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ABSTRACT

The DECchi p 21066 nicroprocessor is the first Al pha AXP

nm croprocessor to target cost-focused system applications and the
second in a fanmily of chips to inplenment the Al pha AXP
architecture. The chip is a 0.675-nicronmeter (um, CMOS-based,
superscal ar, superpipelined processor that uses dual instruction
issue. It incorporates a high |evel of systemintegration to
provi de best-in-class system performance for | ow cost system
applications. The DECchi p 21066 nicroprocessor integrates
on-chip, fully pipelined, integer and floating-point processors,
a hi gh-bandwi dth nmenmory controller, an industry-standard PClI 1/0
controller, graphics-assisting hardware, internal instruction and
data caches, and an external cache controller. Cost-saving
packagi ng techni ques and an on-chi p, anal og phase-I| ocked | oop
enable the chip to nmeet the cost demands of personal conputers
and desktop systems. This paper discusses the trade-offs and
results of the design, verification, and inplenentation of the
DECchi p 21066 i croprocessor

| NTRODUCTI ON

The DECchi p 21066 nicroprocessor is the first cost-focused

i mpl enmentation of the Al pha AXP architecture.[1] The chip

i ntegrates system functions that are nornmally found in a

nm croprocessor chip set with a hi gh-perfornmance, superscal ar

m croprocessor core to deliver high-end personal conputer (PC)
performance and | ow overall system cost. The DECchi p 21066 device
is also the first mcroprocessor to integrate a Periphera
Conmponent I nterconnect (PCl) local bus controller.[2] This open

i ndustry-standard |1/ 0O bus allows direct connection to

hi gh- perf ormance peri pheral conponents supplied by many vendors.
The bus also allows direct connection to conmmodity |ndustry
Standard Architecture (1SA) or Extended | SA (El SA)-based PC

peri pherals through a sinple bridge chip. The DECchip 21066

nm croprocessor integrates a high-bandwi dth menmory controller that
directly sequences an external secondary cache and main system
menory. I n addition, an on-chip, phase-locked | oop (PLL)
multiplies a | owfrequency reference clock to a high-frequency
CPU core clock, thus elimnating the need for a high-frequency
board oscillator. The conbinati on of cost-saving functiona



integration and features that ease system design reduces the
overall CPU subsystem cost and shortens the time-to-nmarket of
hi gh-vol une Al pha AXP PCs.

CMOS TECHNOLOGY

The first chip to fully inplenent the Al pha AXP architecture, the
DECchi p 21064 mi croprocessor was designed in a 0.75-m croneter
(um (drawn) conpl ementary netal - oxi de sem conduct or ( CMOS)
process.[3,4] The physical inplenentation of the DECchip 21066

nm croprocessor was achi eved through the use of a 10 percent CMOS
process shrink, which reduced the m ninum feature size fromO0.75
pm (drawn) to 0.675 um This reduction in the feature size
enabl ed the DECchi p 21064 integer unit, floating-point unit, and
caches to be conmbined with a new nmenory controller, PCl |I/0O
controller, and PLL on a die with approximtely the sane area as
the original DECchip 21064 device. The maxi num core cl ock speed
of the DECchip 21066 mnicroprocessor is specified as 166 nmegahertz
(MHz). This speed allows the internal PLL to nultiply a 33-VHz
reference clock (the same reference clock as on the PCl bus) by
five to generate a clock for the CPU core. This cycle tine was
set to be slightly |less aggressive than the 200- MHz nmaxi num core
cl ock speed for the DECchip 21064 nicroprocessor to allow a
greater nunmber of yielding parts and thus | ower part cost.

TARGET MARKET

One target market for the DECchip 21066 microprocessor is Al pha
AXP PCs running the Mcrosoft Wndows NT operating system The
bul k of the application base for this operating systemis

provi ded by vendors who target the M crosoft Wndows operating
system runni ng on PCs based on Intel x86 m croprocessors. Software
vendors have substantial expertise with this architecture and,
until recently, the advanced software tool base for W ndows
devel opnent has been targeted exclusively at the Intel x86
architecture. To provide conpelling notivation for application
devel opers to supply portable W ndows NT applications and for
custoners to adopt a new architecture, Al pha AXP PCs nust be
price conmpetitive with Intel x86 PCs and nust deliver
substantially higher perfornmance.

The availability of the Wndows NT operating system and

hi gh- performance PCs based on Intel's Pentium nicroprocessor
dictated that a set of conpetitive products be available in early
1994.[5] Furthernore, the performance of Pentium based PCs set
the | ower bound of acceptable performance for PCs based on the

Al pha AXP technol ogy. These schedul e and performance goals were
met by inplenmenting the DECchi p 21066 nicroprocessor as a

hi gh-integration design variant of the DECchip 21064

m croprocessor. This strategy permitted a design cycle of only 10
nont hs.



