Circuit Inplementation of a 300-WVHz 64-bit Second-generation CMOS
Al pha CPU

by WlliamJ. Bowhill, Shane L. Bell, Bradley J. Benschneider
Andrew J. Bl ack, Sharon M Britton, Ruben W Castelino, Dale R
Donchin, John H. Ednondson, Harry R Fair, |I1l, Paul E

Gronowski, Anil K. Jain, Patricia L. Kroesen, Marc E. Lanere
Bruce J. Loughlin, Shekhar Mehta, Robert O Muieller, Ronald P
Preston, Sribalan Santhanam Tinothy A Shedd, M chael J. Snith
St ephen C. Thi er auf

ABSTRACT

A 300-VHz, custom 64-bit VLS|, second-generation Al pha CPU chip
has been devel oped. The chip was designed in a 0.5-um CMOS
technol ogy using four levels of metal. The die size is 16.5 nm by
18.1 mm contains 9.3 mllion transistors, operates at 3.3 V, and
supports 3.3-V/5.0-V interfaces. Power dissipation is 50 W It
contains an 8-KB instruction cache; an 8-KB data cache; and a

96- KB uni fi ed second-1evel cache. The chip can issue four

i nstructions per cycle and delivers 1,200 m ps/ 600 MFLOPS (peak).
Several noteworthy circuit and inplenmentation techniques were
used to attain the target operating frequency.

| NTRODUCTI ON

The Al pha 21164 chip is a 300-negahertz (MHz), quad-issue, custom
very large-scale integration (VLSI) inplenmentation of the Alpha
architecture that delivers peak performance of 1,200 nmillion

i nstructions per second (mps)/600 mllion floating-point
operations per second (MFLOPS). The chip is designhed in a
0.5-mcroneter (um conplenentary netal -oxi de sem conduct or

(CMOS) technol ogy using four levels of netal. The die neasures
16.5 millimeters (m) by 18.1 mm and contains 9.3 nmillion
transistors. It operates at 3.3 volts (V) and supports 3.3-V and
5.0-V interfaces. The chip dissipates 50 watts (W at 300 MHz
(internal clock frequency). Switching noise on the power supplies
is controlled by an on-chip distributed coupling capacitance

bet ween power and ground of 160 nanofarads (nF). The chip
contains an 8-kilobyte (KB), first-level (L1) instruction cache;
an 8-KB L1 data cache; and a 96-KB second-|evel (L2) unified data
and instruction cache.

Thi s paper focuses on the circuit inplenentation of the Al pha
21164 CPU. Space does not permit a description of the conplete
desi gn process utilized throughout the project. I|Instead, sonme of
the significant circuit design challenges encountered during the
project are discussed. The paper begins with an introductory
overview of the chip microarchitecture. It continues with a
description of the floorplan and the physical |ayout of the chip
The next section discusses the clock distribution and | atch



design. This is foll owed by an overview of the circuit design
strategy and sone specific circuit design exanpl es. The paper
concludes with information about design (physical and electrical)
verification and CAD tools.

M CROARCHI TECTURE OVERVI EW

The Al pha 21164 chip is a conpletely new inplenentation of the
Al pha architecture. Figure 1 shows a bl ock di agram of the Al pha
21164 chip. The m croprocessor consists of five functional units:
the instruction fetch, decode, and branch unit (I-box); the

i nt eger execution unit (E-box); the nenory managenent unit

(M box); the cache control and bus interface unit (C-box); and
the floating point unit (F-box). The chip contains three on-chip
caches: the instruction cache (l-cache); the data cache
(D-cache); and the second-level (unified data and instruction)
cache (S-cache). The microprocessor uses a seven-stage pipeline
for integer and nenory operations and a nine-stage pipeline for
fl oati ng-poi nt operations. Pipeline stages are referred to as

SO to S8 for the renmmi nder of this paper.

[Figure 1 (Block Diagram of the Al pha 21164 Functional Units)
is not available in ASCII format.]

