fetched fmirithachellll.16].

8.5 Performance

The Itanium running at 800 MHz scores about 50 points in Spet@nd about 90
points in Spec95fp. That was, at the time of launch, not ehaagersuade most of
the customers. The reasons for this failure are many, a fewalh@ady been mentioned
earlier in Sectiofi 8311 on pagel34. The main reason is phphlad lengthy delays
which dogged the development an resulted in the processog &l before if even
reached the marketl[g] 7].
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Sept. 22 2005).

[7] WIKIPEDIA. Itanium, Sept. 22, 2005http:/en.wikipedia.org/wiki/itanium
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9. IBM PowerPC G5

9.1 Introduction

PowerPC 970FX, also known as PowerPC G5, is a 64-bit procéssn IBM used
in Apple computers. This is a paper with some relevant inftiom about G5. Apple
introduced the G5 in June 2003, and made it one of the firstitGdrdicessors for the
personal computer markéf [2]. G5 is based on the core fromsBMWERA4 that uses
the same vector engine, VMX, as in G5's predecessol (54 [4].

PowerPC 970 is also called G5. The difference between 97920iEX is that 970

is built using a 13Qum fabrication process and 970FX a @t [4]. In Apples white
pages they are referring to the 970FX as 35 [2].

Figure 9.1: PowerPC G5 (frorhl[4])

9.2 Overview of the Processor

G5 uses the Double Data Rate frontside bus for faster conuation between memory
controller and processor. Instead of transporting datanendirection at the time, G5
uses a dual-channel frontside bus that has 32 bits in eagttidin [2]. For a 2.7 GHz
G5, the frontside bus operates at 1.35 GHz and get a thealreindwidth of 10.8 GB
per processorsecond.

In Figure[3:2 on the next page you can see an abstract view@hsrarchitec-

ture [2].
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PowerPC G5 Architecture

- =

e .....

Instruction Queues

Execution
Core
Floating Floating Load Branch
12 Functional Point Point Store '
Units
Complete .....

Figure 9.2: G5 Architecture (from]2])

9.2.1 Implementations

The G5 is used on the desktop PC Power Mac G5, the server X&&raad the laptop
iMac G5 [1].

9.3 Memory

Because memory addresses are computed in 64-bit regisigable of expressing in-
tegers up to 16 exabytes, G5 can theoretically add®ds2es of virtual memoﬂ/[ﬂ
In practice, the physical memory is 42 bits d¢ Bytes, which is 4 terabytes.
In fetch and decode, the second level cache is 512 kB at a pate 64 GB per
second. The L1 instruction cache is at 64 kB, direct-mappad the L2 cachd]2].
For virtual memory handling, the storage description tegi€SDR1) specifies the
page table base address used in virtual-to-physical esltteasslation[]B].

116 exabytes- 264
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9.4 Execution

The execution core consists of 12 functional units and apéaied in Tablg9]1.

Table 9.1: Execution core

128-bit velocity engine A vector processing unit that supparallel internal op-
erations. It simultaneously process 128 bits of data in
four 32-bit integers, eight 16-bit, sixteen 8-bit or four32
bit single-precision floating-point valued [2].

Floating-point units G5 completes at least two 64-bit clttans per clock
cycle. Each of its two floating-point units can perform
both an add and a multiply with a single instruction, as
well as square root calculations [2].

Integer units Two integer units that perform both 32- and@4nteger
instructions.
Load/store units Two load/store units that perform memageas opera-

tions on L1, L2 cache or main memory if appropriate [2].

Condition register unit The condition register can hold vpeight condition
codes and its purpose is to improve the flow of data.
Branch instructions, for example, can consult the condi-
tion register for results in earlier operatiohs [2].

Branch prediction unit The unit for branch prediction andggative execution

to keep processing constantly in use. The branch predic-
tion unit uses three component logic to reduce pipeline
bubbles and maximize processor efficiency. The result
of each prediction is captured in three 16 kB history ta-
bles, local, global and selector. Local branch prediction
takes place when individual instructions are fetched into
the processor. Global branch prediction occurs at cur-
rent time, referring to the operation before and after. The
selector branch identifies which of the global or local
branches is most accuralkeé [2].
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10. Microchip PIC18F2550

MLCR*/ Vpp / RE3 [Je [1RB7/KBI3/ PGD
RAO / ANO [ [ RB6 / KBI2 / PGC
RAL/AN10 [dRB5/KBI1/PGM
RA2 / AN2 / Vref- | CVref [} [dRB4 / AN11/KBIO
RA3/AN3/ Vref+ [ [IRB3/AN9 / CCP2/ VPO
RA4 / TOCKI/ C10UT / RCV O [IRB2/AN8 / INT2 / VMO
RA5 / AN4 / SS* / HLVDIN / C20UT [ [IRB1/AN10/INT1/SCK/SCL
Vss [ [dRBO/AN12/INTO/FLTO/SDI/SDA
0sC1/CLKI [ Vvdd
0SC2/CLKO / RA6 [ [1Vss
RCO/T10S0 / T13CKI O [ RC7/RX/DT/SDO
RC1/T10SI/CCP2 / UOE*[ [ARC6/TX/CK
RC2/ccpP1l [IRC5/D+/ VP
Vusb [ [ARC4/D-/VM

* = Inverted signal (active low)

Figure 10.1: Pin diagram of PIC18F2550 (based.on [4])

10.1 Introduction

The base for the first design of the PIC originated from Hahdmiversity. A Harvard
graduate, Howard H. Aiken, was the first to design a compuitkrseparated data and
program memory([1]. This design was adapted by Generalumsnts for usage in
their peripheral interface controller (PIC).

The first PIC-product was named PIC 1650, and was releasefl7in [B]. The
microprocessor was equipped with internal programmablelR&pable of holding up
to 512 instructions, 32 registers, 32 1/O ports, and couleraie at frequencies up to
1 MHz resulting in 250 kI

In 1985 General Instruments spun off their micro electrexiiwision into Arizona
Microchip Technology, and the new company abandoned als@stthing which by
this time was out-of-date. The PIC however was upgradedBRROM and was given
much more room for program memory.

In time, the PIC products evolved and got features like Watdh Timer (WDT),
Brown-out Reset (BOR), built-in data transfer protocoke Iserial and parallel ports,
and internal oscillators. Nowadays equipped with nanoWéathnology, USB-ports,
RF transceivers and self-programmable program memorglieare one of the most
generally usable micro-controllefs [5].

PIC18F2550 was released in 2004—2005 and is one of the meaheed, as in
most well-equipped, PICs so far. Some of the features irclW$B 1.1/2.0 slave port
with internal pull-up resistors, internal oscillator, m&Matt technology, 16 I/O ports
supporting currents up to 25 mA, 4 internal timers and 10 Alpuis. The only thing
needed to run the chip is power, between 2.0 and 5.5 Valts [5].

1Except for instructions changing the PC or if a conditiomsk evaluates tue. These instructions take
twice the time of a normal instruction.
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Nowadays the PIC circuits also have an internal Phase-lcbtkep (PLL) fre-
guency multiplier that multiplies the oscillator frequgruy four, and since the CPU
internally need four clock cycles to complete an instrugtithe PLL increases the
frequency of the command execution to the same frequendtyeasstillator[[3].

Internally the CPU needs 8 clock cycles to execute a comm&nodr to load it,
and four to perform the actual execution. Due to pipelinithgse steps are done si-
multaneously for two instructions. When instruction A igfpemed instruction B is
read.

10.2 Overview of the Processor

17 RAO / ANO
= RAL/ANL
RA2 | AN2 / Vref- | CVref
RA3/ AN3 / Vref+
RA4 / TOCKI / CLOUT / RCV

RAS / AN4 / SS* | HLVDIN / C20UT
0OSC2 / CLKO / RA6

CPU internals including:

2 RAM 17 RBO/ AN12 / INTO / FLTO / SDI / SDA
a Oscillator control =p RB1/AN10/INT1/SCK / SCL

o 31 level stack RB2/AN8/INT2/ VMO

o ALU RB3/AN9 / CCP2/ VPO

RB4 / AN11/KBIO
RBS5 / KBIL/ PGM
RB6 / KBI2 | PGC
RB7/KBI3 / PGD

17 RCO/T10S0 / T13CKI
=> RC1/T10SI/ CCP2/ UOE*
RC2/CCP1

RC4/D-/VM
RC5/ D+ / VP
RC6/ TX / CK
Ll RC7/RX/ DT/ SDO

BOR Da@ | | imer o [ | Timer 1| | Timer2 | | Timer 3 Port E
HLD | [EEPRO!

A A A A A A

| | | | | | | | | | | |

=D MLCR* / Vpp / RE3

1 | | | | | | | | | |
v v v A4 v A4 A
cep | | cepz | | msse | |eusarT
10-bit

Figure 10.2: Overview of the PIC18F2550 (basedion [4])

The main goal for the 18F2550 was to include all of the ad\gegan the whole
PI1C18-family, namely high computational performance glaiith large flash memory
and high endurance at a low price. The result was the PIC1B#2850/4455/4550
family, a set of chips that is suitable for high-performaand power sensitive applica-
tions [4].

From PIC 1650 and forward the chips used 12 bits wide instmstand some chips
even used 14 bits. This has recently been replaced by 1Ghitanage the increasing
amount of instructions.

As seen in FigurEZI0.2 the circuit is well equipped, and intapglications many
parts of the hardware is never used. This “overkill” apptoa@kes the PIC usable in
many different applications, a factor that is important witecomes to reducing costs,
both for supplier and consumer.

The PIC18F2550 hasn't been able to find its way into large getidns yet, due to
the recent release. The PIC family however can be found ig adiation of applica-
tions. The author has found PIC circuits inside one no-neenaste control for a TV
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and a touch-pad for PCs. Considering the large number ofifCaaalogue inputs, the
PIC18F2550 family is likely to be found in memory card readfer PC, and measure
and control applications in the future.

Instructions are all word-sized, and most commonly useg oné word (16 bits).
The first part is the Opcode, which is followed by options, memaddresses and
plain values. Opcodes differs in size to leave enough spadédrals, but still being
unambiguoud]3].

When moving data between two memory positions, the memasgldsessed with
12 bits. To be able to address both positions in the sameigtgins Microchip added
2-word instructions These instructions are all one normal 16-bit instructiiofved
by a 16-bit “instruction” with OPCODE set tti11, followed by a 12-bit literal. These
instructions all take twice the time to run, since two worflsstructions must be read.

10.3 Memory Hierarchy

Since the PIC is a one-chip computer, the implementationeshory and registers dif-
fersin relation to other processors. All RAM is implemenéadegisters, as well as all
controlling bits, like status of a the 1/0O pins direction.€Be registers are divided into
a maximum of 16 “banks”, each carrying 256 bytes of memry J3je PIC18F2550
family have a memory of 2048 bytes, resulting in eight banksere the first five is
settings that affect the chip in one way or the other. Therdtiree can be used as
general purpose RAM4].

One huge benefit with this design of using registers as RAKasthere’s no delay
when reaching the memory. This is not completely true, sirtea two step operation
getting a value. First the bank must be selected, and therathe must be read. Thisis
not true either. In PIC18 there’s something called “indir@ddressing” implemented.
This works almost as pointers in C, making it possible to reewkral values from
different banks without changing bank.

The use of indirect addressing also prepares for futuredmphtations supporting
external memory.

10.4 Execution

Executing an instruction is divided into two steps. First 8PU needs to read it
from the program memory, then perform the actual execulitis two-step approach
is divided into two separate parts of the core, and pipedirighnused. This means
that while doing the real execution of the first instructitime next one is read and
prepared(B].

Using pipelining enables the CPU to execute instructionshnfaster by preparing
the next instruction. But predictive reading of the nextrmstion will be sabotaged
by branches. Microchip has selected the easiest way to ddapve-reading before
branches and jumps. As soon as the Program Counter is chahgetkxt instruction
is flushed from the pipelin&]3]. This is approach is cafpeedict-not-taken
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10.5 Programming

This whole section is a short version of section 3(in [3].

Programming the PIC is done serially to minimize the pinrtaweeded since all
used pins must be disconnected or fairly independent oretteof the circuit. For ex-
ample, when the programmer is applying 5 V to the PIC for paiogning, it's seldom
enough to drive a cooling fan that's connected tg¥nd Vpp. Therefore, isolating
the PIC as much as possible during programming is needed.

Five pins are used for programmingsy/ Vpp, MCLR (Vpp), DATA and CLOCK.
Programming mode is entered by holding CLOCK and DATA lowlevhisingMCLR
(Vpp) to approximately 12 volts and havingo connected to +5 V. During the pro-
gramming and reading, the CLOCK-line is controlled by theggsammer, and the
DATA-line is bidirectional. Now data (program code and ERR@emory) can be
written to the PIC, and if the previous program wasn'’t reaotgcted, that program
can be read.

10.6 Author’s Personal Reflections

The PIC18F2550 is an interesting processor based on matoygad he 1/O pins are
multiplexed with different abilities. The port RE3 can astlaoth reset and input pin
depending on the configuration of the processor when pragesan Anotherexample
is the RBO pin, which has seven different abilities, namdlgital input, digital output,
analogue input, external interrupt, SPI data inpi€, dlata input, 4C data output.

Each I/O pin can handle up to 25 mA, enough for LEDs and smialyge They are
also protected with diodes to avoid damage caused by orgrafe voltage.

It's the ability to minimize surrounding hardware that makiee PIC so interesting.
It can run LEDs directly, use power saving modes, has intersaillators, peak at
2 MIPS, and all while running at 2.0-5.5 volts.
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11. MIPS R5000

11.1 Introduction

In 1996 the R5000 processor was released by ﬂl@@’nputer Systems Inc. It was
designed to be the successor of the R4600, which was releasgatars earlier. The
design goal MIPS had with the R5000 was to provide severarackd features at a
low cost. The way this was accomplished was that they bor@net of features from
the more advanced R10000 processor, while they still mahageetain a low chip
complexity [4[1].

The role of the R5000 was to provide good performance for nadew-range
segments of workstations. Its main strength was its goatkférformance ratio in
regards to graphics processing [4].

11.2 Overview

The R5000 is a 64-bit superscalar REs@ocessor, but it is also capable of running
in 32-bit mode. It has 32 integer registers and 32 floatingipegisters, all of which
are 64 bits wide. The processor can execute both a singlésigredloating-point
instruction and a dissimilar (i.e. integer, load/store)dttstruction simultaneously.

The R5000 was the third Rx000 processor to implement the NNPiSstruction
set. MIPS IV includes instructions which allows for singlescision multiply-add op-
erations to be performed with a single instruction. This &inty used to speed up
graphic-intensive calculations (i.e. CAD). The new instiens contribute a lot to the
increased performance compared to previous generatiaig é&-series. The R5000
is fully backwards compatible with all Rx000 64-bit prooeiss[3].

The R5000 was used in, among other systems, Silicon Graphiths computer,
which competed in the lower end of the CAD and multimedia retiik the mid
nineties([4].

11.3 Memory Hierarchy

To achieve higher performance, the R5000 has an internakmecache, as well as an
external one.

11.3.1 Internal Cache

The on-chip cache consists of the 32 kB data cache (D-caokdha 32 kB instruction
cache (I-cache), which is a doubling of the size of the cacbegpared to the R4600.
The increased cache size increases performance by a saghifimount, since appli-
cations then can avoid accessing the slower level 2 cactted¢anuch slower RAM).

IMicroprocessor without interlocked pipeline stages.
2Reduced Instruction Set Computer.
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Both the D-cache and the I-cache are two-way set associaiiveally indexed and
physically tagged. The 32 bytes, or 8 words, fixed line-sjgglias to both caches. The
D-cache loads 8 bytes of data each cycle, which results imevbidth of 1.6 GB/s at
200 MHz [1].

11.3.2 External Cache

The R5000 has an optional level 2 cache that is either 512 kBB br 2 MB in size.
The processor has a dedicated secondary cache interfack ishised to send signals
between the secondary cache, the processor and the secoadhe tag RAM. The
external cache supports both write-back and write-thralagh transfer protocols. The
data in the secondary cache is accessed through a 64 bitsysgtian bud[3].

11.4 Architecture

The processor con-

sists of two different et s |
co-processors, the T T soresate ntegs | T
Central  Processing \%ﬁ’ sra0 £»‘—
Unit (CPO) and the T || | L]
Floating-Point  Unit R i L
(CP1). The diagram avmsnn |
on the right gives e T T = 1

an overview of the Fé,;;,’;%_'pm, e
architecture([2]. patirair e § [

AMdisublevUDiviSart
Integer Divide

Floating.point Contral

Floating-point/integer | systemmemary
Muliply Control

Instruction TLB Virtual

WA
—
Phase Lack Loop, Clocks Frogram Counter

Figure 11.1: The R5000 architecture (frdnh [2])

11.4.1 Central Processing Unit

The Central Processing Unit (CPU) performs all integer grstiesn instructions. The
CPU handles exception management, and also performs skshasitranslating virtual
addresses into physical ones. CPO controls the cache selvsysower management
and other vital responsibilities. The CPU has 32 genergbqae registers (RO-R31).
Two of the registers have assigned functions: RO is hardwoe¢he value 0 and R31
is used as in implicit return address register. All regstee 64 bits wide 2].
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11.4.2 Floating-Point Unit

The Floating-Point Unit (FPU) extends the CPU instructien t® include floating-

point calculations. The FPU has 32 general purpose regif&R0-FGR31) that can
be configured to be either 32 bits or 64 bits wide. The FPU aconfo the IEEE754

Standard for Binary Floating-Point Arithmetic [2].

11.4.3 Cost Reductions

The R5000 was created with a low production cost in mind. Bd\aspects of the
processor reflect this:

No support for speculative execution.

No support for dynamic branch prediction.

No 128-bit secondary cache bus, unlike the R10000 and th@®4he general
64-bit I/O-bus is used instead.

The die is manufactured in a 0.32-micron process.

It has a reduced number of pipelines compared to several Btiheodels.

All of these decisions lower the complexity of the chip, whiesults in a smaller die.
The smaller the die, the lower the production cbsE]1, 3].

11.5 Pipeline

Every instruction the R5000 processes is sent through thestage pipeline. Having
a pipeline allows the chip to process several instructidrti@ same time. The five
stages are as follows:

1. Instruction fetch. Two instructions are fetched. The CéHécks which unit
should handle the instruction.

2. Register access. The CPU accesses the register. Pdasibtth addresses are
calculated.

3. Execute. The FPU and the integer unit executes the irigtnsc

4. Access data cache. The primary data cache is accessed imgtituctions. Vir-
tual address to physical address translation is performed.

5. Write-back. The processed information is written to tpprapriate destination.

Note: The instructions are partially decoded when the usion cache is re-
filled [J.

11.6 Instructions
There are three instruction formats: immediate (I-Typep (J-Type) and register

(R-Type). The small number of instruction types simplifiestiuction decoding im-
mensely. All instructions are 32 bits long.
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11.6.1 CPU Instruction Types
The CPU handles seven different types of instructibhs [2]:

e Load and Store: Moves data between general registers ant:timery (I-Type).

e Computational: Performs arithmetic, logical, shift, niplit and divide opera-
tions on values in the registers (R-Type and I-Type).

e Jump and Branch: Performs flow control. Jumps are always neeateabsolute

address, while branches are made relative to the curregitaorocounter (I-Type,

J-Type and R-Type).

Co-processor: Performs operations in co-processorsgéry

Co-processor 0: Performs operations such as memory and ptaveagement.

Special: Performs system calls and breakpoint operatR#g/pe).

Exception: Causes a branch to the general exception hgnedictor, based on

the result of a comparison (R-Type and I-Type).

11.7 Performance

The first release of the R5000 had a clock frequency of 150 M#hdle later models
ran at 250 MHz[[lL,3].

Table 11.1: A performance comparison
Parameter R5000-200 Pentium 133 Pentium Pro 200

Specint95 5.5 4.1 8.1
SpecFP95 5.5 25 6.0
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12. MIPS R10000

12.1 Introduction

MIPS R10000 also called the T5, was released in the end of. Id85creators, MIPS
Technologies Inc., was a separate company earlier, but wdeeoverge of bankruptcy
when Silicon Graphics (their largest client) bought the pany.