TARGET PERFORMANCE

The DECchi p 21066 nicroprocessor provides a CPU subsystemthat is
conparable in cost to a 66-MHz |Intel 486 DX2-based PC with
Pentium cl ass performance.[6] Because of its excellent

price/ performance ratio, the DECchip 21066 m croprocessor is
attractive to |l ow-end workstation products running the DEC OSF/ 1
AXP and OpenVMs AXP operating systens, in addition to Wndows NT
pl at f orns.

A performance-limting factor for many applications is the

bandwi dth to the second-1evel cache. The DECchip 21064

nm croprocessor nmaxin zes bandwidth with a 128-bit data bus, which
allows two secondary cache read sequences to fill a line in the
primary cache. DECchip 21066 engi neers chose to inplenent a
64-bit data bus. This inplenmentation resulted in a | ess-expensive
package, a snmmller die, and | ower system cost, while reducing by
only 20 percent the performance that woul d have been achi evabl e
with a 128-bit bus. The fast core clock and cl ose proximty of
the secondary cache to the core still enable the DECchip 21066

nm croprocessor to deliver high performance.

| NTERNAL COVPONENTS

The bl ock diagramin Figure 1 shows the major DECchip 21066

nm croprocessor conponents. Fetched instructions froman on-chip
8- kil obyte, direct-mapped instruction cache are dual -i ssued to
the integer, floating-point, and | oad-and-store (addressing box)
units. The on-chip, 8-kilobyte, direct-mpped data cache
initially services nenory |oads. Stores are written through the
data cache and absorbed into a wite buffer. The nenory
controller or PCl I/O controller handles all references that pass
through the first |evel of caches.

[Figure 1 (Major Conponents of the DECchip 21066 M croprocessor)
is not available in ASCII format.]

The menory controll er handl es nmenory-bound traffic. The
controller first probes a direct-mpped, wite-back,
write-allocate cache and then sequences nmain nmenory to fill the
caches, if necessary. The PCI 1/0O controller handles I/0O bound
traffic and perforns programmed |1/O read and wite operations on
behal f of the CPU. Direct nenory access (DMA) traffic fromthe
PCl is handled by the PClI controller in concert with the nenory
controller. DVA read and wite operations are not allocated in
the secondary cache. The nmenory and PCl interfaces were designed
specifically for uniprocessor systens and do not support

nmul ti processor inplenmentations.

SYSTEM APPLI CATI ON



Figure 2 shows a sanple system bl ock diagram using the DECchip
21066 m croprocessor. In this configuration, the nenory
control |l er sequences both the static random access nenory (SRAM
secondary cache and the dynam c random access nenory (DRAM nmin
menory. The secondary cache conprises tag and data SRAMs with
identical read and write access tines. System software sel ects
speci fic random access nmenmory (RAM timing values in increnents
of the nunber of core clock cycles.

[Figure 2 (Sanple System Bl ock Diagram is not avail able in ASCI
format. ]

The design supports four separate banks of DRAM each of which
can be tined independently. This feature adds flexibility in
menory organi zati on and upgradi ng. One of the four banks can be
configured with video RAMs (VRAMs) for | ow cost graphics
applications. The nenory controller directly sequences the VRAMs
and supports sinple graphics operations, such as stippling and
bit-focused wites.

Even though the DECchip 21066 m croprocessor operates at 3.3
volts (V), all pads directly drive transistor-transistor |ogic
(TTL) levels and can be driven by either 3.3-V or 5-V conponents.
This elimnates the need for either special voltage conversion
buffers or 3.3-V nenory parts, which can add to system cost or

af fect performance.

The PClI bus is a high-bandwi dth bus with a nunber of attractive
features. In addition to its ability to handle DMA and programmed
/O the PCl bus allows for special configuration cycles,
extendibility to 64 bits, 3.3-V or 5-V conponents, and faster
timng. The base inplenentation of the PClI bus supports 32 bits
of nultiplexed address and data with a bus clock of 33 Mz,

yi el ding a maxi mum burst bandwi dth of 132 negabytes per second
(MB/'s).

The PCI bus is directly driven by the mcroprocessor. In Figure
2, sone high-speed peripheral devices, such as graphics and snal |
conmput er systems interface (SCSI) adapters, connect directly to
the PClI bus. An | SA bridge chip allows access to | ower-cost,

sl ower peripheral devices, such as nodens and fl oppy di sk drives.