The |-box fetches instructions fromthe 8-KB virtual

di rect - mapped, physical L1 |I-cache. It decodes and issues
instructions to the E-box, Mbox, and F-box. It maintains state
for all pipeline stages to track outstanding register wites. The
| -box can decode and issue up to four instructions per cycle. The
E- box contains two 64-bit pipelines. The first pipeline contains
an adder and a Bool ean logic unit. The second pipeline contains
an adder, a Boolean logic unit, a shifter, and a nultiplier. Most
i nteger instructions execute in one cycle. The F-box contains a
floating-point nmultiply pipeline and a floating-point add

pi peline. The M box executes all |oad and store instructions. The
8- KB, direct-mapped, wite-through, L1 D-cache has two read
ports, which allow two | oad instructions to execute in parallel
The C-box processes nenory accesses sent by the M box and nanages
all cache coherence protocol functions. It also controls the L2
uni fi ed cache and an optional external (off-chip) backup cache. A
detail ed di scussion of the chip mcroarchitecture is presented in
anot her paper in this issue.[1]

FLOORPLAN OVERVI EW

Wth 9.3 million transistors and a die size very close to the
manufacturing limt, floorplanning of the Al pha 21164 chip was a
critical activity during devel opnent. Power and ground
distribution, as well as clock routing and signal busing, were
al so nmpjor factors in devel oping a viable floorplan. The

fl oorpl an was devel oped early in the project and was regularly
nmoni t ored and kept up-to-date. Chip area estimtes were nade



usi ng several different nmethods. The area estinmates of the caches
were determned by creating trial |ayout structures. Myjor
sections of the integer and fl oating-point execution units were
estimated using data from previous designs and trial l[ayout. The
control logic areas were estimted using data fromlogic and

| ayout synthesis CAD tools.

Figure 2 is a photonicrograph of the chip with overlays show ng
the major functional units and pin |ocations. The mgjor
functional units were positioned to minimze critical signa
propagati on del ays and the | ength of global buses. The I-box,

E- box, and M box were aligned to allow the routing of the data
bet ween these sections in a comon data path. Since the C- box
interfaces with nost of the other functional units, it was
situated along the bottomof the chip to accommpdate different
signal routing needs. The address pins for the nmenory interface
were placed at the bottomof the chip to keep themin close
proximty to the C-box and M box, thereby reducing routing and

| atency. Due to the significant data routing between the S-cache,
C-box, and pins, the placenent of these sections was critical
Both the 128-bit-w de S-cache data array and the 128-bit-w de
C-box data path were split into two hal ves, each containing the
upper and | ower 64 bits. This mnimzed the routing between the
C-box, the S-cache, and the data pins along the two sides of the
chi p.

[Figure 2 (Floorplan of the Al pha 21164 Chip) is not available in
ASClI | format.]

The D-cache and the |-cache were arranged to all ow 128-bit-w de
data access to the S-cache. The |-cache and D -cache were placed
above and bel ow the S-cache, respectively, and centered within
the chip as nuch as possible. The S-cache was inplenmented with
metal 4 read and write buses spanning the entire height. This
provi ded the access needed to both the top and bottom of the
S-cache for routing to the |-cache and D-cache.

The D-cache supports two | oads per cycle, requiring a dual -ported
read design. The D-cache was inplenented as two single-ported
caches containing identical data instead of one dual -ported
cache. The mmjor consideration that led to this decision was the
ability to share the single-ported design with the |-cache.
Sharing the design al so reduced the overall analysis and
verification required.