The T5 processor is based on the same fifth generation RIS&sagtar technol-
ogy that was introduced earlier in 1994 with the MIPS R800Q0®00 is a general-
purpose single-chip processor for desktop PCs, workststmd servers. Because of
the better balance (than the R8000) between integer anahfiepint performance the
T5 offers a processor more suitable for mainstream apicait As the first single-chip
superscalar processor from MIPS, the T5 represented disatistep forward for the
Rx000 architecture. It also had a better price/performaati@ advantage compared to
its opponents, the Alpha and the Pentiliiri]2, 1].

12.2 Overview

The T5 builds on the preceding generations (R2000, R30000&®%nd R4000) by
incorporating five functional units, twice as much primaagle as the R4400, twice as
many register and implementing many advanced mechanisrkeddnto more deeply
further down in this document. The MIPS R10000 supports easstering of up to
four processors with a single chip. Because of that, thisgssor is often used in large
graphical computations.

12.3 Architecture

The R10000 has the following major featuriels [4]:

1. It implements the 64-bit MIPS IV ISA and is backwards cotitga with the I,
Iland 11I

2. It can decode four instructions in every pipeline cycppending them to one of
three instruction queues (the integer, floating-point addt@ss queues)

3. It has five execution pipelines connected to separatmiatateger and floating-
point execution (or functional) units.

4. It uses dynamic instruction scheduling and out-of-oedercution (described in

SectiorIZ313 on padelsl)

5. It uses branch prediction and speculative executiorc(iesl in Sectiol 12314
on pagéR)

6. It uses MIPS ANDRER

7. ltuses a precise exception model (exceptions can bectidwkck to the instruc-
tion that caused them)

LArchitecture with Non-sequential Dynamic Execution Sahiy.
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8. It uses non-blocking cache, the processor can in advamoei® load and store
instructions if the data block isn’t in the primary cachesally
9. It has separate on-chip 32 kilobytes primary instructind data caches
10. It has individually optimized secondary cache and Systeerface ports
11. It has an internal controller for the external secondache
12. It has an internal System interface controller with fipuitcessor support

The T5 gain much of its power through the combination of dyitatheduling, the
non-blocking cache and the out-of-order execution. Thamkisese functions the pro-
cessor can operate on the highest possible effect by ergdnstruction on available
executions units without bother about the order of them [3].

Furthermore, the T5 can predict the outcome of branchesewiatively execute
the code that follows. Only when all dependencies are resglthe results of the
completed instructions are retired and restored to thégiral sequences. Up to four
results can be graduated every cycle. A four quadwords branffer is used for the
retirement of a wrong predicted branch, more about that ati@dIZ3% on padeb2.

Loads and stores in the T5 is non-blocking; i.e. cache misse4 stall the proces-
sor, all other parts not involved continues to work on indefeant instructions while as
many as up to four cache misses are being evaluated. Herdg 1000 is a particu-
larly good CPU for busy database servérs [1].

12.3.1 Cache and Execution Units

R10000 can fetch four 32-bits instructions from its 32 kB iway set-associative in-
struction cache (also called the I-cache), i.e. there acecehe blocks for each set.
The I-cache implements the LRU (Least Recently Used) repi@nt algorithm making
it almost four times more efficient than the R4000. T5 alsoayoexternal secondary
cache that can range from 512 kB up to 16 MB in size, actudlé/primary cache is a
subset of the secondary. Both caches use the same algdiiffdh Previous versions
of the Rx000 series chip had scalar pipelines that alwaysuged instructions as they
where written in the program, in contrast the T5 has five lpiatlependent pipeline
execution units.

Cached instructions are 37 bits long because five extrafgitsgpended during the
pre-decode-stage when instruction are being prefetchéaetcache. The extra bits
assist the decode-unit by classifying the instructionsradttributes and assign them
to appropriate execution unit. This step is not counted apelipe stage, so it is not
considered in TableZ1a.1 on pdgd 52.

After an instruction has been fetched from the I-cache ispaghrough a two-
staged decoder, the actually decoding is taking one stefharather is for the “register
renaming” mechanism explained in Secfion12.3.3 on theéppage.
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Figure 12.1: Block diagram of the R10000 processor (friom [4]

12.3.2 Functional Units

The functional units are two integer arithmetic logic urfidt Us), one load/store and
two floating-point units (FPUs) — one for addition and onerfasltiply/square/divide
calculations. The two ALUs are quite alike, but only one candie multiply while
the other contains logic for verifying predicted branchpeleding on integer register
values. The load/store unit handles the address calcuadiod translation, it translates
44-bit virtual addresses to 40-bit physical addressegubia Translation Look-aside
Buffer (TLB) as seen in Figule12.1I[4].

12.3.3 Dynamic-Register Renaming

Dynamic-register renaming is a new invention for the RxO@higecture, earlier ver-
sions of the processors had 32 integer and floating-poigistezs, T5 has 64 registers
where each one of them is 64 bits wide. In each register filecdrilie 64 physical
registers can be represented. Seen from the outside (bydbeapnmer) the T5 still
has 32 registers, even though it is twice as many. This feasuimportant for spec-
ulative and out-of-order execution and even branch priegictllowing them to store
intermediate results and data in the “invisible” regis{&ls
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12.3.4 Branch Prediction

“Branch prediction” works as follows: The T5 speculates @Brg branch trying to

pick the right one of two or more choices (like in an if—theiseg, up to four branches
deep. At each of these, the T5 takes a “shadow map” as theaegemame map existed
at that moment. If it was a wrong prediction, the T5 does notha clear any buffers
or flush any data, it can simply restore the appropriate shadap as the working
register-rename map. This can take from one to four cyclpsm#ing on when the
processor realized it took the wrong branchl1, 4].

12.4 Performance and Data

MIPS R10000 has an up to 275 MHz internal clock, the exteroakds programmable
at 275, 250, 200, 133, 100, 67, 57 or 50 MHz (depending ona®)si

Table 12.1: Performance data of a 275 MHz MIPS R1000 (fidm [2]

Bits Instruction/Data 64

Clock frequency MHz 275
SPEC-95 Int/Fp 12/24
Units/issue 5/5

Pipe Stages int/ldst/fp 5/6/7
Cache Instruction/Data kilobyte Set Associative  32/32 2/2
\oltage 3.3

Effect W Peak 30
Transistors x1000000 6.8

Size mnt 298
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13. MOS Technology 6502

13.1 Introduction

The MOS technology 6502 is an 8-bit microprocessor thatesiaa revolution in com-
puter projects in the late 1970s, which resulted in the lostcevolution of personal
home computers in the 1980s [7].

13.1.1 History

In 1975 a large group of designers involved in the creatiomMoforola 6800 left the
Motorola company to pursue their own ideas on CPU desigrceSat the time, there
was no such thing as a “design only” firm, they joined MOS Tedbgy and started
working on a new CPU that would exceed the 6800 [16]. The tiegu6501 design
was better than the 6800, but since it was pin compatible th&6800 it was taken off
the market almost immediately for legal reasons. As a reghdt6502 was released.
In reality the 6502 was a replica of the 6501 except from thut thaat the pins were
rearranged so that it wasn’'t compatible with Motorola maloards. The 6502 really
hit the scene in 1976 when it was apparent that it was fasteritost rivaling designs
and sold for 1/6 the price, or less, than its competitors flarger companies such as
Motorola and Intell[15]. This success derived from two fastevhere the first was im-
provements in CPU production, which increased the suce¢sdy 70 % or better and
thus lowering the prize on the final products. The secondfagss it's amazing per-
formance. This was achieved with the help of a techniqueddéfactory pipelining”
(not to be confused with real pipelining which arrived in trealy 1980s[[14], which
in short means that the CPU doesn’t waste any memory cycies siew information
was rolling in while the old ones was being digesied [3].

13.2 Overview of the Processor

The CMOS 6502 is a so callgdue 8-bit processosince no data registers exceeds 8
bits, unlike the Z80 which was an 8-bit processor with 16daita registers [12]. The
CMOS 6502 is an 8-bit, factory pipelined processor, with ebitéaddress bus. Inside
was one 8-bit accumulator register, two 8-bit index regsstan 8-bit stack pointer, an
8-bit status register and a 16-bit program counter.

There are a total of three general purpose and two specipbperregisters [9]
whereas the accumulator is the heart of the system, sinaedtlés all of the arithmetic
and logic calculations. The X and Y registers are mainly wsedn index in different
types of index addressing modes, thus falls under generpbpa registers. The stack
pointer and the processor status register are more specjase registers and software
access to the stack was done via four implied addressing nmstieictions whose
function were to push or pop the accumulator or the procestatus registei [16].

All this combined defines it to what is commonly known as areidhachinel]l].
When the 6502 was constructed RAM was faster than CPUs, sdehdo have fewer
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registers and optimized RAM-access rather than increasaumber of registers on
the chip made it both faster and cheaper than its compejit6ts

The small number of registers was at first taken as a limitatiat proved swiftly
not to be, since the registers could be loaded and used skiythat it rarely proved
an inconvenience. One of the things that made the 6502 suckarful competitor
on the market was its zero page addressing mode. The zerongatgecould be used
to hold 16-bit pointers foindirect addressing3] and let you specify a memory loca-
tion addressable with only one byte instead of the normalfawall other memory
locations. In a way this means the 6502 can be seen as havinggistersi[2].

There are 56 different instructions. They are implementeé tardwired logic
array that is only defined for valid opcodes. This is a bit ofiidus feature and it will
be discussed further in the section on anomalies. Most db&hdifferent instructions
can use several addressing modes whereas some only usespriehd 6502 was one
of the first processors to spread the little-endian-dogrma (d its popularity), which
means that the 6502 processor expects addresses to beistittid endian” order,
with the least significant byte first and the most significarielsecond. The designers
of 6502 felt it was more natural this way because when youidoraetic manually, you
start at the least significant part and work your way towaheésmost significant part.
At the time of MOS 6502 this meant it was easier to implemer&-ait processor using
little-endian than big-endianl[5]. Worth mentioning in aeds to this is that our Intel
x86 P4 of today use little-endian architecture whereas SRARE, Motorola 68000,
PowerPC 970 and IBM System/360 use big-endian architex{liE3.

13.2.1 Addressing Modes

The 6502 processor had quite a few addressing modes fomiés Wwith a total of 13
different addressing modes [4]. At most 64 kB of memory cdddddressed10].

Immediate Addressing The second byte of the instruction is used immediately in the
operation. In other words, the instruction don’t need toeascany memory ad-
dresses except the next byte in the code.

Absolute Addressing The second byte of the instruction specifies the eight loweiord
bits of the effective address while the third byte specifiessaight high order
bits. Thus, the absolute addressing mode allows access emthie 65536 bytes
of addressable memory.

Zero Page AddressingThe zero page instructions allow for shorter code and execu-
tion times by only fetching the second byte of the instructémd assuming a
zero high address byte.

Implied Addressing The address containing the operand is implicitly statecha t
operation code of the instruction.

Indirect Absolute Addressing Only used by the JMP-instruction. The second byte of
the instruction contains the low order eight bits of a meniocgation. The high
order bits of that memory location is contained in the thiytelof the instruction.
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The contents of the fully specified memory location is the toder byte of the
effective address. The next memory location contains tglk bider byte of the
effective address which is loaded into the sixteen bits efsfogram counter.

Absolute Indexed (X, Y) Addressing This form of addressing is used in conjunction
with X and Y index register and is referred toAlssolute XandAbsolute YThe
effective address is formed by adding the contents of X and thé address
contained in the second and third bytes of the instructidnis fype of indexing
allows any location referencing and the index to modify mpldtfields resulting
in reduced coding and execution time.

Zero Page Indexed (X, Y) AddressingThis form of addressing is used in conjunc-
tion with the index register and is referred toZero Page XandZero Page Y
The effective address is calculated by adding the secoraltbythe content of
the index register. Since this is a form &éro Pageaddressing, the content of
the second byte refers to a location in page zero.

Indexed Indirect Addressing In indexed indirect addressing, the second byte of the
instruction is added to the content of the X index registelhe Tesult of this
addition points to a memory location on page zero whose otsis the low
order eight bits of the effective address. The next memargtion in page zero
contains the high order eight bits of the effective addrBsth memory locations
specifying the high and low order bytes of the effective @addmust be in page
zero.

Indirect Indexed Addressing In indirect indexed addressing, the second byte of the
instruction points to a memory location in page zero. Tha®ats of this mem-
ory location is added to the content of the Y index registes, result being the
low order eight bits of the effective address. The carry ftbimaddition is added
to the contents of the next page zero memory location. Thétdesing the high
order eight bits of the effective address.

Relative Addressing The relative addressing is used only with branch instrastend
establishes a destination for the conditional branch. Boersd byte of the in-
struction becomes the operand which is an offset added todhtents of the
lower eight bits of the program counter when the counter isaséhe next in-
struction. The range of the offsetis -128 to +127 bytes froenrtext instruction.

Accumulator Addressing This form of addressing is represented with a one byte in-
struction, implying an operation on the accumulator.
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Table 13.1: Benchmark

Company, model, year CPU speed MWIPS
Acorn, BBC B, 1982 MOS/Rockwell 6502 2,2MHz  0.0031
Apple, Apple I, 1976 65C02 1 MHz 0.0011
Sinclair, Spectrum, 1982  Zilog Z80 3,54 MHz 0.00052

13.3 Performance

The 6502 did not have a lot of apparent speed and power uneléotbd, but a closer
look showed you that its rather humble clock-speed of 1-4 Metmally was compa-
rable to machines having clock-speeds up to four times ds[dj. Mostly this can
be attributed to the 6502's factory pipelined static preoesthat uses the index and
stack registers effectively with several addressing modes

Furthermore the 6502 had a small delay in which it was guaggitiot to access the
bus. This gave video display hardware time to read out a linlesoscreen without the
6502 having to pause, which in general terms meant an ire#&% % in performance
for the machine with a 6502.

When studying the 6502’s performanEe [6] (shown in TabldlliBis important to
remember that the processor is available in a wide rangeasiores with different clock
speeds, registers and pins and therefore gives differectineark results depending on
its composition.

13.4 Anomalies

As mentioned earlier in Section 2 (Overview of the procedbar 6502s instruction de-
coding was only defined for valid opcodes. This resulted ugtdy 32 undocumented
opcodes which unfortunately triggered several valid indtons at once, leading to
unexpected resultslL6].

The 6502’s indirect jump instruction was broken. If the adrwas hexadecimal
xXFF, the processor would not access the address storedrif ard xxFF+1, but
rather xxFF and xx00. The 6510 did not fix this bug, nor was &dixn any of the
other NMOS versions of the 6502 such as the 8502 and the 2Aill3Viénsch at the
Western Design Center was the first to fix it, in the 65C02 CM@6vdtive; he then
went on to design the 65C816 processor, a 16-bit succestue G5C02.
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13.5 Implementations

One of the first “public” uses for the design was the Atari 26@f@=0-game con-
sole [16]. The 2600 used an offshoot of the 6502 called th& 6&bich had fewer
pins and could address only 8 kB of RAM as a result. Millionaudobe sold in this
form.

MOS Technology's 6502 processor was chosen for the firsté&ppmputers, not
because it was powerful, but because it was chgap [8]. lntedin 1975 at under
$100 (compared with $375 for the similar Motorola 6800), 82 was a real bar-
gain. Fifteen years later, the 6502 was still being usedh@Nintendo Entertainment
System).

The efficient design of the 6502 also inspired the princigaighers of the ARM
RISC processor, and so the legacy of the 6502 may be saidrisctrad the original
processor (family) since its spirit lives on in the ARM des[d]. It was used in several
desktop computers as well as a lot of handheld and other esfiebdesystems, and sold
as an Intellectual Property (IP) block to be used in systemship products.

The 6502 design was originally second-sourced by Rockwell 8ynertek and
later licensed to a number of companies; it is still made fobedded systems
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14. MOS Technology 6510

14.1 Introduction

14.1.1 History

Released in 1982, the MOS Technology 6510 was containeckibehbt-selling com-
puter of all time, the Commodore 64. What made the computgrogpuilar was the
low price and the MOS 6510 definitely contributed to makingheap. Typically, the
CPU ran on a clock speed of 1 MHz but it was designed to run abBNHz. The
original MOS 6510 was based on NMOS-technology (Negathanoel Metal Oxide
Semiconductor) and in 1985 the faster HMOS-version (Higtigpmance NMOS) of
the CPU was developed. It was renamed to 8500 and becamesite@gnto the new
and improved version of the Commodore 64, the C64c. As nadémihbhthe 6510 had
very few registers and this reflects the fact that RAM acyualis faster than CPUs at
the time of construction. Thus, to increase performanceeznhg RAM access rather
than adding more registers made sehse [8].

14.1.2 Predecessors

The MOS 6510 had the same internal architecture as the veogssful predecessor
MOS 6502 (1975) which was included in the Apple II, VIC-20 aaveral Atari mod-
els. The 6510 basically added an external clock and six 1f@ b the MOS 6502
architecture(lB].

14.2 Overview of the Processor

14.2.1 Registers

The MOS 6510 has six registers; the 8-bit accumulator, thekgpointer, the index-
registers X and Y, the processor status register and thet Idgram counter (see
Figure[TZ1 on the next pagé) [6].

Accumulator

The accumulator is in contrast to the X and Y registers diyetinnected to the ALU.
All arithmetic and logical operations are performed usimg 8 bit register. The accu-
mulator has direct connection with the arithmetic and lagid which is not the case
with the X and Y registers.

Stack Pointer

The stack register is a 8 bit offset to the 256 byte stack pagepush or pop data
to/from the stack the 6510 make use of TSX and TXS instrustighich transfers the
value on the stack to/from the X register.
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Figure 14.1: MOS 6510 block diagram (frof [7])

Index Registers X and Y

The X and Y registers allow indexing in the memory. It is pblsto index in the zero
page (the first 256 bytes in the data memory) using one of thistegs or combine the
two to allow indexing in the whole data memory.

Program Counter

The PC register is the only 16 bit register in the 6510. It igd#d into two halves,
PCL (low-) and PCH (high-) bits. The PC points to the nextrinstion to be executed.
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Processor Status Register

The 8-bit processor status register holds 8 flags which grealihg the state of the
processor. These are the flags:

1. Carry flag - is used in additions and subtractions to cateuhumbers bigger
than 8 bits.

2. Zero flag - is set when the result of an arithmetic operasaero.

3. Interrupt disable flag - is set when a hardware interruptdggered via the IRQ
signal.

4. Decimal mode flag - is used for setting decimal mode fortamtdand subtrac-
tion.

5. Break flag - is always set except when a hardware intersupging processed.

6. Unused flag.

7. Overflow flag - is set if the result of a arithmetic operatilmes not fit in a 8-bit
signed integer.

8. Negative flag - is set if the result of a arithmetic operati@s less than zero.

14.2.2 Busses

The processor has an 8-bit bi-directional data bus and tketdin of data is controlled
via a read/write signal. The address bus, on the other hasdl®bits (see FiguteZT#.1
on the facing page)[3].

14.2.3 Instructions

There are 56 instructions and all operations has eitheraresne operand correspond-
ing to instruction lengths of either two or three bytes. fustion lengths are very
much depending on the addressing mode used and also affectsrount of clock
cycles required to decode an instruction. The aim in the 6&1lerefore to minimize
instruction length which makes the zero page an importaufe [5$].

14.2.4 Addressing Modes

As mentioned before, the MOS 6510 makes heavy use of the RAkad of hav-
ing several registers to operate on. To facilitate the heagynory addressing, it has
13 addressing modes. An important addressing mode is zge gudressing where
addressing is performed in the 256-bytes zero page meutiabeve. Zero page ad-
dressing enables shorter instructions because the zesogutilyess can be stored in
just 1 byte in contrast to higher addresses which must oc2upgtes thus takes more
time to execute. The zero page can also provide 16-bit psife indirect addressing
which makes it, in a sense, quite similar to an extra 128 rexg$2].
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14.3 Memory Hierarchy

14.3.1 Data Memory

The Commodore 64 has an addressable memory space of 64tkiollyich is largely
occupied by the external RAM (see Figlire1412) [3].