MEMORY CONTROLLER FEATURES

A primary goal of the DECchip 21066 project was to sinplify the
system design to enable custoners to build products with mninal
engi neering investnent. Consequently, the nmenory controller
directly connects to industry-standard DRAMs and single in-line
menory nodul es (SIMVs), with buffers required only for electrica
drive. To span the wi de range of system applications from
enbedded controllers to m drange workstations, the timng of
address, data, and control signals is highly progranmable. This
feature supports varying speeds and physical organization of the



DRAMs and cl ock speeds of the DECchip 21066 nicroprocessor
itself.

The menory controller supports fromone to four banks of menory,
which allows main menory to range from 2M bytes to 512M byt es.
The system may include a secondary cache of 64K bytes to 2M
bytes. This optional cache al so connects directly to the

nm croprocessor, and the timng of control signals is progranmable
in increments of chip cycles.

Several sinple, graphics-assisting features allow systens that
need to save the cost of dedicated graphics control hardware to
control the systemfrane buffer in software. The decision to

i ncl ude graphics features was based on the ability to provide
signi ficant acceleration of key functions for mniml hardware
cost in the nmenory controller

DYNAM C MEMORY | NTERFACE

The DRAM data interface consists of a 64-bit-wi de bidirectiona
bus that is shared with the secondary cache. The interface

provi des two control signals for an optional nmenory data bus
transcei ver that may be required because of bus |loading. Al nmain
menory read operations return a full 64 bits of data. Main nenory
write operations normally consist of a full quadword (64-bit)
wite. Wite requests for |less than a quadword of data
automatically result in a read-nmodify-wite sequence, unless the
sof tware has enabl ed masked wites on the nmenory bank. During
masked wites, the error correction code (ECC) pins provide a
byte mask that is externally conmbined with a colum address
strobe (CAS) signal to forma byte nask strobe for the array. ECC
checking is not supported on nmenory banks that have masked writes
enabl ed.

An optional 8-bit bidirectional bus provides quadword ECC
checking on the main menory and the secondary cache. Each bank of
mai n menory nmey be protected by ECC at the cost of including 8
extra DRAM bits per bank. The ECC used by the DECchip 21066

m croprocessor allows correction of single-bit errors and detects
doubl e-bit and 4-bit nibble errors. The nmenory controller
automatically corrects the single-bit menory read errors before
data is passed to the read requester. When the ECC identifies a
doubl e-bit or a 4-bit nibble error, the menmory controller does
not attenpt to correct it. When any ECC error is detected, the
menory controller stores the error condition along with the
address of the error. System software must scrub the error from
physi cal nenory.

SECONDARY CACHE

The DECchi p 21066 nicroprocessor supports a secondary cache
designed with industry-standard asynchronous SRAMs. The cache is



di rect nmapped with 8-byte bl ocks and uses a write-back policy.
Desi gners chose a secondary cache block size that is snmaller than
that of the 32-byte primary internal caches to sinplify the

all ocation of an external cache block during wite operations.
Wth the smaller block size, it is not necessary to fetch the

m ssi ng quadwords of the block from DRAM when | ess than a ful

i nternal cache block is witten, as would be the case with a

| arger bl ock size. In addition, the smaller block size provides
one dirty bit per quadword, so that the resolution of dirty (not
yet written back) data is one quadword rather than four, thus
reduci ng the nunber of write-back operations to the DRAM

The DECchi p 21066 nicroprocessor wites the cache tag into the
SRAMs on cache all ocation operations and receives and conpares
the tag internally on cache | ookup operations. Read-fil
operations of the internal caches are pipelined as the

nm croprocessor drives the next cache index to the SRAMs prior to
deternmining the hit or miss result of the current |ookup. A cache
hit, which is the nore compn occurrence, causes SRAM access to
achi eve maxi mum speed. In the case of a mss, the microprocessor
re-drives the miss address and reads the DRAMs.

The chip divides the nmenory space into cacheabl e and noncacheabl e
regi ons based on address. To save tine, accesses to the
noncacheabl e regi on skip the cache-probe step and i medi ately
access the DRAM This feature nay be used, for exanple, to
optim ze accesses to a frane buffer, which typically is not
cached.

The cache tag field, including the dirty bit, may optionally be
protected by a single parity bit. In systens with wite-through
caches, tag parity errors are not necessarily fatal since the
correct data can be fetched from DRAM Wth a wite-back externa
cache, such as the one used by the DECchip 21066 nicroprocessor
the bad parity may be on a dirty location. In this case, bad
parity is a fatal error, since the copy in DRAMis no | onger
current.