I nt erconnect routing was another inportant part of the

fl oorpl anni ng process. Four netal |ayers were available for
routing. The lower netal |ayers, netal 1 and netal 2, were used
for local transistor hookup and signal routing. The upper neta

| ayers, metal 3 and netal 4, were used primarily for clock
power, and ground distribution. Wen necessary, the upper neta

| ayers were also used to route critical signals and | ong buses.
The netal orientations were chosen to accommpdate both the cache
structures and the data paths of the functional units. Wth



reference to Figure 2, nmetal 2 and netal 4 lines were arranged to
run vertically and netal 1 and netal 3 were arranged to run

hori zontal ly. Most of the gl obal routing was done by hand. Loca
cell routing was done by hand with sonme assi stance from
auto-routing CAD tools.

The upper netal |ayers are organized as a fine-pitched regular
grid structure placed over the entire chip. The typical drawn
line width used in this grid is 12 um Power and ground lines are
alternated with a single clock line interspersed every few pairs.
A limted nunber of critical signals and buses are also routed in
nmetal 3 and netal 4. In the pad ring, netal 4 is used to route
power and ground into the chip fromthe pads, and input and
output signal wires are routed circunferentially in nmetal 3.

The fine pitch of the power grid allowed its placenment and hookup
to be deferred until nost of the cell layout was conplete.
Therefore, individual cell |ayout was done independently of the
main grid. The | ocal power, ground, and clock lines in cells were
connected to vertically routed nmetal 2 |lines. These netal 2 |ines
were designed to be | ong enough to span two or nore of the neta

3 grid lines, which allowed the eventual connection to the grid.

Cell hookup to the grid was automatically generated using an

i n-house CAD tool that accepted nodal |ayout extracts of the
power, ground, and clock nodes. It connected the grids by placing
a maxi mum nunber of contacts between netal 4 and netal 3, and
metal 3 and netal 2. All contacts placed by the tool net the
process design rul es.

CLOCK DI STRI BUTI ON SCHEME AND LATCH DESI GN

The Al pha 21164 chip enhanced the clock distribution nmechani sm
and verification techniques that were devel oped during the design
of the first-generation Al pha nicroprocessor chip, the DECchip
21064.[2] A global, single-wire clock (CLK) is distributed over
the chip. The design quality of the clock signal was critical to
neeting the fast cycle tinme goal of the Al pha 21164 chip. (Note
that the high state of the clock signal is identified as the
A-phase, and the |low state of the clock signal is considered the
B- phase.)

Figure 3 is a circuit schematic of the clock generation
circuitry. The chip receives a 2X differential emtter-coupled
logic (ECL) oscillator clock signal (up to 600 MHz) that is

di vided by two and then routed to the center of the chip. It is
then buffered up through 6 inverter |levels and fanned-out to 24
inverters through a balanced tree to drive the PRE_CLK signal in
metal 3 to the right and | eft banks of the final stage clock
drivers. These final buffers are |ocated between the second-I|eve
caches and the outside edge of the execution core. The fina
clock driver has 4 nmore |evels of inverter buffering before it
drives the single-wire CLK signal that is forned using a netal 3



and netal 4 grid. Figure 4 is a schematic showi ng the placenent
of the CLK grid.

[Figure 3 (Schematic of Clock Distribution Systen) is not
available in ASCI| format.]

[Figure 4 (Metal 3 and Metal 4 Clock Grid) is not available in
ASClI | format.]

There are 44 final clock drivers per side. The placenent of these
drivers was based on | ocal clock |oading. There are also 12
conditional clock drivers per side, with each activating a single
S-cache subarray. Each clock buffer is surrounded by decoupling
capaci tance to reduce switching noise. The |last clock driver
inverter has a total gate width of 58 centinmeters (cm. It drives
a load of 3.75 nF of gate and interconnect capacitance. The clock
di stribution system consunes about 20 W approxi mately 40 percent
of the total chip power.