FFFF
ADDRESSABLE
EXTERNAL
MEMORY
-
< e
1/ e re
(‘)’1422‘; STACK
01FF - POINTER
l STACK l INITIALIZED
Page 1
0100
00FF
Page 0
OUTPUT REGISTER 0001 ~€———— Used For
Internal
0000 DATA DIRECTION REGISTER 0000 = 110 Port

6510 MEMORY MAP

Figure 14.2: MOS 6510 memory map (frohi [3])

14.4 Execution

1441 Steps

The 6510 always perform at least two reads for each instmicthe opcode and the
next byte is always fetched. This is made even if the inswoaonsists of just one byte
which may seem a bit odd. The third byte is fetched only if tigruction consists of

three bytes. The next step is depending on the addressing used in the instruction,
for example if indexed addressing is being used the valubefridex register (X or

Y) is added to the operand while in an immediate instructfmtalue to perform a

calculation on is already fetched. The remaining stepsigrethe instructions once
the operand has been fetched. Branch instructions hadisisteps|[6].
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14.4.2 Pipelining

The processor uses a primitive type of pipelining. If anrimstion doesn't store data to
memory on the last cycle the next instruction is started ctvimeans that the opcode
is fetched. This makes the processor a little bit faster ditid the problems with
pipelining are avoided. The 6510 lacks support of brancHiptien [g].

14.4.3 Performance

The MOS 6510 performs a 0.0205 MIPS in dhystone MIPS ViIl.1 The Apple I
which has the same cpu but runs at a slightly higher clockdspekieves 0.0210 MIPS
in the same test. A CPU of today has somewhere around 5000 (RESium 4
2.8 GHz) [4].

14.5 References

[1] ABURrTO, A. dhrystone. Web page, Dec. 2, 1996.
nttp://performance.netlib.org/perrormance/ntmi/anry stone.data.colU.html

[2] BUTTERFIELD, J. The new 6500 cpu’'sCompute! (Sept. 1983). Available at
nttp://www.commaodore.ca/history/company/bou2/bsuuUcp us.ntm .

[3] COMMODORE SEMICONDUCTOR GROUP. 6510 Microprocessor with 1/O, data
sheet Norristown, Pennsylvania, Nov. 1982.

[4] Jay, J. Pentium 4 2.8GHz and Intel D845EBT motherboard — revi@yn-
thetic benchmarksActiveWin(2004). Available abttp:/iwww.activewin.com/ -
reviews/hardware/procizssors/intel/p4.:8ahz/oenchs.sh tmi .

[5] MANSFIELD, R. Machine Language For BeginnerSmall System Services, Inc,
1983.

[6] MAKELA, M. Documentation for 6502/6510/8500/8502 instructian¥éeb page,
June 3, 1994nttp:/iwww.atarihg.com/danbitiles/64doc. txt

[7] SUNDELL, H. Korrekt emulering av mikrodator C64 i systemoberoendgigkm
vara. Master's thesis, Goteborgs University, Sweden, 199vailable at
http://www.cs.chalmers.se/~phs/mdlphs.pdt

[8] WIKIPEDIA. MOS Technology 6502. Web page, Sept. 11, 2005.
http://en.wikipedia.org/wiKi/6s02 L

Student Papers in Computer Architecture, 2005


http://performance.netlib.org/performance/html/dhrystone.data.col0.html
http://www.commodore.ca/history/company/6502/6500cpus.htm
http://www.activewin.com/reviews/hardware/processors/intel/p428ghz/benchs.shtml
http://www.activewin.com/reviews/hardware/processors/intel/p428ghz/benchs.shtml
http://www.activewin.com/reviews/hardware/processors/intel/p428ghz/benchs.shtml
http://www.activewin.com/reviews/hardware/processors/intel/p428ghz/benchs.shtml
http://www.activewin.com/reviews/hardware/processors/intel/p428ghz/benchs.shtml
http://www.activewin.com/reviews/hardware/processors/intel/p428ghz/benchs.shtml
http://www.activewin.com/reviews/hardware/processors/intel/p428ghz/benchs.shtml
http://www.atarihq.com/danb/files/64doc.txt
http://www.cs.chalmers.se/~phs/md1phs.pdf
http://en.wikipedia.org/wiki/6502

64 CHAPTER 14. MOS TECHNOLOGY 6510

September 29, 2005 Taha, Léfstedt and Agren (editors)



JENNY LAGERLOF 65

15. Motorola 68HC11

15.1 Introduction

In the mid 70s, Motorola released several 8-bit micropreges The development of
the 68HC11 started with 6800, after that followed 6801, 6808 6809. It is designed
as a microcontroller unit (MCU) which means that the CPU, mgnand 1/O are fitted
on one single chip. The letters HC in the name means that timepsor is built with
HCMOS technique (High-Density Complementary Metal Oxigen8onductor). This
makes the processor faster and uses less power comparedd8& CM

15.2 Overview

Since the 68HC11 is a single-chip computer, it has all theghia computer system
needs on one single chip. Apart from the CPU, memory and H®,HC11 also
has built-in random-access memory (RAM), read-only men(®&®M), electrically
erasable programmable ROM (EEPROM), A/D converter, putsgimulator and os-
cillator. Also a serial peripheral interface (SPI) for snenous communication and
a serial communications interface (SCI) for asynchronausraunications is built in,
see Figuré&Ih]1.
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Figure 15.1: Block Diagram (froni.[2])
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15.3 Central Processing Unit

The CPU is responsible for executing all software instarddiin their programmed
sequence. The 68HC11 CPU can execute all the instructicthe @farlier M6800 and
M6801 instructions, and more than 90 new instruction opsod#ée biggest change
from the M6800 and M6801 is the addition of a second 16-biginekgister (Y)I[2].

15.3.1 Registers

The 68HC11 registers consists of the accumulators (A, B, dlso can be used as a
double accumulator D, index registers X and Y, program aaufRC), stack pointer
(SP) and the condition code register (CCR), see Figuré 15.2.
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HALF CARRY |FROM EIT 3]
% INTERFAIPT MASH

STOP DISABLE

Figure 15.2: MC68HC11 Programmers model (fram [2])

Accumulators

The accumulators A and B are general-purpose 8-bit registet are used to hold
operands and results of arithmetic calculations. It is iptes$o use both accumulators
as a single 16-bit double accumulator (D).

Index Registers

Index registers X and Y are 16-bit registers that are usenhétaxed addressing mode,
where the registers are used as pointers when accessingthersn

Program Counter

The program counter (PC) is a 16-bit register that contdiesatddress of the next
instruction to execute.
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Stack Pointer

The Stack pointer is a 16-bit register that holds the addreti® first available space
on the stack.

Condition Code Register

The Condition Code Register (CCR) is an 8-bit status registere the bits can be
thought of as flags. The flags indicates status from the lastabipn.

The Z bit indicates if the last operation resulted in zer¢héfresult of an arithmetic
or logic operation is zero the flag will be true, and if the @em results in other than
zero the flag will be false.

The N bit reflects the state of the most significant bit (MSB)aofesult. If an
operation results in MSB=1, the flag will be set, otherwiseilt not.

The C bit usually indicates carry from addition, or borrowrfr subtraction, but it
is also used as error indicator of multiply and divide opers.

The V bit indicates if a two-complements overflow has ocatlifrem an operation.

The STOP (S) bit is used to enable or disable the STOP ingiructWhen the
CPU encounter the STOP instruction and the S bit is set, lttrgihit it as a NOP (no
operation) operation and continue to the next instruction.

15.3.2 Addressing Modes

In the 68HC11, six modes can be used to reference memory: dilmatee direct, ex-
tended, indexed, inherent and relative.

Immediate (IMM)

In the immediate addressing mode, the actual argument iediately following the
instruction. For exampleDAA #18 loads accumulator A with 18. The '# is used to
separate immediate addressing from other addressing modes

Extended (EXT)

In extended addressing mode (“Direct” in standard ternaigl|[1]), which has an
instruction length of 3 bytes, the effective address appeaplicitly in the two bytes
following the opcode. For exampl®AA $1098 loads the accumulator with the value
contained in $1098.

Direct (DIR)

Direct addressing (“Page zero” in standard terminolagy, [ids an instruction length
of 2 bytes and works the same way as extended addressingtéaeit is only pos-
sible to access the operands in the $0000-$00FF area of tme@meThe benefit of
this is that the address can be specified with only one byteiabas that are used
frequently are often put in this memory area to save time.

Student Papers in Computer Architecture, 2005



68 CHAPTER 15. MOTOROLA 68HC11

Indexed (INDX, INDY)

In indexed addressing mode, the index register X or Y is useencalculating the
effective address. The effective address is variable aperd#s on the contents of
register X (or Y) and an 8-bit unsigned offset contained anittstruction. For example,
assume that index register X contains $ABCD. The instradtizAA 3,X will result in
that the contents of address $ABDO is loaded into accumufato

Inherent (INH)

Ininherent addressing mode (“Implied” in standard terrfogy [1]) everything needed
for execution of an instruction is known by the CPU. For exbigCB will increase
accumulator index B with one, @BAwill add accumulator B to accumulator A.

Relative (REL)

Relative addressing (Page Relative in standard termidiyis only used for branch-
ing instructions. Branch instructions generate two magltiode bytes. One for the
opcode and one for the relative offset. The offset byte isgaesi two-complement
offset with a range from -126 to +127 bytes. If the branch dtolis true, the offset
is added to the contents of the program counter to form tlee®fe branch address.

15.4 On-Chip Memory

The 68HC11 includes random-access memory (RAM), read+oeinory (ROM), and
electrically erasable programmable ROM (EEPROM) memorye A family of the
HC11 contains 256 bytes of RAM for storage of variables antprary information.

The amount of ROM differs between the series of the HC11. THarAily have
256 bytes of ROM for storage of user program instructionsygared to the E9 which
has as much as 12 kilobytes. There are also members of the ®BBFamily with
disabled ROM that instead uses external memory for the usgram.

The M68BHC11A8 has 512 bytes of EEPROM, whereas other mermbBi88HC11
family includes as much as 8.5 kilobytes. Under softwarerabndata can be pro-
grammed into, or erased from the EEPROM. No extra power sugibler than the
normal 5 Vi supply are needed for programming/erasing the on-chip EBPR he
MC68HC11A8 was the first MCU to include CMOS EEPROM which isnzoonly
used for semi-permanent data, such as calibration tablpsoduct history informa-
tion, it can also be used for program memarly [2].

15.5 References

[1] DAGERMO, P. Datorteknik — med inriktning mot 68HC 14econd ed. Studentlit-
teratur, 2001.

[2] MoTOROLA. M6BHC11 Reference Manual
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16. Motorola 68000

16.1 Introduction

The Motorola 68000 (MC68000 / M68000 / 680x0) processor wésaised in 1979. It
was developed from the 8-bit processors MC6800 and MC6&0&ased earlier in the
1970s. The MC68000 was used in Amiga and Atari computers #sawén several
early Macintosh computersl[2, 6].

The MC68000 is considered to be a 16-bit processor, due twitith of its data
bus. The address bus, though, is 24 bits wide, meaning aesahhle memory area of
224 pyte, i.e., 16 MiB. Internally, the processor is mainly at@2processor, with 32-bit
registers and operations. There are thus instructionsdiar fitlds of length 8, 16 and
32 bits, here called bytes, words and long-words, respelgtj].

The processor lacks instructions for floating points, luaichitecture features the
ability to use a coprocessor, mostly the MC68881 floatingHparocessor, providing
up to 96-bit extended-precision format using 80-bit regis{2].

Following the original MC68000 were, among others, the &B@#h a 32-bit data
bus and built-in cache memory, the 68030 with an internal orgrmanagement unit
and the 68040 with onboard floating-point coprocessor [1].

16.2 Security

The MC68000 is at any instant in one of two modes: the suparwmde or the user
mode. By forcing user programs to operate only in the useée stad by dedicating
the supervisor state to the operating system, it is poskitiiaild considerable security
into a system, and to protect the operating system agamssén user programs. This
arrangement has obvious advantages in a multiuser conipsteliation [1.[3].

When any exception occurs, generated by an instruction isea program, the
processor is forced into the supervisor state. User prog/teave no direct control over
exception processing and interrupt handlinlg [1].

16.3 Registers

The 68000 has eight data registers, nam@th D7. These are general, meaning that all
operations that can be done on one of the data registersasioecdone on the other
data registers. Most operations involving data manipaoegict on these registefd [1].

There are also eight address registasp A7. These are pointer registers, holding
addresses to data elements in memiry [1].

RegisterA7 is somewhat special. It is the stack pointer (SP), used toeaddhe
parts of the memory storing data for subroutine calls angteary data. Actually, for
security reasons there are two different stack pointerg U8P (user stack pointer)
and the SSP (supervisor stack pointer). Both are referemncesh7, but depending on
whether the processor is in supervisor mode or in user mbaeeans different stacks.
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One special instructioMlOVE USPgives the supervising program access to the USP.
Programs in user mode, however, have no access tol$SP [6].

MC68000 has only two more special-purpose registers. Theifithe program
counter (PC) which contains the address of the next instni¢d be executed. The
second is a 16 bits wide register called the status regiSRY, (shown in FigurEZ1a.1.
Its eight most significant bits are called the system bytesamies the processor status,
such as a supervisor/user mode bit and interrupt informafitie system byte is only
used by programs running in supervisor mode, such as thatipgsystem. The other
eight bits contain the condition codes that indicate thelte®f previous arithmetic
and logical operations, such as carry and overflow inforomgftt,[4].
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STATE
ovERFLow | CODES
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MASK —— CARRY

Figure 16.1: The flags or status bits of the status registem({5])

16.4 Addressing Modes

On the MC68000, an instruction operand is specified by usimegyaf 12 addressing
modes. An addressing mode tells the CPU how to locate theadatddress needed
by the instruction. On the MC68020/30/40 processors, 18em3ithg modes are avail-
able [2]. Some of them are shown in TaBlEZ16.1 on the next page.

16.5 Instructions

MC68000 instructions consist of an opcode and zero, one ordperands. The
operands specify the source and the destination for theamddvrite cycles of the
instruction. For examplelOVE D1,D2copies the content of regist®1 to register
D2 [2].

Operations on bytes, words and longwords are denoted byditidan of .B, .W,
and .L, respectively, to the opcode. For example, the ojperdDD.L DO,D1 adds
the 32-bit data in registeéd0 to the 32-bit data iD1 and puts the 32-bit result iD1.
The operatio®DD.B DO0,D1 adds the least significant 8 bits@ to the corresponding
8 bits of D1 and puts the result iB1. When a subsection of a data register is operated
on, the remainder of the register is unaffected. For exaj@lB.B DO,D1 does not
modify bits 8 to 31 of the destination registt [{].
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Table 16.1: Some of the addressing modes of the MC68000 gsore

Mode Example Meaning

Direct mode A2 An instruction directly accesses the contents of
the address register

Indirect mode  (A2) The operand specifies the contents of the mem-
ory location whose address is contained in A2.

Indirect with (8,A2) The operand accesses the contents of address

displacement (A2) +8

Indirect with  8(A2,D4) The operand accesses the contents of address

index and (A2)+8+D4

displacement

Indirect with (A2)+ The operand specifies the contents of the mem-

postincrement ory location whose address is contained in A2.

After the memory access, the address register is
increased with 1, 2 or 4, depending on opera-

tion.
Indirect with -(A2) Before the memory access, the address register
predecrement is decreased with 1, 2 or 4, depending on oper-

ation. The operand then specifies the contents
of the memory location whose address is con-
tained in A2.

MC68000 is a CISC (Complex Instruction Set Computer) prsageand as such it
has many instruction§][1]. These can be categorized intm miatvement, arithmetic
and logical operations, program control and system cantrol

The number of basic instructions are more than 80. For examplthe data
movement category, we have the instructitd@VE MOVEAMOVE to CCRMOVE to
SR MOVE from SR MOVE USPMOVEMMOVEQMOVEPLEA, PEA EXGandSWAP If we
were to count all variations of every instruction we would gignificantly more than
80 instructions. For example the branch instrucBar is actually a collection of 16
different branching instructions, whexe can beEQ(equal),GT (equal),VS (overflow
set),PL (plus), etc.[[1].

In the arithmetics category, the processor also has irgingfor binary-coded
decimals (BCD). In the BCD form, decimal digits are reprasdras four bits, which
means that a data register can hold a 8-digit decimal nunither.supported instruc-
tions are addition, subtraction and negation of BCD numbEnsgs can for instance be
useful in economics applications, which then don’t havetiovert from decimal form
to binary form and back. BCD arithmetics also guaranteesepyved accuracy L] 6].
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16.6 Assembler Language Example

The following example shows an implementation of a Fibohgimzedure in MC68000
assembler [6].

* Recursive Fibonacci-procedure
* In: the number N in DO.W
*  Out: answer i DO.W

FIB CMP.W  #1,d0 * simple case?
BGT DOFIB * no, recursion
RTS * done
DOFIB  MOVEW DO0,-(A7) * save current value of DO to stack
SUBW  #1,D0 * decrement N to N-1
JSR FIB * do F(N-1)

MOVE.W DO0,-(A7) * save result
MOVEW 2(A7),D0  * restore N

SUBW  #2,D0 * decrement N to N-2
JSR FIB * do F(N-2)

ADD.W  (A7)+D0  * calculate sum

ADD.L  #2,A7 * pop saved word
RTS * return

16.7 References
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17. Ricoh 2A03

17.1 Introduction

The 2A03 processor is a modified version of the MOS 6502 pemre$he MOS 6502
was released in September 1975. What differs the 2A03 fra6802 is that the
2A03 processor lacks the Binary Coded Decimal (BCD) moda,ttie 6502 has. The
2A03 can also handle sounds and work as a psuedo-Audio Bingésit (pAPU) [1].
Because the MOS 6502 processor was much cheaper than thigomihessors when
it entered the market, costing only $25 compared to Int€l@8and Motorola’s 6800
which costed $179, it started selling direc{ly [2]. And whéimtendo decided to enter
the arcade game market they wanted a cheap console with g@adityqgames, since
the company’s profit would be made from the games. So thegedltithe MOS 6502
into the 2A03 and got Ricoh to produce the chip after prongisirem a three-million
chip order. So in 1983 the 2A03 chip entered the console mamkémerica in the
form of a little grey box called Nintendo Entertainment Syst(NES, see Figute1T.1)
and was the top selling toy there in 1987 [1].

Figure 17.1: The Nintendo Entertainment System consoden({i])

17.2 Overview of the Processor

The 2A03 is an 8-bit processor with a 16-bit address bus aatitise endian processor
which means that addresses are stored in the memory wittke#ise $ignificant byte
first [d]. The clock frequency is roughly 1.79 MHz. When thimgessor was made,
the RAM was faster then the CPU, so this processor uses fegeters and focuses
on RAM access instead. Even though this processor had a tmk flequency it was
actually competing with other CPUs that was running witlcklrequency four times
as high, because the 6502 and the 2A03 are pipelined stattegsors. Other CPUs at
this time were microcoded and had internal frequencies ewaigpe with the 6502 (for
instance the Z80s internal clock was divided by follr) [2].
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17.2.1 Regqisters

2A03 has 6 registers, an 8-bit accumulator register, twdt 8idex register, an 8-bit
status register, an 8-bit stack pointer and a 16-bit programmter [2]. A closer look
on the status registers, which contains 8 bits of differargle bit flags, follows:

Carry Flag - If an overflow occurred in the last instruction the carry flget which
allows the system to perform calculations with numbers érrigan 8 bits.

Zero Flag — This flag is set if the result of the previous instruction waso.

Interrupt Disable — This flag can be set to make the system ignore Interrupt Béque
(IRQ) interruptions until the flag is switched back.

Decimal Mode — The decimal mode flag is used to switch into BCD mode but since
the 2A03 doesn't have a BCD mode this flag will be ignored.

Break Command - To indicate that a Break (BRK) instruction has been used, th
flag is set causing an IRQ.

Overflow Flag — An overflow can occur if the last instruction resulted in avalid
two’s complement. For example if two positive numbers aidealcand the result
is negative. If this happens, the overflow flag will be set.

Negative Flag — If the sign bit (bit 7 of a byte) is set then this flag will be astwell.