GRAPHI CS- ASSI STI NG FUNCTI ONS

The graphi cs-assisting logic of the DECchip 21066 m croprocessor
provi des sone basic hardware enhancenents to inprove frame buffer
performance over a standard, sinple frame buffer system The
graphi cs-data-path--assist logic is targeted at reducing the
nunber of instructions executed during inner |oop graphics
operations. By reducing the nunber of inner |oop instructions,
the m croprocessor offers an inproved graphics performance while
keepi ng the overall graphics subsystemcost in line by using a
sinmple franme buffer design rather than a nore expensive graphics
accel erator. The graphics-assist |logic provides the opportunity
to design a | owcost, entry-level graphics option and may be used
in conjunction with a high-performance graphics accel erator



The hardware graphics-assist logic consists of a direct interface
to VRAM parts and the ability to perform sonme sinple

graphi cs-oriented data mani pulations. To facilitate the use of
VRAMs, the nmenory controller supports both full- and split-shift
regi ster | oad operations. External video nonitor control |ogic
generates nmonitor timng and signals the DECchi p 21066 nenory
controller when VRAM shift register |oads are required. An
internal |inear address generator keeps track of the video

di splay's refresh address.

The features of the graphics data path provide the ability to
performsinple frame buffer--style data operations, e.g.,
transparent stipple wites, plane nmasked writes, and byte wites
(with mnimal external logic). In transparent stipple node, the
menory controller can conditionally substitute the foreground
data for the frane buffer data on nmenmory writes.

Pi xel depth may range from1l bit to 32 bits. A special feature of
the graphics-assist logic is the ability to performgraphics data
mani pul ati on operations on both VRAM and standard DRAM nmenory
banks. The DECchi p microprocessor emul ates graphics operations
targeted at nenory banks without VRAMs by neans of a

read-nmodi fy-wite sequence. This nmethod all ows the sanme graphics
firmvare to operate on either VRAM or DRAM nenory banks and

all ows DRAM to be used as additional off-screen nmenory.

A | owcost video option board may be built around the

m croprocessor by adding a bank of VRAMs and a video controller.
Typi cal video controller logic consists of a video timng
generator, a RAMDAC (video digital-to-analog [D/A] converter with
col or mapping), a hardware cursor, and a few other sinple video
data path conponents.

PCI BUS | NTERFACE

The DECchi p 21066 nicroprocessor is the industry's first

nm croprocessor to inplenment an interface that connects directly
to the PClI bus. This PCl bus interface, called the 1/O contro
(10C), runs asynchronously with the rest of the microprocessor's
core logic. Asynchronous design was chosen to enable optinal
system performance by setting the chip's core clock to its

maxi mum frequency without being linmted to an integer multiple of
the PCl clock frequency.

The 1 OC can be viewed as two separate controllers: one for DMA
and the other for core requests. The DMA controller handl es al
peripheral -initiated DMA operations to the system nenory; the
core controller handles the | oads and stores to either the PCl
devices or the 10C internal registers. Since the PCl bus uses a
32-bit address and the DECchip 21066 m croprocessor uses a 34-bit
address, a PCl address to which the |1 OC responds nust be
translated to an equival ent address in the nicroprocessor's
address space. The 1 0OC provides two types of address-translation



mechani sms, direct and indirect (also called scatter-gather).

During a direct-mapped address translation, the | ower bits of the
PCl address are concatenated with a page address that is stored
in an 10OC register to forma 34-bit translated address. In an

i ndi rect-mpped address translation, certain bits of the PCI
address are concatenated with a transl ated base address that is
stored in an I1OC register to forma 34-bit address. This address
i ndexes into a scatter-gather map table in system nmenory where

t he page address resides. The page address is then concatenated
with the |ower bits of the PCl address to formthe transl ated
address. The 1 OC contains two programmbl e wi ndows, each of which
can be programed to respond with direct or indirect address
translation. To facilitate fast translation for the indirect
address translation, the 1 OC contains an eight-entry, fully
associ ative, translation |ook-aside buffer. To sinplify the
design, DVA burst length is linmted to occur within an 8K-byte
page boundary. Bursts that extend beyond a page boundary are
broken into separate transfers.

CPU addresses are translated to an equival ent address in the PCl
address space through one of two types of address translation,
sparse or dense, depending on the target region of the address.
For sparse-space access, the |lower 32 bits of the CPU address are
shifted right by 5 bits to generate a 27-bit address. This
address, concatenated with a 5-bit field froma register in the
| OC, maps the 32-bit PCl address. Transfers of up to 8 bytes can
be conpleted in this address space. For dense-space addressing,
the lower 32 bits of the CPU address are directly mapped to the
PCl address. Only unmasked operations are allowed, and up to 32
bytes of wite data and 8 bytes of read data can be transferred
in this address space. The 10OC i nproves write bandw dth by
buffering two 32-byte wites fromthe DECchip 21066 core.