17.2.2 Instructions

The 2A03 instructions can vary depending on what kind of assing that mode is
using. Therefore, some instructions come in multiples. &gjcally there are 56 dif-
ferent instructions and 156 valid opcodes (operation Qouletsof 256 possible]1]. But
the 2A03's original processor (MOS 6502) is known to havegidu 32 undocumented
opcodes that triggers many valid instructions at the same, tivhich can lead to un-
expected result$ [2]. Depending on the addressing modédnstrictions are either
one, two or three bytes long. The opcode is the first byte amddmaining bytes are
operands. All instructions can be divided into several fiomal groupsili].

Load/Store operations
Register Transfer Operations
Stack Operations

Logical Operations
Arithmetic Operations
Increments/Decrements
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Shifts

Jumps/Calls

Branches

Status Register Operations
System Functions

There was a bug in the 6052 that wasn't fixed in the 2A03. Thiedetjump instruction
JMP, could jump to the wrong address if the address was hekadexxFF. If the
address was xxFF it would access xxFF and xx00 instead of Xk [#].

17.3 Memory

As mentioned before the 2A03 has a 16-bit address bus, eapédtioring up to 64 kB.
The first 256 addresses are part of the “zero page” or “diragepmode. It allows
users to access the first 256 memory locations with a sindlé &ldress to allow
quicker execution. Other addressing modes also includéiei2A03 was implied (1
byte instruction); absolute (3 bytes); relative (2 bytesgumulator (1 byte); indirect,x
and indirect,y (2 bytes); and immediate (2 bytes). For garmairpose addressing the
absolute mode was used. When conditional branch instruetas implemented for
moving the program counter up to 128 bytes forward or bactés/aelative address-
ing was used. In the accumulator mode the accumulator wakassean effective ad-
dress, therefore it didn’t need any operand data. Immediatde used an 8-bit literal
operand. For array processing or other kind of looping tlirétt addressing mode
was useful. Using indirect,y mode the 8 bits in the y regisias added to a 16-bit base
located somewhere in the zero page memory.

Instead of using the X and Y registers as “normal” index regss they where used
as offsets. So by incrementing X or Y you could index the areasen though the array
might be located at any position in the 16-bit address sphiswas only a two-cycle
8-bit operation (given the 16-bit base read from the zer@p[E]. In the NES console
the 2A03 accesses memory using buses. As shown in Higuiea 7t next page we
can see that the memory is divided into three parts, the CRAN, cartridges ROM
and the 1/O registers. To inform the components that theeasigs a read or a write,
the 8-bit control bus is used. In order for the componentsaal ror write from or into
the selected address, the data bus is used. ROM is a readienigry, and is accessed
via a MMC to allow bank switching to occur. In order for the CRiJcommunicate
with other components in the system, i.e. the Picture PeingdJnit (PPU), the 1/O
register is used.
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Figure 17.2: Processor Diagram (from [1])
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18. Sun Niagara: A Multithreaded
Processor

18.1 Introduction

The Niagara processor from Sun Microsystems has not yet tedessed. The exact
time of release is not yet decided on, but sources tell than8-6-core versions of
Niagara will be presented before the end of 2005 [11]. Uhgint some information
about Niagara will be presented here.

The Niagara processor is part of Sun’s UltraSPARC family it differs signif-
icantly from its predecessors with an unusual design thatidtes eight processing
engines, each of which is capable of handling four threadslsaneously.

18.2 Overview of the Processor and Explanations

As previously mentioned, the Niagara has not yet been medkalsis, and the fact that
Sun has not been very generous with details, means thatftveniation collected here
must not be regarded as the absolute truth.

A description of Niagara says that itis a “Blade processduiting 8 Afara-created
(simplified UltraSPARC 1) cores on a die. Each core handlerdatis and supports
Switch on Event Multi-Threading (SOEMT)[[2].

Some quick specifications from the same source say the fioltpw

L2 cache 3 MB

L1 cache 8x[16kBI, 8kB D]
Memory 4xDDR2 (20 Gb/s)
Pipeline  6-stage

The description and the specifications will be explaine@her

Afara is short for Afara Websystems, Inc., a company acduieSun Microsys-
tems in 2002[[1I0]. The company developed SPARC-based nrimcepsors. These
processors were used in the previously mentioned UltragPfaRnily.

SPARC stands for Scalable Processor Architecture, anch‘@gpan set of technical
specifications that any person or company can license antbudevelop micropro-
cessors and other semiconductors based on publishedrpdteatdards™[®]. SPARC
specifications are owned by an independent, non-profit izgtion called SPARC In-
ternational, since 1989, when Sun Microsystems transfette them.

This means, Afara Websystems used the SPARC specificatiatesign their own
processor, which later on has been used by Sun for its owrepsoc family, the Ul-
traSPARC family. The processor family has five members ctigr@vailable, they are
called UltraSPARC lli, IlIi, 11, IV and IV+.

SoEMT means that the processor switches task in case of mngep, e.g. when
the current task misses in the cache [7].
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What we have now is a processor consisting of eight smalksamplified proces-
sors, each of which are capable of handling four threadslsmeously and, in case
of long pauses, switches between these threads. Thesespraltessors are based on
the SPARC specifications.

The cache is used to save information needed often by thegs@tirrently ruri16].
To be faster, many processors use two levels of caching. Tétdevel of caches is
implemented on the same die as the processor. The secohdleften off-chip and
is searched if the desired information can not be found offitsielevel cache. In the
previously stated information about the Niagara, it candenghat the processor uses
two levels of caching. It seems like the second level cacloffiship, based on the
available information. The first level of cache storage isd#id into two parts, one
which handles instructions (I) and one which handles dajd4p

The memory of the Niagara is 4XxDDR 2, DDR stands for DoubleaBRdte mem-
ory and 2 means it is the second generation of DDR. DDR is a SibR#emory,
SDRAM stands for Synchronous Dynamic Random Access Mem®he memory
contains the instructions and data of a program, the RAMsparply that memory
accesses take the same time no matter what information {Blg&iasily explained it
can be said that a SDRAM releases 1 bit per clock cycle, DD&aggls two bits per
clock cycle and in DDR2 the rate of the clock cycle is doubtedreby releasing bits
faster [3].

One explanation of pipelining is “an implementation tecfu@ in which multiple
instructions are overlapped in execution, much like anrabseline” [6]. A pipeline
stage is, according to the same source, “A step in executingstruction that occurs
simultaneously with other steps in other instructions amically lasts one clock cy-
cle.” The fact that the pipelining used in the Niagara hasstiges imply that each
instruction is divided into six steps.

In summary, Niagara is a processor consisting of eight emaimplified, pro-
cessors. These smaller processors can handle four sirraltarthreads each. When
executed, each instruction is divided into six steps andlpipd. Niagara has a quite
fast memory and uses a two level cache.

18.3 Some Opinions about Niagara

The Niagara marks a new approach in the designing of processtce it is using
multithreading. Previously there have been processordlimgntwo threads simulta-
neously, but the 32 threads of Niagara yields a big step falwBesigners see three
advantages with thi§[5] . Firstly, the processor is kepylwigh real work from another
thread while any one thread is waiting for data from a mem@&scondly, multicore
CPUs help control signal speeding across the chip whileghgth of the signal paths
are limited. Finally, today’s server software requires harmges to adapt to these new
processors. On the other hand it is hard to predict how thieips avill perform, it is
also hard to design the synchronization of and the commtioichetween threads.

In an article, Charlie Demerjian discuss other pros and oéiéiagaral[l]. The
article also reveals information about Niagara which Dgiaehas extracted from a
conversation with Sun’s Vice President Marc Tremblay.
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The fact that Niagara features in-order execution resaltlat the cache size may
be of less importance than it is in other architectures. Hasaon for this is that any
other thread can be executed when the first thread is wartsgjting in less penalty
for memory misses. The backside is the ability to optimizev tilwe program is exe-
cuted.

The two kinds of caches also facilitate interaction betwdeaads. To pass data
between threads in the same core, just read and write toubkedee cache, for data
exchange between threads on different cores, use the Veweldche in the same way.
The improved data exchange will affect software designttyrea

The previously lessened penalty for memory misses resukeibranch prediction
being less aggressive, which in turn makes the developrasigreand the dies smaller.

If things can be passed between threads with no penalty, $him @hich the pro-
cesses will be run has to be adjusted to that. Fortunatelgdorthe two main OSes
in which this processor will be used are Solaris, which is edvby themselves, and
Linux, which is completely open.

According to Demerjian, Marc Tremblay repeatedly mentibtieat Niagara was
“network facing” not “data facing”. The statement implidgt Niagara will be good
at, for example searching, web page serving and streamidgrend other services
giving service to thousands of tasks a second.

Niagara also takes a new approach in efficient use of respakaglable. The aim
is to keep all the resources in the chip as busy as they cammbasflong as there is
data. This approach will avoid the typical peaky CPU behavighere the processor
hovers around zero and then spikes to near 100 %. The powsugion of Niagara
will lie around 60 watts, much less than many other PC-CPUhemarket now.

All in all, Demerjian seems to think the future for the Niaggrocessor looks
bright.
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19. Transmeta Crusoe

19.1 Introduction

In January 2000 a start-up company named Transmeta reladaedly of processors,
named Crusoe' , With an architecture that differed from every other in tharket at
that time. Low power consumption were put before high penfamce, and the target
was mobile and embedded systems. The goals were achievettibg imuch of the
work usually done in hardware be done in software instead tlaereby reducing the
die size. By also integrating the northbridge on the pramesisip, combined with an-
other new technology called LongRun, power consumptionnedaced even further.
The Crusoe processors are x86-compatible [3].

19.2 Overview

The core of the Crusoe is a VLIW, Very Long Instruction Wordye with 128-bit
or 64-bit long instructions in a 474-pin ceramic BGA, BalliGArray. Each 128-bit
instruction word contains four operations which can be aetextin parallel.

It has an in-order 7-stage integer pipeline and a 10-stagérfp point pipeline.
There are 64 internal integer registers, two integer ALWd ane floating point ALULIB].

19.3 Memory Hierarchy

The Crusoe is a pure RISC processor with 128 KB L1-cache afweklea 0 to 512 KB
L2 cache depending on the model, see Fidurel19.4 onlpdge 88elMwithout L2
cache are designed for use in handheld devices like PDAsranttels with larger L2
cache are mostly used in laptops and tablet PC’s.

< 128-bit

[
Ll

o
| FADD | | ADD | | BRCC |
\ 4 {V V‘

Floating-Point Integer Load/Store Branch
Unit ALU #0 Unit Unit

Figure 19.1: A VLIW molecule (fronl]5])

The instructions executed by the VLIW-core are called maessince they consist
of four instructions, called atoms (see Figlire 19.1). Theyemcoded in little endian
byte orderl[6].
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19.4 Execution
The execution takes place in a 7-stage pipeline for integadsa 10-stage pipeline
for floating point number, see Figute19.2. The pipelinecioll the model found in

most RISC processors. Branch prediction is implementedarCtode Morphing soft-
ware [2].

| Fetch 0 I—}l Fetch 1 I—bl Regs | ALU Except Write |—>| Commit |
|CaChe 0 Cache 1 (Load/Store Unit)
(Wait) Redlrect (Branch Unit)

Figure 19.2: Pipeline (froni]1])

e Fetch0 The first 64 bits of a 64-bit to 128-bit bundle are fetched.

e Fetchl The second 64 bits are fetched (for 128-bit bundles only).

e Regs Read source registers and decode/disperse instructions.

e ALU Execute single cycle operations in ALUO and ALUL.

e Except Complete two-cycle ALUO/ALUL ops and detect exceptions.

e Cache0 Initiate L1 data cache access based on register address.

e Cachel Complete L1 data cache access, TLB access and alias checks.
e Write  Write results back to GPRs or store buffer.

e Commit Optionally latch the lower 48 GPRs into the shadow registers

19.5 Code MorphingﬂvI

As mentioned earlier the Crusoe executes VLIW's in its carg] is compatible with
x86. This is achieved through a software layer between tl@SBand the processor
called Code Morphing, see Figure119.3 on the next page. The ®mrphing software
recompiles x86 machine code to VLIW code on the fly when exegut program and
the translations are stored in a translation cache to spaegstup. The most frequently
used code will be optimized by the software for even highefgpmance. Since the
translation is done in software, larger buffers and tabdeshe used compared to doing
itin hardware, thus more history can be stored and branchigtien can be made more
efficient than in hardware.

Since the VLIW’s contain four instructions which can be axed in parallel the
Code Morphing software can pack translated x86 instrustioto a VVLIW out of order,
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x86 Applications

%86 Operating System
(Windows 98, Windows 2000, Linux, etc.)

x86 Software x86 BIOS

Code Morphing Software
%86 Compatible
Crusoe Processor Solution

VLIW Processor

Figure 19.3: Layers of the Crusoe ISA (from [3])

to increase performance. This leads to some problems if @gpéon occurs, since all
instructions before the one which caused the exceptionbeustecuted. This is solved
by having a copy of all x86 registers, so-called shadow tegisand only if a VLIW
executed without an exception the working registers arécdp the shadow registers.
Otherwise, if an exception occurred, it will copy the shadegisters to the working
registers and start all over again, executing the instvastin-order. This allows for
proper exception handling though the x86 code is executedfarder [5].

L1 Instruction Cache Unified TLB
B4K 256 ent
. : ' . I DDR SDRAM
~Way sSel associalive =Way sel associalive Bl Conirnller *_'E:F
A A
L Y
CPU Core . SDR SDRAM
Controller B4
Integer unit g Bus .
Floating point unit Interface
MMU .
. ) . Serial ROM
Multimedia Instructions ‘l ]l e Interface {ogp
A [}
Y F y PCI Co&ntroller
L1 Data Cache L2 WB Cache Southbridge
64K e 512K DMA - @
) ) ™ Interface
16-way set associative 4-way set associative —_—

Figure 19.4: TM5600 block diagram (frorn! [6])

19.6 LongRun "

To reduce the power consumption a feature called LongRuririsduced that can ad-
just both the clock frequency and the voltage level to thegssor, the latter being a
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feature not found in many other processors. When the procéssot fully utilized

it can lower its speed and thereby also lower its voltagel lenee a higher speed re-
quire a higher voltage level. The energy consumed is linedhé clock frequency
and quadratic to the voltage level. This means that a 10 pereeuction in clock
frequency leads to a 30 percent reduction in power consompiie to the cubic rela-
tionship when lowering both speed and voltdde [6].

19.7 Performance

Since the Code Morphing software optimizes frequently wsste, tools that measure
performance will sometimes be faster the second time theyuar. Not many bench-
marks takes this into consideration it seems, but still, an$meta Crusoe TM5800
running at 600 MHz is comparable to an Intel Pentium 3 runaingbout 550 MHz.

Another low-power rival is the Via C3 processor. A Crusoe 1B@6 running at
600 MHz is almost twice as fast as a C3 also running at 600 MH#oating point
operations, and about equal for integer operatibns [4].

19.8 Applications

The Crusoe processor is used in many portable devices susbrgsVAIO Picture-
sooks and HP thin client t5700. Crusoe’s successor, theeBfiiprocessor can be
found in the ECS 532 15-inch notebook.

19.9 References

[1] ANONYMOUS. Crusoe exposed: Reverse engineering the Transmeta TM5xxx
architecture I.  Web page, Feb. 1, 2004nttp:/iwww.reaiworldtech.com/
page.cfm?ArticlelD=RW 010204000000

[2] ANONYMOUS. Crusoe exposed: Reverse engineering the Transmeta TM5xxx
architecture Il. Web page, Feb. 27, 200ip:/iwww.reaiworldtech.com/
page.cfim?ArticlelD=RW U1Z /04012616

[3] GREENHALGH, P. Transmeta crusoe. Web page, Jan. 31, 2001.
http://www.beyondsd.com/articles/transmeta index1.0 hp.

[4] SmITH, V. Preliminary benchmarks: VIA C3 versus Transmeta TM56U0¢&b
page, Aug. 16, 200nttp://www.vanshardware.com/articles/2001/september -

010921 Iransmeta v _C3/U10921 lransmeta v _C3.htm

[5] STOKES, J. Crusoe explored. Web page, Jan. 6, 2fti/arstechnica.com/ -
articles/paedlia/cpu/Criisoe. ars

[6] TRANSMETA CORPORATION  Crusoe Processor Model TM5400-eb. 8,
2000. Also available at |nttp:/iwww.fransmeta.com/crusoe| docs/
tm5400 productoriel 0UUSUZ.pdi

September 29, 2005 Taha, Léfstedt and Agren (editors)


http://www.realworldtech.com/page.cfm?ArticleID=RWT010204000000
http://www.realworldtech.com/page.cfm?ArticleID=RWT010204000000
http://www.realworldtech.com/page.cfm?ArticleID=RWT012704012616
http://www.realworldtech.com/page.cfm?ArticleID=RWT012704012616
http://www.beyond3d.com/articles/transmeta/index1.php
http://www.beyond3d.com/articles/transmeta/index1.php
http://www.beyond3d.com/articles/transmeta/index1.php
http://www.beyond3d.com/articles/transmeta/index1.php
http://www.vanshardware.com/articles/2001/september/010921_Transmeta_v_C3/010921_Transmeta_v_C3.htm
http://www.vanshardware.com/articles/2001/september/010921_Transmeta_v_C3/010921_Transmeta_v_C3.htm
http://www.vanshardware.com/articles/2001/september/010921_Transmeta_v_C3/010921_Transmeta_v_C3.htm
http://www.vanshardware.com/articles/2001/september/010921_Transmeta_v_C3/010921_Transmeta_v_C3.htm
http://www.vanshardware.com/articles/2001/september/010921_Transmeta_v_C3/010921_Transmeta_v_C3.htm
http://www.vanshardware.com/articles/2001/september/010921_Transmeta_v_C3/010921_Transmeta_v_C3.htm
http://arstechnica.com/articles/paedia/cpu/crusoe.ars
http://arstechnica.com/articles/paedia/cpu/crusoe.ars
http://arstechnica.com/articles/paedia/cpu/crusoe.ars
http://arstechnica.com/articles/paedia/cpu/crusoe.ars
http://arstechnica.com/articles/paedia/cpu/crusoe.ars
http://www.transmeta.com/crusoe_docs/tm5400_productbrief_000802.pdf
http://www.transmeta.com/crusoe_docs/tm5400_productbrief_000802.pdf
http://www.transmeta.com/crusoe_docs/tm5400_productbrief_000802.pdf

85

Part |l

Media and Memory

Student Papers in Computer Architecture, 2005



86

September 29, 2005 Taha, Léfstedt and Agren (editors)



PIA SKOTARE AND JOHANNA ZETTERLUND HAGGROT 87

20. Blu-ray

20.1 Introduction

Blu-ray is a new type of disc used to store data, somethingreretors hope will replace
the DVD. A daily-used term like Blue-ray cannot be registiais a trademark, thus the
e was dropped and the product named Blu-ray. The name Bluefays to the blue
laser technology used to read from and record to the discin@ndCDs and DVDs
use red laser, while blue laser allows greater density anwdgt capacity.

In this report we are going to tell you about the basics aldoeiBiu-ray. You will
get to know a bit about the short history of blue ray, what theebBaser is and the
how and whys of the disc itself. We will end the report with angarison to Blu-ray’s
greatest adversary, HD DVD, which is another technologyaiblue laser but with the
same disc structure as an ordinary DVD.

20.2 History

Blu-ray, as well as its concurrent HD DVD, was developed tppsut recording of
High Definition video. The 4.7 GB capacity of a DVD is simplytremough anymore.
The concept of Blu-ray was introduced in February 2002 bygelgroup of com-
panies, including Dell, Hewlett-Packard, Hitachi, LG Hblenics, Matsushita (Pana-
sonic), Mitsubishi, Pioneer, Philips, Samsung, SharpyS6bK and Thomson. The
current Blu-ray Disc Association consists of over 140 conigs from all over the
world. Blu-ray disc recorders are already sold in Japanrdéoording HDTV. The
product will probably be launched in USA early 2006 and diga@fter in Europelll].

20.3 Technical Information

20.3.1 Summary

Storage capacity (single-layer) 25GB

Storage capacity (dual-layer) 50 GB

Laser wavelength 405 nm

Numerical aperture (NA) 0.85

Protection layer 0.1 mm

Data transfer rate 36.0 Mbps (1x)

Data transfer rate (movie application) 54.0 Mbps (1.5x)

Video compression MPEG-2, MPEG-4 AVC, VC-1

Blu-ray supports multi-layer discs as well. Right now a disn store two data-
layers. The laser will first read one layer and then refocuthersecond layer. This is
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done automatically without any user inference. The fornaat €asily support adding
more layers, allowing the capacity to increase up to 200 GB.

The Blu-ray player is promised to maintain compatibilitglwdVD. An often used
method to achieve this has been to simply switch the objetgns. Even if the differ-
ence of the thickness of layers between the two formats ishigigproblem can easily
be solved by using this method. The Blu-ray developers arking on a laser lens is
capable of both red and blue-violet laser. This is necedsabyiild portable players
and notebook driver§[1].

20.3.2 Information

Despite the name, Blu-ray actually uses blue-violet lasereid and write to discs.
The blue-violet laser has a shorter wavelength than theasstt ised by CD and DVD,
405nm vs. 650nm.The idea of using a wavelength even shoagicansidered, but it
caused durability problems on the disc. Experiments hasstioat optical discs and
devices suddenly show a poor transmission factor when aesheavelength than 400

nm is used.
2.11um 1.32 um [58- m
CD D

VD Blu-ray

Figure 20.1: Comparision in beam size (frdm [2]).

The blue-violet laser allows better precision and thus nuata of a disc on the
same size as a DVD/CD. But changing to blue laser only inei#se storage up to
12 GB. The thinner the cover layer of the disc is, the morele#sé performance of
the objective lens to converge the laser beam can be imprduatie DVD-standard
the thickness of the cover is 0.6 mm, leading to a NA value 6f NA, Numerical
Aperture, measures the optical lens ability to gather lagid resolve fine details at a
fixed object distance and has a value between 0 and 1. A NA ofdhatat no light
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is gathered, which means a high value is preferred (see¢BUR). Together with the
wavelength the size of the laser beam is defined. A high NA asiubat wavelength
results in a small laser beam. That is what Blu-ray wantedieze, see Figuie20.1).

¢ Wave length=A

Objective lens

)
( NA=sin 6)

D=A/NA

(( I \\\\\\

\

Figure 20.2: Numerical Aperture is defined as 8)n(Where®b is half angle of con-
verging light converged by an objective lens. Around 80%giftlenergy is converged
in an area with diameter a&f/ NA (from [2])).

Rather than to solve all the problems that a 0.6 mm thickresabto it was decided
to reduce the thickness to 0.1 mm. That lead to the much bBéfteralue of 0.85, but
also introduced a new set of problems. The recording lasarisclose to the surface
of the disc. The advantage of this is that the laser has let=rialeo read though, thus
the higher NA. But the disc becomes more vulnerable as whk. |&ns must be closer
to the optical disc, which increases the chances of the leridentally hitting the disc.
Protective measures can be taken by the hardware to sengerdand avoid a hit, but
it will put more pressure on the manufactures. Also, the Bay discs will be much
more sensitive to fingerprints and accidental scratchesif Bie hard coating that has
been developed keeps its promises the disc should be evenregistant to damage
than the current DVDL]2].

20.4 A Comparison to HD DVD

Unlike Blu-Ray HD DVD is more of a direct extension of DVD, ngiblue laser instead
of red while still using the same thickness of the cover layaat means the production
costs will be lower for HD DVD and at the moment the productiiome is shorter as
well. Despite that HD DVD is not yet for sale while Blu-ray eddy is used in Japan.
A great deal of powerful companies support Blu-ray, but ntbae 40% of the Hol-
lywood movie-studios are behind HD DVD. Some companies, Tikomson Electron-
ics, prefer not to take sides and show indication to suppaft formats. Compatibility
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cD ovD Blu-ray Disc
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Figure 20.3: CDA=780 nm, NA=0.45, 1.2 mm substrate, capacity 0.65 GbhytedDDV
A=650 nm, NA=0.6, 0.6 mm substrate, capacity 4.7 Gbytes. rBjtu-A=405 nm,
NA=0.85, 0.1 mm substrate, capacity 25 Gbytes (froim [4]).

with CD/DVD will be available for both formats; compatitiifi between Blu-ray and
HD DVD is another question. The technology to achieve thmusthbe a small prob-
lem, but it is doubtful there is a will to produce it.

Looking at the facts Blu-ray seems like a more worthy followeeDVD. First, the
storage capacity is 25 GB to 15 GB, the difference is even motieeable when con-
sidering the dual-layer disc. Also, Blu-rays combinatidrhigh NA/low wavelength
requires a lower rotation speed to reach the transfer ra3€ dMbps that both formats
have promised. But as always it comes down to money; HD DVDheilcheaper and
easier to produce. Blu-rays far superior density is moreegaan the market currently
requires.

At the moment there is no clear winner and both formats wittb¢éhe market. The
new game-console Sony Playstation 3 will be using Blu-ragslisomething that might
give them a slight advantage against the HD DVD. On the othrdhMicrosoft's new
X-box console might be using HD DVD in the future. But it is amdresting thing that
Microsoft has not yet made any public promideé<]4, 3].

20.5 References

[1] BLU-RAY DisCc ASSOCIATION Blu-ray.com - everything you want to know about
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21. CD-RW

21.1 Introduction

Today almost every new computer has a DVD/CD burner ingtallEhe burning of
a CD requires a CD-R or CD-RW disc. The technology used whenihy differs
between the two types of discs but we will concentrate onlBrRRW. When burning
a CD-R the laser creates pits and lands on the disc, the lemeuses them to read by
notice the difference between the pits and lands. A burned®@Dhas different states
in its material called amorphous and crystalline stateschvhesembles the pits and
lands on the CD-R]2].

21.2 Time of Birth

In 1841 the research started with a sampling theorem by Aurglusuis Cauchy which

has evolved each year until 1970 when two workers at Phibpspdeted the first glass
disc and found out that a laser would be needed to read theTdisdaser was invented
in 1958 and as late as 1980 the standard CD was founded bp$hild Sony. The
need to be able to burn your own discs made the evolutionrmoemtind in mid 1997 the
CD-RW was a big threat to the CD-R and superfloppy alternativee on the market[3].

21.3 Overview

CD-RW stands for Compact Disk, Read and Write. Which meaasytbu can both
read and write to the CD. A regular CD is built up by a kind ofgtia composition
and can not be altered after the burning/pressing procésesCD-RW disk contains a
dielectric material, a mix of silver, indium, antimony aralgrium. This kind of mix
enable the re-writable capacity by melting and “freezirfyg material over and over,
thus creating pits and lands on the disc which reflects the Iigdifferent ways|[4].
Because of the difference in material between the CD-R andR@Dsome of the older
CD-ROM drivers can not read RW disks. The main reason of thikat the material
of the RW-disk does not reflect the laser as well as from CDdRdi

21.4 Surface

In this section we will explain in detail the structure andmosition of a CD-RW.
Standard CDs measure 12 cm in diameter with a 15 mm diametéredeole. The
audio or computer data is stored from radius 25 mm (aftergad-in) to radius 58 mm
maximum where the lead-out starts The first 4 mm of the disséd by the SUA
(system use area) which is a boot-section. The SUA-sedidivided into two parts
named Power Calibration Area (PCA) and the Program MemoepAPMA).
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2141 PMA

The PMA tells where the data is stored on the disc, or ratherstart and end of
the stored data. It also store a temporary table of cont@i@€] for the individual

packets on the disc that has been only partially recordedjlis@ssion. When it is
closed/finalized, the TOC is written to the lead-in and the R can now be read by
other devices than the CD-RW device.

21.4.2 PCA

The PCA is a sort of testing ground for the CD burner. In oradeerisure that the
write laser is set at the right level, the burner will make @eseof test marks along the
PCA section of the disc. The burner will then read over theags) checking for the
intensity of reflection in marked areas as compared to unadsakeas. Based on this
information, the burner determines the optimum laserrsgfor writing onto the disc.

21.4.3 Information Area

After the SUA the information area starts, which is dividatbithree parts, lead-in,
program area and lead-out. This is where the actual datarsdsbn the disc. When
using multisession the disc will be divided as; lead-ingvemn area, lead-out, lead-in,
program area, lead-out, etc.

Lead-In

The lead-in consists of a main channel and eight subcodenetsiabeled P-W where
the Q-channel contains the TOC and time-codes. The TOC ghatiiten when the

burning process is done enables the reader to know wheréesdataied on the disc and
is followed by a digital silence (empty area) in the main aginThe TOC can contain
a maximum of 99 tracks even though the program area would fienféor data there
are no such limitations and the program area can be usedTiilb/P-channel indicates
the start and end of each track and is used by simple audienslay know when the
next track begins. In the subcode channels R-W there candphigs that is shown
when playing the music, e.g. title of song etc.

Program Area

Data stored on the disc is located on this section and ustrfgists of 330,000 sectors
where each sector has 2048 bytes of data to be used. Thetyapfatie disc can be
different depending on if multisession is used and dependinthe disc, some discs
have more sectors allocated on the program area thus iimggeas total capacity of the
disc and the use of multisession reduces the capacity by 1&ddibtime a new session
is started. The increase in number of sectors is possiblesimguess track pitch,
meaning the disc becomes “compressed”, because of thisssenakd to lower the
scanning velocity. Since error detection is more neededdta than audio it follows
that a disc containing data has less space for actual datattisc using audio.
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Lead-Out

After each burning session a lead-out is required to telGBereader that the session
has ended. The lead-out uses 13 Mb of digital silence, mgahat there are no data
here and the reader knows that the data written this sedimrad. When using multi-

session the burner also prepares a lead-in for the nexbggsst after the lead-out on
this session. The following sessions lead-out uses only 4nstiead of 13 Mb. Some-

times a disc uses overburning which means that a small péredéad-out is used as
program area. The lead-out consists of 6750 sectors (abaecnds or 15 Mb)

21.4.4 Layers

The recording layer is surrounded by two dielectric laybeg fict as an insulation for
the lasers heat when it burns on the recording layer thuggting the disc from being
damaged. Above the upper dielectric layer is a reflectiver#lyat reflects enough of
the laser if the dielectric material has been crystallizethat the reader can determine
a land. This layer is made of a mix of titanium and aluminumthi& bottom there is a
polycarbonate substrate and a spiral groove that is usedide the laser beam and to
hold absolute time information and other data. The layerdllaistrated in FigurE2111.

G

Reflective layer

Protective layer

Dilelectric Recording layer
ayers —
Pregroove
Polycarbonate disc - '
substrate

Figure 21.1: Layers on a CD-RW(frornl [1])

21.5 Phase Change

When a disc is burned the laser that is being used uses diffstrengths to alter the
material on the disc, changing the material on the disc batwa amorphous and
crystalline state. The laser uses three different powethe®fbeam and uses them
when reading, writing and erasing data on the disc. The Bighmver is called “Write
Power” and converts the dot to an amorphous state which isdhereflective state, it
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heats the disc to a temperature of 5007@0which makes the atoms in the area to
move rapidly in the liquid state, when if cooled fast enough liquid state is “frozen
in” and the amorphous state is obtained, this also makesrtioepdous material to
shrink leaving a pit where the laser dot was written. Thisiltesin a readable CD
surface. When we want to erase data from the disc we use thdlevypdwer called
“Erase Power”, which revert the atoms back to its crystalbtate by heating the disc
to around 200 C. To read data the “Read Power” is used which is used onlyad re
and therefor does not alter the material on the disc.

21.6 Specifications

UDF (Universal Disk Format) enables operating systemsdd,revrite and erase data
from optical media such as CD-RW that has been created by offezating systems.
This specification is being used by CD-RW as an optional sga@gnstandard. The
UDF is a subsection in 19413346 which is an extension to the ISO 9660. The ISO
9660 limits the label to a maximum of eight letters (or nunsheall in upper-case,
filenames to 31 characters and also limits to eight subdiriest, the UDF reduces
these limitations and allows for e.g. 255 characters indifees. At first UDF limited
the write/erase capabilities of the discs to not be ablestorpwrite old data as planned,
we had to erase the entire disc and start over from the begjragain. In the updated
UDF its possible to do a direct overwrite on discs and theraigble drag and drop
feature that is being used with CD-RW. It was planned to bel asean alternative to
hard drives but it is not quite that easy to use [1].
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22. DVD

22.1 Introduction

The laser disc was invented by David Paul Gregg in 1958 arrebipitecursor to DVD.
The audio tracks on the laser disc store audio signals thgitathe same way as
compact discs (CD, released 1979), but video signals onea ¢isc is not recorded
digitally. Composite analog signals is translated intdtdiganguage and then decoded
back into an analog format for display. It offered superioleo and sound capabilities
much like Video Home System (VHS, released 1976), prior tdDV

The DVD was released in September 1995. DVD is an acronymDagital Ver-
satile Disc” but it was originally “Digital Video Disc”, thds to indicate its potential
for non-video applications. It was a new optical disc steragth greater capacity of
a CD. It can deliver data at a faster rate than a CD and the taahoavs for different
kinds of storage.

In this study the purpose is to get a deeper understandingitmtphysical and
application formats. Physically it can hold from seven tineover 25 times the digital
data on a CD and it can also be used for different storagectiglins as video, audio
or data storage as a DVD-video, DVD-audio and DVD-ROM fornespectively. But
first we are going to introduce applications of laser in suglas.

22.1.1 The Laser Appliance

DVD player uses laser to write or read from the disk. Lasenigaeonym for “Light
Amplification by Stimulated Emission of Radiation” [3]. Tliéode laser is the most
compact among all commercial available laser products.I€E[2B.1 shows a list of
diode laser wavelengths and their typical applications piteelucts are important in
many fields such as the following: Biomedicine, graphic,drtdography, optical data
storage, trace element sensing, and telecommunicatioffs] et

Table 22.1: Diode laser wavelengths and their typical apgitins
Wave length  Application area

635-660 Pointing, holography, DVD, CD
780 CD ROM

850-1310 Communications

1550 Communications, range findings
1625 Telecommunications testing

Special techniques are used to further narrow the range oflagths contained
in the laser output and thus to increase the monochoronyafidiat it consist of light
of almost a single color. That is to say the narrower the vemgth makes it possible
to store more information on a didd [3].
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22.1.2 The Physical Format

A DVD disc is made from a 0.6 mm thick disc of polycarbonatespitacoated with a
much thinner reflective aluminum layer. Two such discs forinzamm double-sided
disc. A single-layer DVD can store 4.7 Gigabyte (GB) in comgzn to a CD which
is less then 1 GB. So there are some reasons for DVD's greatarcapacity with a
different laser applianc&l[6]:

e Tighter track spacing with Smaller pit size

Pits are small and tight depressions on the surface of a DgDttat allow the
laser pickup to distinguish between the digital 1's and 8&e(Figuré 2211 2).
In order for a DVD player to read pits a laser with a smallerrbe light is
used. By using a red laser at 650 nm (was 780 nm) wavelength ancherical
aperturgof 0.6 (was 0.45), the read-out resolution is increased bactof of
1.65. This holds for two dimensions to 3.5. Despite soptasion on the beam,
DVD also uses a more efficient coding method in the physigarldor error
correction.

Figure 22.1: Photographs of pits recorded on CD and DVD m@flia

e Multiple layer capacity

Some DVD discs may have up to four layers of information, viitb layers on

each side. To read information on the second layer on the safaethe laser
focuses deeper into the DVD and reads the pits on the secged lao read

information from the other side of the DVD is cumbersome siitcequires the
user to flip the disc manually but the other positive poinhist it does not need
any backward function as in VHS.

Based on DVD's double sided options, there are various dissteuction for-
mats which is represented in Tahle22.2 on the facing page.

1Related to the lens that focuses pits thus reading @@ith 0.6 aperture.
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Table 22.2: The number of sides and layers determines thedmacity (froml[5])

Name sides and layers capacity
DVD-5  single sided, single layer 4.7 GB
DVD-9  single sided, double layer 8.5 GB

DVD-10 double sided, single layer on both sides 9.4 GB
DVD-14 double sided, double layer on one side 13.3GB
DVD-18 double sided, double layer on both sides 17.1 GB

22.1.3 The Application Format

Motion Pictures Experts Group (MPEG) is a professional @asion of motion picture
engineers who develops standards for compressing audivided signal, including
the MPEG-1 and MPEG-2 video compression algorithms. Heramgegoing to find
the effectiveness of these algorithms used. A DVD player alay able to recognize
other formats as well]2].

e MPEG-1: A video compression algorithm that is part of theedd_D standard.
MPEG-1 effectively compresses the video picture to abald@bf its original
size.

e MPEG-2: A video compression algorithm that is part of the DVIdeo, Dig-
ital Broadcast Satellite, and Digital TV (including HDﬂ)/standard. MPEG-2
effectively compresses the video picture to about 1/40sbitginal size. The
picture quality from a MPEG-2 encoded source is superionab 6f MPEG-1.

22.1.4 The Storage Formats and Quality

e DVD-Video: It holds movies which means video and sound. tvites up to
480 horizontal lines of resolution. In case CD, it uses caaped MPEG-1 video
with 240 h. lines resolution which is roughly comparable tdS/[4]. This is
a significant improvement over the 260 h. lines of resolutbetandard VHS,
and the 330 h. lines of resolution for broadcast TV.

DVD-Video is compressed using MPEG-2. If the video inforimatis left un-
compressed, DVD’s would contain only ten minutes of videmt&ge, instead of
several hours.

e DVD-Audio: It holds high-definition sound. It is the audio@jzation format of
the general DVD specification. It also concludes the foltayJ@]:

1. Pulse Code Modulation: PCM samples analog signals ataeguter-
vals and encoding the amplitude value of the signal in aaligiord. In
CD format the word length is limited to 16 bits. The samplirageris
44.1 kHH [@]. The sampling rate must be at least two times the maxi-

2High-definition television provides higher resolution dndreases the percentage of visual field.
344,100 cycles or samples per second.
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mum frequency signal to be reproduced. It is enough to pedudio up
to 20 kHz.

2. High Resolution Stereo (2-Channel) Audio: DVD-Audio pops sam-
pling rates of up to 192 kHz. It is more than four times the simyrate
of audio CD and up to 24-bit word length. The higher samplaitg means
more accurate and realistic reproduction of the higherueegies. Hu-
man hearing is sensitive in the range of 20 Hz to 20 kHz and #2ekHz
sampling rate is over nine times the highest frequency ofdruhearing.

3. Multi-Channel Audio: It refers to use of more than two chels. Stereo
is equivalent to two-channel and Mono one. That is up to sik;rainge,
independent audio channels that can be recorded. And ist&rsampling
rates and data words, multi-channel DVD-Audio can use u@fkHz and
up to 24-bit word length. But practically uses 96 kHz sanmlibecause
6-channel audio uses three times the data capacity of ta@oreH stereo
when both use the same sampling rate and word length. Indkat VD-
Audio uses a form of data compression in order to fit the higloltdion
stereo and/or multi-channel digital information.

4. Lossless Data Compression: DVD uses Meridian’s losslessding/decoding
algorithm in order to store the massive quantity of digitadii@ informa-
tion [6]. No information is lost in the encoding and decodprgcess.

e DVD-ROM: It holds data, games, programs. Basically DVD-R@Va data
storage format just like CD-ROM. A DVD disc may contain anyrdmnation of
DVD-Video, DVD-Audio, and/or DVD-ROM application content

22.1.5 Recordable DVD Formats

The disc medium can bEI[6]:

e DVD-ROM = [ Read Only Memory

e DVD-R/RW =- [ R=Recordable once, RW = Re-Writaljle
Shorthand for “DVD dash Recordable and DVD dash Re-Writable

¢ DVD+R/RW = [ R=Recordable once, RW = Re-Writale
Shorthand for “DVD plus R and DVD plus RW”. It uses a speciatahelloy and
can be switched back and forth between a crystalline phad@mmamorphous
phase, changing the reflectivity, depending on the powérelaser beam. Data
can thus be written and re-written. The difference to DVD/RMhat it is better
engineered.