The priorities of the 10OC design were to support peak PCl

bandwi dth and at the same tine to neet the tight project schedule
and limted die area constraint. A 32-byte data queue buffers DVA
data. A larger queue would require nore die area; a snaller queue
m ght stall the DMA bursts due to the synchronization delay and
system nmenory access |latency. The 1 OC and nmenory controller are
connected by a 64-bit data bus. Since the 10C PCl bus supports
only 32 bits, two 32-bit data words are transferred at a tinme to
mnimze read-nodi fy-write operations that would otherw se be

i ssued by the nmenory controller. The 1 OC inproves the DMVA read
bandwi dth by prefetching up to 32 bytes of data.

A hardware semaphore provides the asynchronous handshaki ng
between the core clock and PCl cl ock donmei ns. Approximtely two
nont hs were dedicated to the | ogic and physical inplenentation of
t he hardware semaphore and the nmanual verification of the
asynchronous conmuni cati on and signal timng. This effort was
requi red because the existing conputer-aided design (CAD) tools
did not have a formal verification nmethodol ogy that woul d
sufficiently validate the asynchronous aspects of the | OC



architectural design and the physical inplenentation.

Devel oping the test strategy was a challenge for two reasons: (1)
the presence of asynchronous sections and (2) the need to
guarantee that the semaphore would yield predictable results on a
production tester operating at the maxi mum design frequency (166
MHz for the core and 33 MHz for the PCl bus). Even when the two
cl ocks are running synchronously, they nmust be controlled and

al i gned such that the hardware semaphore guarantees reliable and
predi ctable results. Each core clock phase is only 3 nanoseconds
at 166 MHz. Taking into account the | ogic delay and setup tine
requi red by the hardware semaphore, this clock skew requirenent
is essentially inpossible to achieve. The inaccuracy of the
tester and the test hardware further conplicates the problem The
sol uti on adopted was to incorporate extra logic to reduce the
sanpl e rate of the hardware semaphore that runs on the core clock
wi t hout actually slowing down the clock itself. Wth the extra
logic, we were able to denpnstrate the ability to test the IOC
and the DECchip 21066 mi croprocessor at the targeted cl ock
frequenci es.

LOG C DESI GN VERI FI CATI ON PROCESS

A pseudor andom desi gn exerciser is the main verification tool for
the DECchi p 21066 nicroprocessor. The exerciser takes input from
Al pha AXP code streans and PClI bus commands. A tenpl ate-based
text mani pul ator generates test patterns fromthe tenpl ates
written by verification engineers to target specific sections of
the m croprocessor design. The text mani pul ator provides the
primary source of randommess. It selects tenplates based on
probabilities to create the test pattern. Each test pattern runs
on a design nmodel. We use two different design nodels, a register
transfer level (RTL) nodel witten in the C progranmm ng | anguage
and a structural nodel generated fromthe circuit schematics.
Finally, the sane test pattern runs on the instruction set
processor (ISP) level reference nodel to deternine the
correctness of the design nodel.[7] Figure 3 illustrates the

| ogi ¢ design exerciser process flow

[Figure 3 (Logic Design Exerciser Process) is not available in
ASClI | format.]

To determine if the design nodel operates correctly, the
exerciser perforns checks at three points: (1) during the
execution of the design nodel, (2) during the execution of the
reference nodel, and (3) after both nodels conplete.

Verification software in the design nodel perforns additiona
checks for illegal conditions, such as multiple bus drivers,
protocol violations, and invalid states. This code is kept to a
m ni mum and covers design aspects not easily checked by conparing
state information.

Previ ous verification projects have used simlar randomtest



nmet hods; however, they did not have to ensure correct operation
of asynchronous |/O transactions.[7,8] To deal with this problem
the DECchi p 21066 verification team enhanced the reference node
to evaluate CPU and PCl transactions. The reference node

receives the sane stinuli as the design nodel plus additional 1/0
bus and event information. Wile executing the test pattern, the
nodel verifies that the I/Oinformation is consistent.

By periodically conparing functional states in a test pattern, we
circunvented adding detailed timng information to the reference
nodel . The nodel needs only valid state for conparison at
synchroni zed capture points rather than at a clock phase
boundary. In essence, we traded off being able to determ ne the
timng correctness of our design for a sinpler, faster reference
nodel . We augnented the design nodel with verification code to
check critical timngs and performance features. Detailed static
and circuit timng analysis was acconplished by other CAD tools.

SHARED MEMORY

Several features of the DECchip 21066 mni croprocessor require the
exercisers to enploy a shared nenory structure to properly test
the chip.

o] The m croprocessor invalidates an internal data cache
line on a DVA transfer to that cache |ine address.

o] An exclusive PCl access unconditionally clears the
processor's |lock flag. A nonexclusive DVA wite al so
clears the lock flag if the DMA address is within the
| ocked 32-byte range.

o] The DECchi p 21066 secondary cache does not allocate on a
DVA operation. Hence, the only way to test DMA sequences
that hit in the secondary cache is to first access those
addresses fromthe CPU

The prime challenge to inplementing a shared nmenory is that

si mul t aneous accesses to the sane address |ocation by the CPU and
DVA could result in unpredictable behavior. To circumvent this
probl em we devel oped a nodel for software access to shared
menory and added synchroni zati on hooks into the reference node
and the I/Otrace file. The shared nenory access nodel and
synchroni zati on hooks extended the exerciser to fully verify the
DECchi p 21066 shared nmenory capability.

The shared nmenory inplenmentation proved useful in discovering two
bugs in the shared nenory functionality. Both bugs were tricky to
generate and woul d have been extrenmely difficult to find w thout
the shared nmenory capabilities of a random exerciser

The random verification nethodol ogy enabled us to neet the
aggressive 10-nmonth schedul e. By separating functiona



correctness and timng correctness, we were able to quickly

i mpl enment and stabilize the exerciser environment. The exerciser
can easily be ported to future generations of the DECchip 21066
m croprocessor; we have already used the tool to verify the
second- pass design.

PLL DESI GN | SSUES

To reduce the nodul e-1evel cost of a system based on the DECchip
21066 m croprocessor, the chip includes a frequency synthesis
system based on a phase-| ocked | oop design.[9-18] The nodul e
frequency reference is a standard crystal oscillator, rather than
an expensive, surface acoustic wave (SAW oscillator. This design
reduces radi o frequency em ssions, meking qualification of the
desi gn easier and reduci ng system encl osure cost. Different speed
bi nni ngs of the chip can run at nmaxi num performance levels in the
same basic nodul e design. This result is possible because of the
asynchronous, fixed clock rate of the PCl bus, the on-chip
caches, and the programmble tim ng of the nenory interface.

I ncorporating a PLL subsystemin a digital CPU chip design
requires that several problens be addressed. For exanpl e,

i ncreased noi se sensitivity, which is a concern for digita
designs, is even nore critical for the analog circuits in a PLL
Often, sinple guidelines for digital designs can ensure
reasonabl e noise i munity; however, analog circuits frequently
require detailed SPICE sinulations that incorporate package- and
chi p-swi tching noi se nodel s. [ 19] Desi gners nust consi der naking
changes to otherwise fully functional circuits to ensure noise

i munity. These changes can range from appropriate decoupling of
critical nodes with high-quality, on-chip capacitors to
consideration of mmjor circuit changes or additions. The overal
sol uti on nmust be sonme conbi nation of the follow ng three
alternatives: (1) careful circuit design based on noise

envi ronnent simul ations, (2) decoupling that is sufficient to
reduce noise to tolerable levels, and (3) a better package that
reduces | oop inductances to reduce switching noise on the

i nternal power supplies.

Each of the three choices comes with an associ ated cost or risk.
The cost benefits of having a PLL at the system | evel nust be
sufficient to justify the extra design tine, chip area, and risk
of excess jitter and | ow yields, which increase chip cost. On the
first Al pha AXP nicroprocessor project, these factors were not
critical because high-end systems can afford the extra nodul e and
system cost to reduce the risk associated with delivering the
product to market. Wth the | ower-cost targets of the DECchip
21066 project, elimnating expensive SAWoscillators in favor of

| ess- expensi ve, standard crystal devices is critical and
justifies the chip-level costs and risks associated with

i ntroduci ng a new anal og subsysteminto the chip design

Figure 4 illustrates howthe PLL is a closed-1oop feedback



system An output is conpared with an input to determ ne the
degree of error. The error signal is then used to nmeke
adjustnments within the elenents of the systemto reduce the
error. This process occurs continually; under nornal operating
conditions, the error approaches zero. The major conponents of
the PLL are

o] A phase frequency detector and a charge punp. The phase
frequency detector inputs the reference and feedback
signal s and neasures the phase error. The charge punp
outputs a current proportional to this error, using
digital pulse-wi dth nodulation to achi eve an anal og
si gnal

o] Afilter. A sinple, |ow pass, resistor-capacitor (RC)
filter averages the error signal, renoving the digita
noi se of the pul se-wi dth nodul ati on used by the charge
punp and setting the response rate of the PLL while
ensuring loop stability. The filter is conposed of an
on-chip, 100-ohmresistor and the external capacitor

o] A voltage-controlled oscillator (VCO. The VCO consists
of a voltage-to-current buffer and a current-controlled
oscillator. The output frequency of the VCOis
proportional to the input voltage.