¢ DVD-RAM = [ Random Access Re-Writable
It is the same as a removable hard disk. Data can be storechicartiguous
blocks, much like a computer hard disk. A single-sided 12B\WD-RAM disc
holds 4.7 GB, so a double-sided 12-cm DVD-RAM disc holds 9Bt G

e DVD-R DL = [R=Recordable once, Double Layer
See Tabl€2212 on the previous page.
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22.2 Discussion

The DVD-Video format for movies is comparable with the ComtpAisc (CD) for
music and the major advantages to CD’s are:

Higher bit rate

Typical data rate for DVD movies range from 3-10 Mbit/sec amparison to
1 Mbits/sec in VHS-quality. Where minimum for audio is 4-8itkkec (tele-
phone) and for video is 16 kbit/sec (video-phone).

Improved Picture Resolution Quality

The DVD format provides up to 480 horizontal lines of reswint This is a
significant improvement over 260 horizontal lines of refioluof standard VHS
and similarly for CD’s.

The Surround Sound Quality

All DVD-Video discs include multiple channel sound, cortisig of up to six
channels of surround sound.

Multiple Language Dialogues and Sound tracks

Many DVD-Video movies contain multiple language optioregke with its own
dialogue. With up to eight languages or sound tracks.

Random Access To Scenes

Movies on DVD-Video are organized into chapters, similahtev songs are on
tracks of an audio CD. It is easy to find favorite scenes.

HD DVD (High Density Digital Versatile Disk) It is a triplealyer disc with
45 GB of storage and less expensive to manufacture then theaBIDisk.

Durable Disc Format

DVD-Video is a great format to collect movies and other vidiéles. With
proper handling it should last long time since there is notacinbetween the
laser pickup and the DVD disc.
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23. SDRAM

23.1 Introduction

A lot of processors are able to handle a lot of tasks solelyeddent on the limited
space their registers supply. But for more advanced and ni@gimzatasks, more mem-
ory space is required. Over the years many different menmggst have been used:
Read Only Memory ROM), Dynamic random access memoiyRAM, Extended
data-out dynamic random access memda@&pPQ-RAM), Synchronous dynamic ran-
dom access memonSPRAM). And nowadays more modern variants of memory,
such as: Double data rate synchronous dynamic RBMR-SDRAM) [4]. The main
focus of this report is SDRAM, but since all these memory yaee so close related,
the report will also bring forth more general facts about l@mory are working.

This report is divided in a few subsectiodlRAM SectiofZ3R where we get a
quick look at some interesting things about dynamic randocess memory, we will
also learn more about how the computer is using its men8PRAM Sectiod 2313 on
the next page, a few differences between DRAM and SDRAM antesadvantages
with SDRAM is the main topic. In therror detection/error correction Sectiorl 231
on pagd_I03, errors in memory is discussed; how to detect #rehhow to correct
them. ThePC66/100/13FBectio 23k on padel03 brings forth a little more informa-
tion about what these figures stand PDR Sectiof 236 on pade104 tells the tale of
the most commonly used memory today, double data rate SDRAM.

23.2 DRAM

In Figure[Z31l on the next page you can see the big rectanguar of memory cells
that add up to DRAM. The width of the array — the lines — are liggalled bitlinesor
wordlines Each bit have a unique address/position depending onrte@eatd column
it is located at[[B]. DRAM, differs from SRAM in that it requs constant refreshing
of the info in its memory cells]4]. This is because each aretyne of the memory
cells use a capacitor to hold the information. To keep thecigrs loaded, a counter
is going over the entire memory, over and over again corgtéthis work is about
1 % to 2 % of all the work the memory doéd [2]) and read eachnleitind write it
down to the memory again. To manipulate the memory in some individual bits
can not be changed directly. The entire bitline is read, therbit is changed, and only
then the entire bitline (with the change) is written backiagB]. The major difference
between DRAM and SRAM is not, as one might think, the speetithmuprice! Each
SRAM cell requires 6 transistors, while a DRAM cell requicggy one transistor and
one capacitor, and since a capacitor is significantly smtdkn 5 transistors, the cells
requires less space, therefore DRAM is chealgetrl[5, 2].
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Figure 23.1: DRAM, bitlines in x-axis, read/write instrigrs y-axis (from[[5])

23.3 SDRAM

SDRAM is not that different from DRAM, the difference is thBRAM is asyn-
chronous and SDRAM is not. DRAM responds to any instructrmmediately, and
while that may sound like a good thing, SDRAM’s approach tepechronized with
the clock pulse does have its advantages. The clock fuelg@ $tate machine which
is able to pipeline incoming commands. Pipelining meanstti@memory chip can
accept new commands before recent ones are done. And thegeyauime for when
the command will be executed, which makes it possible foipttegessor to continue
with other work in the meanwhil&][5]. Since SDRAM have an @it counter, which
allows the column part of the address to be increased vergllyapig chunks of se-
guential bits can be fetched in very fast bursts, and suppii¢the CPU as fast as it can
take them([B].

Figure 23.2: Two SDRAM chips (froni]1])
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23.4 Error Detection/Error Correction

23.4.1 Error Detection

In large quantity of memory, such as SDRAM, and due to theilzagate of the bits,
there is a potential chance of corruption in the data. Mésiat all) computer systems
check for errors in some way. A very naive and simple (fastuimsafe) way to detect
errors is the use of a “parity code”. The value of the paritgeedepend on the number
of 1s in a word, if the number of 1s is odd, the parity code istheowise it is O[[2].
This way of error detection have its obvious pros and const &ad simple, the disad-
vantages are a little more complicated. For one thing, thi¢yp@ode will indicate that
there is no error at all if there is a even number of errors. éxample 1101 have the
parity code 1, and the corrupted version of 1101, 1011 hawestwrupted bits (second
and third) but the parity code will still be 1. A little sideste is that there can also
occur corruption in the parity code, making it blind to es:oBut perhaps the most
eminent disadvantage of parity code is that it does not sgthang about where the
error occurred or how it can be corrected.

23.4.2 Error Correction

Many systems work in such ways that they use extra bits todmtie data, typically
such systems that are able to detect and correct errors usghite for every 128 bits
of data for error handling purposes.

“A 1-bit parity code is a distance-2 code, which means thateflook

at the data plus the parity bit, no 1-bit change is sufficiengénerate
another legal combination of the data plus parity. . . thera distance of
two between legal combinations of parity and data. To detewre than
one error or correct an error, we need a distance-3 cddgiage B-66]

With this information, its clear that with a distance-3 cpdee are able to detect even
2-bit errors, but not correct them. But also correct 1-hibes. This is because if the
mechanism detect an error, it can check all 1-bit invertafmther working combina-
tion of bits, if it finds a working one, that will be the one int#ed in the first place. If
there is no one, there have been more than one bit-corruption

23.5 PC66/100/133

Basically,PC100means that the memory chip generally works with a clock cgéle
about 10 ns. PC100 also says that the chip works stably at H¥) Mhere were many
different PC100 chips made by many different companiesy Were not all equal, the
only requirement of a PC100 chip is that it should be able tdvabd 100 MHz [3].

“The latency is a measurement of how long it takes for othedare to
return data to the RAM. The lower the latency rating, thedydtie chip,
and the faster it will operate ['[3]
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PC133is basically just another implementation of the same SDRMih the differ-
ence that PC133 have lower latency, and therefore runs stex fausl[B].

23.6 DDR

DDR is a later version of SDRAM that was introduced to the agercitizen around
2000, it have been the main memory used ever since (writt®és)20Vhile all types

of SDRAM use a clock signal with a square wave (meaning thatstgnal is either
high or low) to function, DDR-SDRAM differs from SDRAM in that acts on both

low-to-high transition and high-to-low transition. Théyee DDR gets twice as much
work done in equal amount of timgl[5].
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24. Bluetooth

24.1 Introduction

Since the dawn of the computer age in the early 70s, cableslie®n the primary and
only way of transferring data between devices such as mioelsile phones, keyboards
and printers. In the end of the 90s wireless solutions stacdbecome more popular
and the demand for a workspace without leashes grew. Whitgpaaies that produced
external devices and networking companies alike basedligless products on or-
dinary radio wave technology, the Swedish company Ericglidmot. What Ericsson
did was developing a new communication technology callage®loth, named after a
renowned Danish king who united parts of Norway and Denmarlng the late 900s.
The name was chosen more as an indication of the role of thditNoountries in the
growing communication industry than as an explanation etéthnology itselfl[3,16].

The difference between Bluetooth and ordinary wirelessrtetogy is most appar-
ent in terms of reliability, dynamics and automation. Thehtd@que itself was a minor
breakthrough in wireless communication but what really enBtletooth commonly
accepted was the founding of the Bluetooth Special Intéestip, the Bluetooth SIG.
In addition to Ericsson, big companies like IBM, Intel, Nakind Toshiba where all a
part in founding the SIG in the end of 1998. The list of comparinvolved has dras-
tically increased since then and today over 2000 comparoelslwide are attached to
the group, developing and supporting the future of Bludtoot

24.2 The Technique

Bluetooth is a standard used in many devices today. It candredfin almost any type
of electronic equipment and makes it possible for the deviceommunicate without
any wires. The standard can be split into two categories:

1. The specification
This section describes how the technique works and how thiegul architec-
ture looks like. The information is gather from three diéfet websites, namely
Techworld [4], Bluetooth.ord 1] and Palowirele§$ [2].

2. The profiles
The profiles define how the technique is used.

24.2.1 The Specification

The Bluetooth specification contains a protocol stack tieatdbes the different parts
that are necessary for this technique. The different cormpisnin this stack are de-
scribed below.
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Huost Controller Interface

Figure 24.1: The Bluetooth layer architecture (fram [2])

Radio

The radio layer is located at the bottom of the stack and define requirements of
the transceiver. Bluetooth works at a frequency of 2.45kgg&, which is the same as
for example WLAN. A problem that can occur when several devigses the same fre-
quency is that they interfere with each other, which makdsgfitult for the devices to
communicate. To solve this problem the Bluetooth standseelst on two big measures
to avoid interference.

1. Devices that use the Bluetooth standard are intended tsdxd for communi-
cation within personal networks consisting of devices sitlort range require-
ment. Obvious examples are between the mobile phone and aoPbBétween
a computer and a printer. Because of the short range, thentitiar can operate
on a low energy level. The short range networks are unlikelyterfere with
other communications.

The Bluetooth devices are categorized into three diffeckasises. These classes
differ in the output signal strenght and thereby also thgeaiThe third class has
a range of about 1 meter, devices from the second class aableagf sending
up to 10 meters and those of the first class up to about 100 snetdthough
weak signals often are transmitted, they can penetrate #ifie of a house and
make it possible to communicate with devices being placeaniother room.
Naturally the power consumption grows according to thensfiné of the signal
being transmitted. The power transmitted from a Blueto@biak range from

1 mW up to 100 mW. Compared to a mobile phone’s maximum capat W
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this is obviously very low.

2. One way to avoid interference is to use frequency hopfdihgs technique makes
it unlikely that several devices use the same frequency astvéen implemented
in the Bluetooth standard.

A Bluetooth device has a certain range of frequencies thatbeaused while
communicating. This range differs depending on where imtbed you are and
in Europe this range is between 2,400 and 2,483.5 MHz. Thenique uses 79
different frequencies within this range that are randomly imdividually chosen
and are changing on a regular basis. The transmitter alestimafrequency 1600
times every second and this way the risk of two or more trattersidisrupting
each other is greatly reduced. Frequency hopping will aéswlt in a more
effective use of the radio spectrum.

The devices can limit their output power to the distance adddr the current
communication. This is done by measuring the RSSI (Recé&igmal Strength
Indicator) and vary the output power to match the minimurmunegl signal
strength, keeping the power consumption at a minimum.

Baseband

In the Bluetooth layer architecture, baseband is the phyEger and handles for ex-
ample the physical channels and links, data direction antessecurity features.

When Bluetooth devices come close enough to communicateegith other, a
special connection phase will be initialized. This conaéicn will determine if one
unit needs to control the other and if the two devices aredoesimformation. Once the
connection has been established the units form a small nietealled PAN (Personal
Area Network) or piconet. Each piconet contains one masigasleast one slave and
also has a unique hopping sequence. To be able to allow $@ierpaets in a small
area, the units that are connected to each other in a picanébmly hop frequencies
in unison. Every Bluetooth device have a unique Bluetootir@ss and by using this
address the master determines the hopping sequence of the pitonet.

The Bluetooth technique is based on TDD (Time Division Duplehich means
that the channel is divided into time slots with each timebking 625 micro seconds
long. The point of using TDD is that each device can transtrfiilhpower during a
small period of time, minimizing the risk of two units distirg each other.

There are two different ways for a Bluetooth device to sertd:da

1. SCO
The first is SCO (Synchronous Connection-Oriented) whichamt to point
link between a master and a slave. The link uses reservedasidtis therefore
Connection-Oriented. The data is sent regularly in an ewswndind is therefore
intended to be used to transfer voice and sound. The maximamsfer rate is
64 kbits/s (v1.1) and does not support retransmissions.

2. ACL
The second way to send data is using a ACL (Asynchronous @tionkess
Link). This link is a point to multipoint link between the ntas and all the
slaves in a piconet. With this link the sender also sends idgpackets and is
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capable of reaching the Bluetooth maximum transfer rate2df kbit/s in one
direction and 57.6 kbits/s in the other.

A Bluetooth controller can work in two different modes, sthg and connection.
The default mode is standby and this causes the controllesg@ minimal amount of
power. The only thing running is the native clock and no comivation between the
units is taking place. While a device is in the connectiotestiae master and the slave
can exchange data within the piconet.

The connection state can also be divided into a few diffaredes and the devices
will automatically change mode depending on the traffic.

Since several piconets can be running at the same time ael pliay single device
might be a member of more than one piconet. This phenomeiadiésl Scatternet and
means that several piconets are somehow connected to ésegh Ohe unit can be a
slave in several piconets at the same time, but can only bediséer of a single piconet
atatime. Itis also possible for two units to swap roles aiglithcalled a master-slave
switch.

The baseband layer also contains features for error canezhd flow control.

Link Manager Protocol

The Link Manager Protocol main task is to handle the setupcamfiguration of the
link and the authentication. To be able to do this the Bludtdevises exchange PDUs
(Protocol Data Units) containing network information. Wireepackage is received the
information is handled at this layer and the data is not pgaped to the layer above.
The protocol consists of a number of different PDUs and takes of the following
things:

Link Setup

Link Configuration
Security

Low Power Modes
Information Commands

aogroNPE

Host Controller Interface

HCl is a part of the Bluetooth standard and serves as a commganthce to the base-
band and the link manager. It also makes it possible to at¢heslsardware and the
control registers.

This interface is used in three different parts of the Blo#tadevice, namely The
Host, the Transport Layer and the Host Controller, whosetfanality also can be
classified into three parts:

o HCI Firmware

This part is found in the host controller which is the sameéhasBluetooth hard-
ware device. It handles the HCI commands for the hardwarés i§tdone by
using the baseband commands.
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e HCI Driver

The HCI driver is located in the host, which is a software uNithen an HCI
event occurs the host will be notified. The host will then eisnthe package
and discover which event that occurred.

e Host Controller Transport Layer

The reason the host controller transport layer exists ialethe HCI firmware
and the HCI driver needs to send data between each otherisTdise via this
layer which can be, for example, USB.

To be able to handle the Bluetooth hardware this layer alsuiges a number of
commands which makes it possible for the host to controlittid&yer connections to
other Bluetooth units.

Logical Link Control and Adaptation Protocol

Logical Link Control and Adaptation Protocol is a layer abakre HCI which provides
services to the upper protocols in the host. Here the diftgoeotocols are identified
and multiplexed up into the layer architecture. Packagaesiséo a piconet have a
small MTU (Maximum Transfer Unit) compared to other netwsodnd this results in
a lot of multiplexing and demultiplexing operations beiragried out.

RFCOMM protocol

This protocol is placed just above the Logical Link Controtda@Adaptation Protocol
and serves as an abstraction between the layers above ah#G#d°. The protocol
makes it unnecessary for the upper layers to adjust to thdHatthe data is being
transferred using the Bluetooth technique. Examples adragbove are PPP, IP and
TCP.

Service Discovery Protocol

This protocol lies above the L2ZCAP and is used to discoveckvbérvices are available
from the Bluetooth host. Because of the fact that Blueto®thireless technique its
services can change during a session.

24.2.2 Profiles

Since Bluetooth can be used for many different tasks it need®ething that can de-
scribe how the implementation for these can be done. In Baibthis is accomplished
with different profiles. A profile defines options in each il in the layer architec-
ture and can therefore be seen as a vertical slice of theqmiadtack. The possibility
to use profiles has been developed to facilitate for differe@nufactures and prevent
problems between different products.
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24.3 Security

Because the piconet structure of Bluetooth is based onaegdl hoc network tech-
nigues, it also suffers from the same weaknesses as theyhdateim “ad hoc” refers
to a technique where the network is formed on the fly with anyhefunits serving
as master. Inside any network which lacks a fixed topologyaafixed infrastructure,
security issues and vulnerability to attacks will be préséie information is based
on [4] unless otherwise noted.

24.3.1 Availability

One of the weakest links in ad hoc networking security is tralability. Since the
information is transmitted on the air and the fact that allides are dependent on each
other to relay the messages, denial of service attacks aygt@@erform by jamming
or otherwise interfering with the flow of information in the.a

Another factor in availability is the possible disruptiditloe routing algorithm. By
feeding the network inaccurate information the whole mogriable could easily cause
all units in the network to route through our malicious and-nelaying device.

A weakness that is unique to mobile networks is the energh®fdievices. The
Bluetooth technology supports different levels of powenagement and by sending
inaccurate information in the piconet, all other units cariricked into using the high-
est energy consumption level and thus cause the batteryeadethice to power out
prematurely.

24.3.2 Authorization and Confidentiality

The authorization process in Bluetooth is based on symmkéys and challenge-
response strategy making sure the devices share the samatk&c The key genera-
tion process is briefly described below.

The nature of ad hoc networking distorts the boundariesémtvauthorization and
confidentiality. If the authentication process is weak ¢hismo use for confidentiality
as the destination of the confidential information could adicious. Similarly, despite
the level of authentication a failure in confidentiality btill compromise the security
of the encrypted data as everyone has access to the ether.

Integrity can be discussed in a similar manner with the amithd problem of radio
interference.

There is also a flaw in the key handling system that threatemstithentication,
confidentiality and integrity, described in the next settio

24.3.3 Key Handling

Bluetooth uses a intricate system of keys and the detaileyoh&ndling and generation
is beyond the scope of this article. Briefly described, itystem with every key being
more or less derived from the only two static parts; the PINecand the address of
each device, the Bluetooth Device Address.
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The PIN is entered by the user on both devices trying to astahlink. This means
connecting more then a pair of units into a piconet is a timesaming task. Because
of this, the complexity of the PIN used is often compromised.

An easy PIN code coupled with a fixed address for each devatedn be obtained
easily makes the key generation process based on weak peenfidhas been shown
that a 4 digit PIN can be cracked in 0.06 seconds using a n@1@&lz computer[5].

As the units authenticate and later on communicate they nsg/@ion based on
device addresses and a Link Key. This key is chosen from tliieléy of any partici-
pating device. The key is generated in each device as theysackfor the first time.
This key is rarely regenerated which compromises the ggcuiriwo units, A and B,
communicate using A's unit key as the link key, any unit poessly connected to A
will know the unit key. By simply faking a device address tmergyption key can be
calculated and the confidentiality of the link is broken.

This is clearly also a breach of integrity as our maliciougc®can authenticate to
either part of the link as being the other.

A possible solution could be making use of the popular Keytribigtion Center
infrastructure. This, however, is not supported in Blu#hicand has to be implemented
at the application level.

24.3.4 Privacy

Since every Bluetooth unit has its own unique address, gimanitoring transmis-
sions makes it possible to map and log the behaviour of theaaseying the device.
This makes profiling a big issue which threatens the privacy.

24.4 Discussion

Our impressions of Bluetooth after writing this paper isttin@ potential of this tech-
nology is great. Cheap devices coupled with low energy cmpsion and complete
interoperability ensures that Bluetooth is here to stay.

We feel that the piconet structure, however, suffers tooyntisadvantages to be
used to form temporary networks containing several deviBasetooth is best suited
for communication between two devices and preferably tvat btas a more or less
permanent connection, like a mouse and a receiver.

In terms of security, the conclusion to be drawn has to bealu@tooth is not secure
enough for things like money transfers and other sensitif@nation. The security
provided should probably be sufficient for everyday use aseffort of breaching it
probably exceeds the gain. The biggest weaknesses as weisdieei jamming, the
routing protocol, the PIN code and the key management psoces

Jamming of wireless communication and the faulty use of thisystem are prob-
ably unavoidable, but both the routing protocol and the keypagement process can
hopefully be adjusted to cope with anything but the mostchdd attackers.

We predict that Bluetooth in the future is more secure, hamgdr range and will
feature piconets that are easier to create and maintairs cthild lead to Bluetooth
becoming a serious challenger to other wireless techniques

Student Papers in Computer Architecture, 2005



114 CHAPTER 24. BLUETOOTH

24.5 References

[1] BLUETOOTH SIG. The official Bluetooth membership site. Web site, S2f.
2005 nttp:7www.bluetooth.org , date visited given.

[2] DaiD, C. M. Bluetooth tutorial - specifications. Web page, Sept. 2005.
hitp://www.palowireless.com/infotooth/tutorial.asp , date visited given.

[3] FRANKLIN, C. How Bluetooth works. Web page, Sept. 21, 2005.
hitp://electronics.howstuttworks.com/bluetooth.htm , date visited given.

[4] MCcKEAG, L. The nuts and bolts of Bluetooth. Web page, June 25, 2004.
http://www.techworld.com/mobility/features/index.ct m7teaiureid=6/8

[5] SHAKED, Y., AND WooL, A. Cracking the Bluetooth PIN. Web page, May 2,
2005. nttp://www.eng.tau.ac.il/~yash/shaked-wool-mobisysU 571

[6] SUSNING. Bluetooth. Wiki page, Feb. 15, 20CHatp://susning.nu/BIuetootn

[7] VainiO, J. T. Bluetooth security. Web page, May 25, 2000.
http://www.niksula.cs.hut.fi/~[ntv/bluesec.htmi L

September 29, 2005 Taha, Léfstedt and Agren (editors)


http://www.bluetooth.org
http://www.palowireless.com/infotooth/tutorial.asp
http://electronics.howstuffworks.com/bluetooth.htm
http://www.techworld.com/mobility/features/index.cfm?featureid=678
http://www.eng.tau.ac.il/~yash/shaked-wool-mobisys05/
http://susning.nu/Bluetooth
http://www.niksula.cs.hut.fi/~jiitv/bluesec.html

MALIN BERGGREN ANDIDA LINDAHL 115

25. FireWire - IEEE 1394

25.1 Introduction

FireWire, a hardware and software standard for transpgpdata, is described in this
paper. The questions what FireWire is, how it works, whaasiieis working in and
the difference between it and USB will hopefully be answérerk.

FireWire, or its original name IEEE 1394, is a protocol foglispeed communi-
cations between peers. There are three existing proto86i, 1394a and 1394b, and
one on the way 1394c.

25.2 Origins of Firewire

The cross-platform implementation of the high-speed datthat can move large
amounts of data between computers and peripheral devize$YiFe was originally
developed by Apple Computer Inc. in 1986. The goal with thestigpment was to find
a cheap bus which could transfer digital sound. The existoigtion at Apple could
at this time not handle this. But to make the market more asted Apple realized
the bus had to be able to handle more than just transferrgitatisound fast. So the
goal with the development became a bus that was very fast,tease and cheap to
implement at the same time as it should be able to replace otlost port in a PC
(Personal Computer).

The first specification for this link was completed in 1987 an@990 a prototype
of the FireWire-bus was ready. In this prototype the signas sent over optic fiber a
solution that was replaced by a copper cable to make the lmapeln At this point a
group consisting of representatives from Apple, Texasuimsénts, Stewart Connector,
Molex, Adaptec and Western Digital within IEEE was foundedstart the standard-
ization of FireWire. In 1992 IBM affiliated to the group ancetwork of the group
increased. The real interest for FireWire arrived when Agfgmonstrated it at a show
in Las Vegas in 1993. A year later in 1994 the “1394 Trade Aisgimn” was founded,
an organization to facilitate the development of FireWireducts[[1].

In 1995 the Institute of Electrical and Electronic Engireeadopted FireWire as
an industry standard. The FireWire technology was at thattpamed “IEEE 1394-
1995 Standard for a High Performance Serial Bus”. PC deeetops NEC, Compaq
and Sony was slower but did as well implement the IEEE 139Mneiogy in their
computers. But the name FireWire is Apples name for the t@lclgy and there are
other names for the technology as well, for example Sonlyisk.[4].

A new version of IEEE 1394, IEEE 1394a was developed in 20@0ncludes
specifications for 100, 200 and 400 Mbps transfer speede qaiwer, hot plugging,
plug-and-play and isochronous data mediation. IEEE 138faats a cable length
up to 60 meters. The third version of IEEE 1394, IEEE 1394bectorthe market in
early 2003 and supports a cable length up to 100 meters arekd s 800, 1 600 and
3 200 Mbps. Now days Apple Computer Inc. has agreed for otioeuse the name
FireWire, so this name is now widely spread as the name ottttenblogy|[[¥].
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25.3 How it Works - FireWire’s Structure

So what exactly is FireWire and how does it work? Some featwith FireWire
are that it is hot-pluggalﬂeplug-and-pluﬂ and it also provide peer-to-pEaronnec-
tions [4]. Because the protocol is peer-to-peer it allovesttipology to be either a daisy
chain, tree, star (see Figire 25.1) or a combination of tigm [

Daisy-chain — oo &

- /{I\
Star %

Figure 25.1: FireWire’'s different topologies

25.3.1 Isochronous and Asynchronous

FireWire has the advantage over other I/O connectionstteapports both isochronous
and asynchronous transfers. The asynchronous part takgerland involves more
steps than asynchronous since it demands that acknowledgnsent and received be-
fore more packages can be sent. An other disadvantage jstlaaynchronous mode,
if an other devise requests space on the bus, the data sthesmmyesending will be in-
terrupted. This is a great disadvantage when sending simgamedia. Asynchronous
transfer is on the other hand efficient when important paekage sent. For example
receivers ID and audio volume. Other packages, like rawovinieaudio packages,
are more suitable to send with isochronous transfer. Indgage it is not important
that every package gets through. It is more important thatplckages gets to the
other application in time. In this case the streaming mesliguiaranteed a consistent
bandwidth[[4]. Although 20 % of the bandwidth is always reserfor asynchronous
transfer|[1].

25.3.2 The Cable

The cable that FireWire use consists of two power condu@ndstwo twisted pairs

for data signaling. The two twisted pairs are shielded a$ agethe entire cable (see
Figure[25.P on the next page). Because FireWire offers powthie connection there
is no need to take power from somewhere else. This is a graaén@nce for the user
and makes peer-to-peer connections easier.

1You can add them to your PC without rebooting.
2No need for additional drivers.
3No need for a PC to monitor the transfer.
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Power Pair
Signal Pair

Sheilds Signal Pair

Figure 25.2: The FireWire cable (originally fronl [5])

25.3.3 The Layers

There are three protocol layers involved in a FireWire catioa: The physical layer,
the link layer and the transaction layer. To connect thessettayer we also have a
serial bus management process.

The physical layer provides the electrical and mechanigahection between the
device and the cable. This layer also provides arbitrattanake sure that all devices
have fair access to the bus. The link layer takes the raw daa the physical layer
and formats it into two types of packets: Isochronous or elsggnous. The transaction
layer is involved only in the asynchronous transfer andsatare of the write, read
and lock commands. Finally there is the serial bus managepnecess that provides
configuration control of the serial bud [5].

25.4 User Area

Areas where FireWire is used are external storage devimgggldideo cameras, home
theater, widescreen review, PC-board, PC-Card-Interfdiggh-speed Mass Storage,
High-speed Printer and Scanner, DVD players, Digital Vidgamera, Digital Still
Camera, Set Top Box, Digital Imaging, Game console, Muldiaéiome networking,
etc. FireWire can for example be used to link electronic popgnt to PCs, connect a
VCRto a TV and share peripherals between PCs for exampledadhiae. Established
IP services such as AFP, HTTP, FTP, SSH and TCP/IP can alldzbars FireWire to
support new development[2].

25.5 Difference Between FireWire and USB

We have already discovered that FireWire is a great invardiod can be used to do
many things. But what about USB? Are they not just the sams oné of them better
than the other? We have FireWire that runs at 800 Mbps (at thrment) and USB
2.0 that runs at 480 Mbps. Just by comparing these two rateaweee that FireWire
is the winner. An other advantage is that FireWire works fiegyeer which USB 2.0
does not. This means that with FireWire you can easily temsiusic files, among
many other things, directly between two peripherals withtba need to connect a PC.
This disadvantage have USB on the other hand recently taenat. An advantage
for USB is on the other hand that it is cheaper than FireWickthat it is more spread,
meaning that USB already exists on many computers and ne¥\iiie [6]. So which
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one should you use? USB is probably the best choice for malaielow bandwidth
applications, such as mice, keyboards, scanners andngtiatkere price is a priority.
For high bandwidth applications, such as streaming mediadak drives, it might be
more suitable to use FireWirgl[3] specially if they can achig.2 Gbps as the promise
will come. Hopefully all computers will have both FireWiradUSB in the future so
there will be no need to choodé [6].

25.6 Pros and Cons with FireWire

FireWire is fast at transmitting data peer-to-peer and sttppp to 63 devices at once
with out any special software. It can also handle deviceslwheeds a big amount of
bandwidth and can guarantee data arrival. FireWire is adhes that supports both
asynchronous and isochronous transmission. FireWireesftigendly and plug-and-
play, witch means the system configure automatic when a néwswonnected.

FireWire needs a fast CPU (Central Processing Unit) andtissavidely imple-
mented as USB (Universal Serial Bus). FireWire 400 suppmntg a distance up to
4.5 meters between the units and the initiating time isiketlong [4].
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26. I°C-bus

26.1 Introduction

The PC bus, a control bus for communication between integratexits, was devel-
oped by Philips Semiconductors in the early 1980s. Themalgpecification defines
a bi-serial two-wire bus with a software protocol [1, 3]. Bese of its simplicity, ef-
ficiency and low-cost design the bus has survived and maedaits position as the
de facto standard Inter-IC-bus. Over the years the busfigmn has been updated
to meet the increasing demands in terms of speed and perioandt is commonly
found in a broad variety of devices, such as temperatur@sgmsicroprocessors and
EEPROMs.

26.2 Overview

Devices are connected to the bus as either a master or a $veast one master
device, usually a microprocessor, has to be present. Skaeas$ on the bus responds
to queries from master devices. Examples of common slavieetesre flash memory,
LCD-displays, A/D and D/A converters. A slave can never beitlitiator of a data
transaction, only a responder. Several master devices piayist, but only one at a
time can take hold of the bus. Three different transfer spaeel defined:

1. Standard-mode allowing for up to 100 kbit/sec.
2. Fast-mode allowing for up to 400 kbit/sec.

3. High-speed mode allowing for up to 3.4 Mbit/sec.

26.3 12C-bus Protocol

The bus consists of two wires that are labeled SDA (SerighDate) and SCL (Serial
Clock Line). The two wires carry information between degic®nnected to the bus.
Each device has a unique ID which is used for addressingfapdevices on the bus.
Addressing is done using seven bits. However, only the tlees significant bits are
programmable and the other bits are fixed depending of typkevite and manufac-
turer. Furthermore, combinations starting with 1111 an@Q0&re reserved, reducing
the total number of unique addresses to 112. The 0000XXXesddgroup is used for
broadcasting on the bus and the 1111XXX group is reservefiifore purposes. The
latest specification supports 10-bit addressing, extenttia original specification by
exploiting the 1111XXX combination. This would theoretlgallow for up to 1024
devices to be addressed. Electrical limitations must a¢ésodmsidered since it limits
the number of possible connected devices to about 20-30bfMaelcast address group
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(0000XXXX) is used for hardware master devices, such asdangds and other arbi-
trary devices lacking the ability of addressing slaves. 0B@OXXX group is also used
to write the programmable part of slave addresses.

MIC RO LCD
CONTROLLER| DRIVER
&
q | q
BOA | |
S | - _'__I H N 1 _'__[
SCL | | |
e, T L

Figure 26.1: Example of devices connected to the two wireherus (from([4])

The master device initiates data transfers and is resperisitgenerating the clock
signals on the SCL-line. The master can start a data traosaumtly if the bus is free.
The bus is said to be free when both lines are high. Duringyesfeck pulse on the
SCL-line one data bit is transferred. The signal on the Sibe-must remain stable
during the high phase of the pulse.

Arbitration is used to ensure that only one master has cbater the bus. If a
master detects a high signal on the SDA-line while trangmgith low signal the data
transaction will be cancelled since this implies that aaptiaster is using the bus.
The loosing master must then turn into slave-mode at oncada that it is the device
being addressed. To avoid race conditions a number of ptienathas to be takenl[1].

-

r——" -~
- | --- | -
SDA A / \ A SDA
| | - ] |
| | | |
| | o | | __
scL : : \ / : : SCL
1S 1P
START condition STOP condition

Figure 26.2: START and STOP definition (frofd [2])

Unique START and STOP conditions are defined as shown in €[@8r2. The
START condition is indicated by a high to low transition on/S®@hile SCL is high. A
low to high on SDA while SCL is high indicates a STOP conditigvhen a successful
START condition has been accomplished by a master the axlof&se requested slave
device is broadcasted along with a single bit labeled R/\Wctvlindicates whether
to data is to be read or written. The master then releasesDieliBe, waiting for
the slave device to acknowledge by pulling the SDA-line te.|cAfter the address
has been acknowledged, data is transfered 8 bits at a tirok,byge followed by an
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acknowledge by the receiver. The last data byte in the tcdiosais marked by not
sending an acknowledge. The master must then transfer & $@ndition and let go
of the bus. The master also has the option to send a repea#dirbndition instead
and maintain control over the bus. Figlite 26.3 shows an elkaofipvo data transfers.

¥Write Data
F |5 |Skave Address :v_v A Data A Data A|P|F
< n data bytes > last data byte
Read Data
F|s slauenddms: R|A Data A Data A|P| F
< n data bytes > last data byte

§ = Start condition A = Acknowledge
F = Free R/W = read | Not write
P = Stop condition A = Not Acknowledge

Figure 26.3: Example of data transactions (fraim [4])

In order for receiver devices to cope with high transfergateey have an option
to hold the SCL low while processing the data received angttheforcing the master
into a wait-state. When the receiver is done processingdteitimust release the SCL
allowing the master to send more data. A master with limitedggmance can force
the whole bus into its own pace by extending the low clockqakri

These are roughly the criteria that has to be met for a dewvite *C compliant.
Although, there are legal issues and manufacturers alsbtoescquire a license from
Philips.

The device protocol layer is totally device specific and nfacturers have to pro-
vide their own protocol embedded in the data portion of #i@&protocol.

26.4 Example Application

The Philips PCF8570 is a general purpose 258-bit static low-voltage RAM and
can serve as RAM expansion for micro-controllersletc [2].eXample setup involving
three of these can be seen in Figlre 6.4 on the following.page

In this particular setup, each of the three devices is givemigque address by hard-
wiring pins A0-A2 on the ICs. The other four bits of the addresfixed to 1010 for
this type of device resulting in three unique addresses emtis (1010000, 1010001
and 1010010). The device layer protocol used for the PCF&balinost trivial. After
a successful START condition followed by addressing of theesthe master transmits
the memory address it wishes to access. The slave devicedkeits internal memory
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Voo

SDA
MASTER
TRANSMITTER/
<ci  RECEIVER
Voo ™
' p
0 o
U A0 scL
o [1] 5] Voo %, . PCFas10
110100
PCF8570 & | mest Vs
Az 3] 6] scL S
Vss [Z E SDA VD
]
Vppe A0 scL up to & PCFB570C
0 PCF8570
Al 1010°
0
SYMBOL PIN DESCRIPTION J,_ A2 rest Vss SPA[T
A0 1 hardware address input 0 X in
Al 2 hardware address input 1 I
A2 3 hardware address input 2 Voo |-
Vss 4 negative supply |
SDA 5 serial data input/output Voo a0 SeL
SCL 6 serial clock input . Vppet a1 P'?fg?z"“ Voo
TEST 7 .[npul for poj)ver-sawn"g mode (see section Vppet]az v e ——
Power-saving mode”). Also used as a test output TEST SS
during manufacture. TEST should be tied to Vss 5 N R ||rR R pul-up resistor
during normal operation. Rt
- Cpus
Vpp 8 positive supply

SDA SCL MLBe3T
(12C=bus)

Figure 26.4: Example application (froi [2])

word address accordingly and acknowledges. Depending ethehthe R/W bit was
set or not, the slave sends or receives data bytes whilenmeering the memory ad-
dress after each acknowledged byte. This process contimiigshe STOP condition
is signaled by the master.
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27. PCI Express

27.1 Introduction

The PCI Express bus is the successor of the popular local BugReripheral Com-

ponent Interconnect). Like its predecessor it is desigryeld®-SIG (PCl Special In-

terest Group). With its great performance it has been aedegé the next standard
for high performance expansion cards such as graphics.dangses the existing PCI

programming concepts but is based on a much faster seriahcomations system.

That means that the PCI Express is not a bus in the traditmaahing (3| B].

PCI Express is backwards compatible with PCI in softwarenmitin hardware.
This means that an operating system written for a PCI-balsefdpn will work with-
out any changes whatsoever on a PCl Express-based systémxpr€ss will redefine
how the internal layout of the computer is set Ubll5, 1]. Todhg north bridge is
working with the memory/AGP and the south bridge is workirthw/O. The commu-
nication is mainly performed through shared buses as caadreis Figuré27]1.

CPU

< AGP device >— North Bridge

South Bridge

Figure 27.1: Internal layout of a regular system

With PCI Express there will be a single bridge, called thetHRr&dge. With the
memory controller moving in to the CPU the Host Bridge is takover for both the
north and the south bridge. This is illustrated in Figure2h the following page.
Because the communication is serial the devices use pmipbint interconnections.
That means that two devices communicating with each otheathdedicated channel
that only those devices can use. For the transition time ywe A PCI Express-to-PCI
bridge and a PCI Express-to-PCI-X bridge that is connect¢ldd Host Bridge so that
older PCI and PCI-X devices still can be uskH [4]. The figliréd andZ7ZP on the
following page does not represent the way it looks in all eyst but they show the
principles in a simple manner.

Student Papers in Computer Architecture, 2005



124 CHAPTER 27. PCIEXPRESS

( CPU ) ( Memory )
PCI Express-to-PCl
PCI Express . Bridge
< device — Host Bridge
PCI Express-to-PCI-X
Bridge

PCI Express PCI Express PCI Express
device device device

Figure 27.2: Internal layout of a PCI Express system

27.2 Usage

Because of the high performance and scalability of PCI Esgitds capable of replac-
ing PCI, AGP, PCI-X and PCMCIA. The idea is that all device#i uée PCI Express,
anything from Hot-Plug devices to high performing graptuasds [3[8].

27.3 Hardware

The big difference between PCl Express and PCI is that PClparallel bus while
PCI Express is a serial bus. PCI has 32 parallel data pindwhéans that it transfers
a whole 32-bit word at once. A serial connection is much ckeap construct and
the signal traces on the PCB (Printed Circuit Board) is edsieoute since it is much
narrower and is less susceptible to interference. A PCl &sgconnection is called a
link and uses one or several serial bidirectional lanes eaoBisting of two pairs of
wires. A PCI Express link can aggregate x1, x2, x4, x8, x163% tlanesl[2].

As mentioned in the introduction the PCI Express bus is dlgtanat a bus in the
common sense of the word since it does not connect multipieeieon the same phys-
ical media. PCI Express works as a switched point-to-patwork, with switches that
route command and data packets to the connected devices [3].