o] A feedback frequency divider (K. NDIV). |In the linear
control theory nodel of the PLL, the feedback signal is
the oscillator phase attenuated by the gain 1/N, where N
equal s the nunber of clock pulses input for every output
pul se. This produces an oscillator phase output that is N
times the input, which is the key to synthesizing a
hi gher-frequency clock froma | ower-frequency reference.
A digital divider reduces the frequency of the VCO thus
reducing its phase as well. In this nmanner, a digita
di vide by N perfornms an anal og attenuate-by-N function

Al t hough not strictly part of the PLL itself, the follow ng two
design el ements are major conponents of the frequency synthesis
syst em

o] Power regulators. To reduce clock jitter, the PLL
on-chip power is regulated using the noisy nodule 5-V
power input. The use of power regulators yields a power
source with | ess AC noise than the global 3.3-V power
used by the digital logic and I/ O pads.

o] A sinple, programmable frequency divider (K QIV). This
di vi der reduces the VCO frequency while ensuring a 50
percent duty cycle. The K QDIV output is then buffered
adequately to drive the global clock node.

[Figure 4 (Overview of the DECchip 21066 Phased-I| ocked Loop
Frequency Synthesis System is not available in ASCII format.]



The RC filter and VCO create a textbook second-order feedback

| oop. This nodel uses linear control theory nethods to analyze

| oop stability. The on-chip resistor is a key elenent in |oop
stability because it creates the transfer function zero that
ultimately ensures stability. The off-chip capacitor, however,
subjects the PLL to chip-sw tching noise coupled between the
signal etches of the package. To mininize the effects of this AC
noi se on clock jitter, the design includes additional decoupling
capacitors, such as the one shown in Figure 5. The capacitors add
addi ti onal high-frequency poles. These poles are placed wel

above the PLL bandwi dth, and are thus | argely ignored when
analyzing stability, but well bel ow the package resonance
frequenci es that woul d cause significant jitter

[Figure 5 (Use of a Decoupling Capacitor to Reduce Noise in an
Anal og Current Mrror) is not available in ASCII fornmat.]

The inpl ementation of the oscillator can take many different
forms. The PLL design described in this paper uses a ring
oscillator based on sinple differential buffers. The reasons for
this design decision are as foll ows:

o] Power supply current is nomnally constant because the
summation of current into each buffer in the ring
snoot hes the total.

o] Differential buffers used in the ring offer potentia
power supply rejection ration (PSRR) benefits.

o] Mul ti pl e phase out puts are possible. Although the DECchip
21066 m croprocessor does not use nultiple phase outputs,
ot her applications of this basic oscillator design have
exploited the feature.

o] Desi gners' experience with this oscillator inplenentation
mnimzes the risk, as conpared to possible nultivibrator
desi gns.

The current design provides only for setting the clock frequency
synthesis ratio at power up. Future designs may include the
ability to control the synthesis ratio through software. Such
control can provide a neans of |lowering chip power |evels as wel
as nore flexibility over using different clock rates in the sane
basi ¢ nmodul e desi gn.

The off-chip capacitor in the | owpass |oop filter does have an
associ ated cost. Package coupling introduces noise on the contro
vol tage, so placenent of this capacitor is inportant. Future
designs will likely use on-chip filters to reduce this
constraint.

The power regul ators are effective, but using 5 Vwill not be
possi bl e as CMOS technol ogi es nove to shorter channel |engths.



The trade-offs between on-chip regulation and different
oscillator buffer designs that have better jitter characteristics
for noisy power |levels are yet to be investigated.

PACKAGE DEVELOPMENT

The DECchi p 21066 nicroprocessor is the first CMOS microprocessor
with a cost-focused package. Designers followed tight cost
constraints to all ow the package to be used on followon chip
variants for the enmbedded m croprocessor market. Wth a goal of
200- MHz operation, significant electrical analysis was necessary
to ensure adequat e package perfornmance.

We | earned from previ ous designs that the nmain concern regarding
package design is ensuring the integrity of the on-chip supply
vol tage. For a given chip design and performance goal (which
deternmi nes power dissipation, specifically, the chip's supply
current characteristics), primarily one package characteristic
and one chip characteristic influence on-chip supply integrity.
These characteristics are package supply | oop inductance (LI),
which is the intrinsic parasitic inductance of the supply path
t hrough the chip package, and on-chip supply decoupling
capacitance (Cd). The on-chip supply integrity is generally
proportional to the square root of Cd/LI.

The supply | oop inductance affects on-chip supply integrity
because variations in the chip's supply current generate

i nductive noi se voltage on the on-chip supply voltage. The

magni tude of supply current variations is dependent on chip clock
frequency. At 200 MHz, variations in supply current can be

as nmuch 3 anperes (A). If not reduced by sone nethod, the

i nductive noi se generated across the supply | oop inductance woul d
be excessive.