The signals are transferred over the lanes using LVDS sigmalVDS (Low Volt-
age Differential Signaling) uses two wires to transfer anald/4]. Regular signaling
uses a voltage near 0V to indicate a zero and a voltage usaraliynd +5V to indicate
a one. LVDS transmits two similar voltages over the two waed looks at the differ-
ence, gaining several benefits. Since noise usually affexttswires similarly the net
effect of the noise is close to zero. It is cheaper and fastadjust a current a little bit
than to fully change it from 0 V to +5 V.
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27.4 Protocols and Signaling

The PCI Express protocol encodes the data stream usinglBbfd@ding([5]. 8b/10b
encodes 8 data bits into 10 bits which is then sent over ttee [Bine benefit of throwing
20 % of the bandwidth away on the encoding is that the 8b/16bding breaks up long
runs of identical bits which might otherwise make the reeeigse synchronization on
the data stream. The clock is embedded within the data stteaawoid a separate
clock wire. As mentioned before, PCI Express is a switched/oik of point-to-point
connections. When a device is plugged into a slot the newiyneocted device and the
device or switch on the other end of the link negotiate howyrlanes are available
and throttle their transfer rates accordingly. The PCI Egprbus is implementing
the lower layers of the OBInetwork layering standard (Figuke—2J7.3), thus isolating
the higher levels of functionality from the lower levels [I[hat way it is possible to
enhance or exchange the physical level without any chamgieiupper levels. This
also allows software written in compliance with the PCI si@ml to work perfectly
since the PCI Express stack has a regular PCl interface on top

Config/OS < PCI PnP Model > —
No OS
Impact
SIW < PCI Software / Driver model > —_—
Transaction ( Packet-based Protocol >
Data Link < Data Integrity >

= Future improvements
Physical Point-to-point, serial, hot-plug 0’:3’ 'vmplélms the
configurable width physical layer

Figure 27.3: The OSI stack as implemented by PCI Express

27.5 Performance

PCI Express transfers data at a rate of 5 Gbps full duplexgey, for a maximum of
160 Gbps on a x32 link]2]. A comparison between some of thaufawfuses can be
seen in Figur€ 2714 on the following page. In the future PI@3-Bredicts that they
will be able to increase the signaling speed of a lane withoujptir times the speed,
approaching the theoretical maximum of copper. Since tBedswitched the switches
have the capability of implementing QoS (Quality of SeryicEhat way it is possible
to prioritize certain kinds of traffic such as traffic to theleo card for better gaming
performance or prioritizing a capture stream from an audid ¢or lower latencies and
skip protectionl[5,4].

1Described ahttp://en.wikipedia.org/wikifOSI_model

Student Papers in Computer Architecture, 2005


http://en.wikipedia.org/wiki/OSI_model

126 CHAPTER 27. PCIEXPRESS

80

] R I EEEEES

BO [+l

BO [

AR N EEREE

Throughput (Gbps)

B0 [

20

1] R R ORITERRTITEATTS .-
L o [ HD

PCI1.0 PCI 2.3 PCI-X 1.0°PCI-X 2.0 AGP 8x PCI-E xIPCI-E x16
Type

Figure 27.4: Performance of some popular buses
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28. Serial ATA

28.1 Introduction

SATA Stands for Serial Advanced Technology Attachment andimary a technology
for communicating with hard drives. Its main predecesstASA (Ultra ATA), also
known as IDE (Integrated Drive Electronics) or PATA (PablTA). UATA has many
shortcomings which has come to inhibit it. Among these stwonings are crosstalk
and clock skew.

Crosstalk is when the magnetic field generated by a wirefares with a neigh-
bouring wire. The other problem, clock skew, is when the aigmon parallel wires
arrive out of sync.

SATA solves these problems by using serial communicatistead of parallel.
Where parallel communications (used by UATA) sends seustslof data in parallel
on multiple wires, SATA sends the bits sequentially inste@lat is, data is sent one
bit at the time over one wire. This eliminates cross talk sithere is only one channel
and not several to interfere with each other. Clock skewss aliminated, since there
is no longer multiple wires in which the clock pulses mighta out of sync.

The minimization or elimination of problems like these alfofor much higher
clock rates, which in turn makes for higher throughput. &ecommunication has
therefore become increasingly popular for high speed teasisas the clock frequency
can be substantially higher than that in a parallel porte®ltuses using serial commu-
nication include USB (Universal Serial Bus), FireWire (IEE394) and PCl-express.

The latest UATA standard, ATA-8, has a throughput of 133 MB/svhilst the
first generation SATA has a throughput of 150 MB/sec and terse& generation has
300 MB/sec. SATA is designed to scale easily to meet futureadals, and the third
generation SATA is planned for 2007 with a throughput of 60B/&&c [1].

SATA was developed by the independent organization SATAeHamed SATA-IO
(Serial ATA International Organization) in 2004. SATA-H also sometimes misused
to reference the second generation SATA standard with tBeN8B/sec throughput.
This use of the name SATA-II is however discouraged by SADA].

One should also mention the SCSI (Small Computer Systenféet), which
is another way of communicating with drives. SCSI has a hiageughput (up to
640 MB/sec), but is very expensive and thus is mainly tadyéte servers and large
databases where high throughput to RAID:ed drives is ingmbrtSATA is more (like
UATA) intended for desktop computeis [5].

28.2 Technology

The SATA data connector consists of seven pins in a row, spar€fP8.1l on the next
page. The connector is L-shaped so that it is impossiblehtocable to be plugged in
upside down.

The outermost pins and the middle pin are used for optionialdihg purposes
only, which leaves two pairs of pins for data transfer, onefoa each direction. Each
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Figure 28.1: The SATA data connectbl [9].

pair sends data using Low Voltage Differential SignalingDS. This means that bits
are represented as a low voltage difference between the ixgs.W.VDS reduces the
effects of noise substantially, since normally noise dffdmth wires equally, which
leaves the voltage difference unaffected. This enablesdawltages which in turn
makes way for higher frequencies, since it is faster withlsal@nges in voltage[7].
The wires are normally twisted around each other in the SAdBle Twisted pair
is a well used technique for reducing the magnetic footprfra wire by twisting it
with another wire carrying opposite voltage. This makest@ewires magnetic fields
cancel out almost completely, thus minimizing crosstalisdeen the pairs.

It is important that the clocks of the hard drive and conéwols in perfect sync
all the time. SATA does not have a separate clock wire, andd@ep the clocks
synchronized it is important that the transferred bitsralges frequently. If they did
not, it would be very hard to, as an example, distinguish siguential zeroes from
ten. To solve this problem SATA sends data in 8b/10b encodihgs means that each
byte (8 bits) are actually sent as 10 bits in a manner to mateethat there is not too
many ones or zeroes in a row. When nothing is transmittedtarpaif alternating ones
and zeroes are sent to keep the clocks synchroriized [6].

Another difference between UATA and SATA is that UATA supisawo devices
per bus. This means that the two devices share the bandwidthandle two devices
on one bus, a lot of extra communication is needed to negatibb is to use the bus
next. This adds overhead and can also hinder faster dewdssitg forced to wait for
a slower device on the same UATA cable.

SATA is on the other hand purely point-to-point. Only oneidevmay be connected
to a SATA bus, and so the bus can be used more efficiently. Téasediminates the
hassle of the master-salve relationship of UATA-devicdseme one device would be
the master of the other and be the one to control who was t@tatke busl[i1].

The SATA protocol allows for hot-swapping. Hot-swappinguvsen a device can
be plugged or unplugged at run time. When a SATA disk is cotatkto a running
system the SATA controller will recognize the new device iethately.

28.3 Native Command Queuing

SATA supports Native Command Queuing, or NCQ. NCQ is a tepmiwhere the
drive can rearrange the order of the commands given to ittioige speed. When the
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drive is instructed to read from several locations on thk ilisan rearrange the order
in which to read them so that it can read as many fragmentsssiljd@in one rotation.
NCQ is best suited for devices that are often instructeddd data from distant places
on the disk. This is quite common for database hard driveswindtiple users want to
access different parts of the disk. For normal home PC udagesver, the gain from
NCQ is questionablé]8].

28.4 First-party DMA Controller

The SATA specification supports first-party DMA. DMA stands Direct Memory
Access and is a technique for copying data without the iremlent of the CPU. In the
case of SATA, first-party DMA means that the device takesrobiof the data transfer
to and from memory over the memory bus. This is in contrashiaparty DMA
(used by UATA), where the DMA-controller of the motherboan@ responsible for
the transfer. Giving DMA control to the SATA-device makesywar efficient use of
Native Command Queuing, as the SATA device can send data @wit initiative in
any order it sees fit]2].

28.5 The Power Cable

The SATA specification also includes a separate power caonéar SATA devices.
The power connector resembles the SATA connector with #mdit L-shape, but has
15 pins instead of seven (see Figlite 28.2). The pins are osadpply current with
different voltages, including 3.3V, 5V and 12 V. This wasdatipport different types
and sizes of drives.

Figure 28.2: The SATA power connectbi [9].

28.6 External SATA

While SATA was intended for internal devices only, it waslizsd that it could work
for external devices as well.

In 2004 SATA-IO released the External SATA (eSATA) standaltdonly differs
from the SATA specification by specifying new connectors arshielded cable. The
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main reason for defining a shielded cable was to allow forecligth up to two me-
ters, instead of SATA's maximum length of one meter. To disainternal unshielded
SATA cables to be attached to an eSATA device the connecteralg redesigned.
The connector has the L-shape removed to guarantee thashiela®d internal cable
can not be used with eSATA. The connectors was also made atetnobust to sustain
thousands of plugs and unplugs.

The performance of eSATA is equal to that of the SATA stanglandhich currently
means speeds up to 300 MB/sec. This can be compared to thitesfexternal con-
nectors, such as FireWire (IEEE 1394b) which has a peakftnarate of 100 MB/sec.
However, FireWire external drivers are actually UATA drisevith a bridge chip that
translates between FireWire and UATA. This has an substanterhead which leaves
the efficiency at about 80 MB/sec. An eSATA drive need no sudygle and will thus
have no extra overhead. This means that external devicebecas fast as internal,
making it possible for large RAID controlled external dis&rsige without using SCSI.
See[[4] for more information about e SATA.
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29. Universal Serial Bus

29.1 Introduction

This text present a cursory overview of the Universal S@iad (USB). This bus has
become very popular over the last couple of years and isadtaiin almost all new
desktop computers. The number of different peripheralphadtically exploded, mak-
ing it possible to connect everything from digital camemsmall humidifiers using
USB [E].

29.1.1 Background

As personal computers grew more and more popular in the biggjrof the 1990s, it
became clear that the existing ways to connect peripheyascomputer would not
be adequate for future demands. They did not provide enoagbviidth, the many
different connectors were fragile and often confusing fierinexperienced user. They
where also severely limited in the number of peripherals ¢bald be connected at a
time, and they did not support plug-n-play.

The USB Implementers Forum, Inc. (USB-IF) was formed in 18950lve these
problems by creating a unified bus technology to support & watige of peripherals.
Initially the USB-IF consisted of 340 companies with sevemeccompanies; Com-
pagq, Digital Equipment Corporation (DEC), IBM, Intel, Masoft, NEC, and Northern
Telecom[[4].

Today USB-IF have more than 900 member companies and thelBo&irectors
consists of Agere Systems, Hewlett-Packard, Intel, MiofipSNEC, and Philips.

29.1.2 Terminology

The USB specification contains some terminology that neetheation. These terms
will be used in the rest of this text.

Function “A USB device that provides a capability to the host, suchrakS®N con-
nection, a digital microphone, or speakeéis [3].”

Device Either a function, a hub, or eampound deviceA compound device contains
a hub and one or more functions.

Hub Like an Ethernet hub, the USB hub has one upstream port, wdireltly or
indirectly is connected to a host, and typically several dstneam port where
devices can be plugged in.

The hub provide communication between the devices contheoté and the
host. It also provides power management, configuration aowitoring for the
host as well as transfer speed conversion in the case of UB[Z]2.
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29.2 USB Versions

As computer and user needs have changed over time so hasaifeble/USB stan-
dards. Most notable are increases in transfer rates andadodf direct device to
device communications.

Below are short descriptions of the most relevant existi&@ldpecifications—the
content of the rest of this text covers USB 2.0 though.

USB 1.1 Released in September 1998, this version of USB supportspeeds, called
low speedandfull speed These allow transfer rates of 1.5 Mbps and 12 Mbps,
respectively.

The low speed mode makes it possible to build very cheap USRekesince
simpler components can be used. Low speed is also usefubwaHighter, more
flexible cable is of use, the prime example is the computersaoli is possible
to make the cable lighter since interference is less of alpnolin low speed
mode, making twisted pair or heavily shielded cables unsezoy [2].

USB 2.0 This backwards compatible version of USB primarily prowdégher per-
formance, increasing the maximum transfer rate from 12 Mbp$80 Mbps.
Called high speedthis new limit is a response to the ever increasing demand
for bandwidth where users wish to transfer videos and higblution images in
reasonable time.

The requirements on hubs became higher with the introductichis new ver-
sion since they must allow both older 1.1 and new 2.0 devizshare the same

bus Lt.].

USB On-The-Go This specification is a supplement to USB 2.0 which adds featu
that are useful for mobile devices. The primary additionupport for point-
to-point communication between devices, such as a camdrprarter, without
the need for a computer to sit in the middle. This is done inkgthe devices
negotiate for the role of host using new additions to the camigation protocol.

USB On-The-Go also introduces new, smaller, cables andeaioms, as well
as features that allow for better power efficiency which iyveuch of a priority
when designing battery powered devides [6].

Wireless USB With the growth of GSM, WiFi, and other means of wireless camin
cations, people have seen the benefit of not being bound brea Wihie Wireless
USB (WUSB) standard wishes to add this benefit to computéplperals and
be to the desktop computer what Bluetooth is for mobile deszic

The WUSB 1.0 specification was released in May 2005 and thed@gices
using this standard are expected for the end of 2005. Usilig eommunica-
tions WUSB provides speeds of 480 Mbps at close range, appadaly three
meters|[[1].
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29.3 Architecture

The design goals of the USB architecture focus on simplaitgt expandability.

29.3.1 Topology

USB uses a tiered star topology where each star is built @rauimub. An example
topology using two hubs is shown in Figire 29.1. The maximwmiper of hubs in
cascade is five, that is, the number of tiers will never excaagn—the root hub,
five non-root hubs and the peripheral. This limit is imposee tb various timing
constraints. The maximum cable length is five meters whickemahe maximum
distance between a host and device 30 meters.

Host / Tier 1

Root Hub

Tier 2

Tier 2 A
Tier 3 \

Figure 29.1: Example topology.

Only the physical connections in the USB system describesedt star topology,
the logical connection between host and peripheral is tieesagardless of the number
of hubs that lie between them [3].

29.3.2 The Host

At the top of a USB system there is a host. The host contain®@pnereHost Con-
trollers A Host Controller acts as a layer between the host, thedogérating system,
and the USB system.

Initially many computers had a single Host Controller butsi only one device at
a time can communicate with the Host Controller it has becpopilar to have several
Host Controllers to increase the overall bandwidth.

The host has a responsibility to, among other things, detheh a device is con-
nected or disconnected, manage data and control flow bethesirand devices, as
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well as providing power to connected devices that requir@dben a connect or dis-
connect has been detected by the host then the correct tirivtere device should be
loaded or unloaded.

A limitation of USB is that there is no support for broadcagtithat is, for a host
to send a message to multiple devices it has to send the neets@&gch device in
turn. The similar—but more complex—IEEE-1394 (Firewirggrslard does support
broadcasting[2].

29.3.3 The Device

Each device must contain enough information to completebcdbe itself. This in-
formation is divided into three categories: Standard,s;lasd vendor. The standard
category contains, for example, the vendor identificatitavjce class, and information
about the supported power management features. The deagzidentify the gen-
eral purpose of the device, a few examples of device clasedsud, human interface,
printer, imaging, or mass storage. The class category icentiaformation specific
to the device class. Under the vendor category it is possibitore any additional
information that might be required for that particular devi

The device is, for example, responsible for detecting wherdeives messages
directed to the device as well as following the power managemequirements stated
in the USB specificatiori[3].

29.4 References

[1] AGERE, HEWLETT-PACKARD, INTEL, MICROSOFT NEC, PHILIPS, AND SAM-
SUNG. Wireless Universal Serial Bus Specification, Revision M@y 12, 2005.
http://www.usb.org/developersiwush/docs/WUSBSpec 1 0.pat 1

[2] AXELSON, J. USB complete: everything you need to develop custom USgperi
erals 3rd ed. Lakeview Research LLC, 2005.

[3] ComMPAQ, HEWLETT-PACKARD, INTEL, LUCENT, MICROSOFT NEC, AND
PHILIPS. Wireless Universal Serial Bus Specification, Revision 2. 27, 2000.
http://www.usb.org/developers/docs/usb 20 02212005. ZIp .

[4] KooN, J. The USB Vision: 10 Years Later. Web page, Mar. 25, 2005.
http://www.everythingusb.com/timeline.html

[5] THINKGEEK, INC. ThinkGeek :: USB humidifier. Web page, Sept. 27, 2005.

hitp://www.thinkgeek.com/gadgets/electronic/ /42a/ , date visited given.

[6] USB IMPLEMENTERS FORUM, INC. On-The-Go Supplement
to the USB 2.0 Specification, Revision 1.0aJune 24, 2003.
http://www. Usb.org/developers/ontheqo/O TG Ua(PDFs) Zip L

September 29, 2005 Taha, Léfstedt and Agren (editors)


http://www.usb.org/developers/wusb/docs/WUSBSpec_r10.pdf
http://www.usb.org/developers/docs/usb_20_02212005.zip
http://www.everythingusb.com/timeline.html
http://www.thinkgeek.com/gadgets/electronic/742d/
http://www.usb.org/developers/onthego/OTG1_0a(PDFs).zip

LIST OFAUTHORS

List of Authors

Albertsman, Freddi€._29

Berggren, Malin[ZT15
Béackstrom, P-4.119

Dohi, Emanuel15

Eriksson, Markud. 49
Ernerfeldt, Emil[12l7

Fahlberg, Klad_143
Gunnarsson, MattiaE_1RP7

Haglund, Anton[-37
Haraldsson, Mattiag, 15
Helgesson, RobelfIB1
Hellstrandh, Bjorn 111
Henriksson, Danie[ 107

Johansson, Mattials. b3
Johansson, Robefd, 7

Kindeborg, Dan 59

Lagerlof, Jenny_ 85
Lindahl, Ida[TIb
Linder, Erik,[25
Lundin, Anton[81
Lundstrém, Johaif] 3

Mattsson, Andreag,_B3

Nilsson, Anderd107
Nilsson, Emanuel 25
Norberg, Oskaf]7
Nylander, Eval_A7
Natterlund, Morgar. 91

Olsson, Denni€ 41
Peter Svenssof, U5

Saidi, Nade 95
Schaerlund, Bennfz. 29
Schlyter, Erik[5B
Skoglund, Danie[21
Skotare, Pid, g7
Stenberg, Johah] 3

Tegman, Henrik_43
Tegstrém, Conny, 21

Vallstrom, Fredrik[ 7B
Viklund, Lars[128

Waling, Erik [1I9

Wall, Patrik [91
Westerberg, Simoil, 69
Westerlund, Johah, B1
Wikman, Daniel[CTiL

Zetterlund Haggrot, Johanria] 87

Student Papers in Computer Architecture, 2005



	I Processors
	AMD Athlon 64
	AMD Athlon X2 Dual-Core
	ARM7
	ARM926EJ-S
	Intel Pentium Pro
	Intel Pentium III processor
	Intel Pentium D with Dual-Core
	Intel Itanium (IA-64 Merced)
	IBM PowerPC G5
	Microchip PIC18F2550
	MIPS R5000
	MIPS R10000
	MOS Technology 6502
	MOS Technology 6510
	Motorola 68HC11
	Motorola 68000
	Ricoh 2A03
	Sun Niagara: A Multithreaded Processor
	Transmeta Crusoe

	II Media and Memory
	Blu-ray
	CD-RW
	DVD
	SDRAM

	III Busses and Protocols
	Bluetooth
	FireWire - IEEE 1394
	I2C-bus
	PCI Express
	Serial ATA
	Universal Serial Bus
	List of Authors