Three nethods are typically used in mcroprocessor chip and
package designs to decrease supply | oop inductance: (1) increase
t he nunber of package supply pins, (2) increase the nunber of

i nternal package | ayers (sonmetinmes called planes), and (3)

i ncl ude on-package decoupling capacitors to shunt the supply

| oop i nductance conponent of the package pins.

G ven DECchip 21066 package cost constraints, designers ruled out
several package features used in previous designs, notably the
DECchi p 21064 desi gn. For examnpl e, on-package decoupling
capacitors were considered too expensive, since they would have
added approximately 50 percent to the package cost. To limt the
package size, the nunmber of avail abl e package pins was
constrained to 287. Specifically, the number of package supply
pi ns was reduced to 66 percent of the nunber inplenented on the
DECchi p 21064 mi croprocessor. The nunber of internal package
supply planes was reduced from four to two. Looser tol erances on
i nternal package geonetry allow the DECchip 21066 packages to be
manuf actured in the package vendors' |ess-costly process |ines;



however, |ess-than-optinmal supply routing results.

G ven the constraints and the | ack of conplete package simnulation
nodel s, we devel oped a nethod that conbi ned sinulation and
enpirical analysis to ensure adequate on-chip supply integrity.
The expected package supply | oop inductance was determn ned

t hrough a two-step process:

1. We nodified the packages of a set of DECchip 21064 parts
(by renoving the on-package decoupling capacitor and
reduci ng the nunber of supply pins) to closely match the
proposed package configuration for the target chip. W
deternmined the LI of the degraded DECchi p 21064 packages
fromthe followi ng relationship derived fromthe
classical formula for the resonance frequency of an
i nductive and capacitive tank circuit:[20]

where Fr is the measured supply resonance frequency of
the DECchi p 21064 supply network, and Cd is the known
on-chi p supply decoupling capacitance for the DECchip
21064 m croprocessor.

2. We used sinmulation to determne the effect on the supply
| oop i nductance of elimnating expensive internal package
features.

The resulting expected supply | oop inductance for the DECchip
21066 packages was factored into the followi ng relationship

whi ch nust be satisfied for the on-chip supply integrity (on-chip
supply noi se voltage) of the DECchip 21066 nicroprocessor to be
equivalent to that of the DECchip 21064 device:

SQRT(Cd_21064/ LI _21064) SQRT(Cd_21066/ LI _21066)
S21064 S21066

Q1064

quality factor of the DECchip 21064

on-chip supply,

where S is the maximum difference in chip supply current (Is).
For exanple, the DECchip 21064 mnicroprocessor operates with a
mnimmls of 6 Aand a maximnumls of 9 A (both at 200 MHz).
Therefore, S21064 is equal to 3 A

The ampunt of on-chip decoupling capacitance specified by this
rel ati onship was inpractical to inplenment in the DECchip 21066
desi gn. Because achi eving the on-chip supply integrity of the
DECchi p 21064 desi gn was not possible, we investigated the extent



of supply integrity degradation that could acconpany a reliably
functioning chip. We learned fromsystemtests that DECchip 21064
chips with a quality factor as low as one-third the quality
factor of original DECchip 21064 chips function correctly up to a
chip frequency of 135 MHz.

Because the systemtesting was not exhaustive and because this
testing could not be perfornmed above 135 MHz, we wanted to
further increase our quality factor. W added on-chi p decoupling
capacitance in areas not otherwise utilized and i npl enented
package features that would m nimze the supply | oop inductance.
Consequently, the DECchip 21066 nicroprocessor ultinmately
achieved a quality factor equal to 65 percent that of the DECchip
21064 m croprocessor.

As a result of systemtesting the DECchip 21064 at reduced
quality factors, Q1066 equal to 65 percent of Q1064 was deened
adequate. The recent opportunity to test and neasure DECchip
21066 parts validated the decision to reduce the quality factor
to this level.

SUMVARY

Thi s paper describes the DECchi p 21066 nicroprocessor, the first
cost-focused chip to inplenent the Al pha AXP architecture. The
proj ect goal to achieve best-in-class system performance for
cost-focused applications was realized by integrating a

hi gh- performance CPU, a hi gh-bandw dth nmenory controller, a
phase-| ocked | oop, and a | ow cost package, and by being the first
m croprocessor in the industry that connects directly to the PC
bus. A pseudorandom verification strategy that |everaged an
architectural reference with an 1/0O stream was a key deci sion

t hat hel ped achieve first-pass silicon success on a conpressed
10- nont h schedul e.
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