The two banks of final clock drivers, coupled with the size of
the cl ock network, conplicated the clock skew anal ysis. The
preci se method of calculating clock skew requires a SPI CE node
of the entire network frominput oscillator signal through the
drivers and the entire nmetal grid.[3] This approach was not
possi bl e due to the size of the network. Instead, the three nmain
conmponents of clock skew were quantified: (1) PRE_CLK driver and
PRE_CLK RC del ay variations, (2) final CLK driver transistor
del ay variations, and (3) RC delay through the netal grid. A

SPI CE nodel of the PRE_CLK drivers and network was sinulated to
identify the differences in arrival tine of the PRE_CLK signal at
the input to the final drivers.[3] The sinulations showed that
any delay variations developed in this portion were equalized by
strapping the inputs and outputs of the final driver inverters.
The net result was that the PRE_CLK network contributes only 10
pi coseconds (ps) to the total skew.

The next source of variability affecting clock skew was the
difference in transistor characteristics anong the final stage
drivers. There are actually two causes of this variation

| ayout-rel ated effects and system c intra-die process variations.
Al t hough the layout-related effects can be controlled in the
design, the process variations cannot. To limt channel |ength
variations that result fromlayout differences, a joint effort
was undertaken with the process devel opnment group to define a
nmodul ar bl ock for the driver layout. This block was then repeated
as many times as necessary to achieve the required total driver
size while keeping the polysilicon spacing, density, and
orientation constant.

Since it was not possible to nodel the nmetal 3 and netal 4 grid
with the drivers in SPICE, extensive RC delay sinulation of the
clock grid alone was done based on resistance and capacitance
val ues extracted fromlayout.[3] The drive inpedance of each
clock driver was nodel ed as an equival ent resistance in the



network. The skew between the first and last latch receiving the
CLK signal is 90 ps. The instruction and execution units all see
the CLK signal within 65 ps, which is well within the design
goal. Figure 5 shows the clock RC delay as a function of the

X and Y locations on the chip.

[Figure 5 (Clock RC Delay) is not available in ASCII format.]

The devel opnent of standard | atches was an inportant aspect of
the Al pha 21164 inplenmentati on process. The primary goal of the

| atch design was to produce a fast circuit that would use the
device area efficiently and that could be used in a wide variety
of instances. To minimze the chip verification effort, a
standard latch library was devel oped early in the design process.
This library set the standards for |atch usage and al |l owed
designers to utilize |latches that had already been verified over
a range of operating conditions and process corners.

The Al pha 21164 chip uses |level-sensitive, transm ssion gate

| at ches as shown in Figure 6. Two basic types of l|atches were
devel oped: A-latches (Figures 6a and 6¢c) and B-Ilatches (Figures
6b and 6d). The A-latches are open when CLK is high, and the

B-l atches are open when CLK is low. The latch input inverter can
be replaced by a logic gate (shown in Figures 6¢c and 6d), thus
reduci ng gate delays in other logic. This style of latch is very
fast and area-efficient, yet it does have an inherent
race-through problem It was estinmated that the use of this latch
style yields a 10 percent inprovenent in speed over the 21064

ni croprocessor.

[Figure 6 (Al pha 21164 Standard Latch Exanples) is not avail able
in ASCII format.]

The additional skewin the clock, resulting fromthe |ocal clock
buffer delay, increases the possibility that data could race
through a pair of latches during the transition of the clock

Al t hough the overall skew of the internal clock is low, this was
not considered sufficient to avoid race conditions. Two
significant steps were taken to guarantee that no race could
exi st between latches. First, the buffered clock inside the Iatch
was sized to minimze the additional skew resulting fromits

del ay. Second, rules and verification tools were devel oped to
make sure that the design includes at | east one additional gate
del ay between all |atches, thus guaranteeing a race-free design
Desi gners had the option of designating these gates as |ogic
functions or sinple inverters. The delay did not affect critica
speed paths, since critical paths tended to have nore than one
del ay between | atches.

CIRCU T DESI GN STRATEGY

Due to the conplexity of the Al pha 21164 chip and the | arge size
of the design team a conprehensive design net hodol ogy was



devel oped. A design guide was created to provide a consistent set
of rules and nmethods for the devel opnment of circuit schematics
and layout. This docunent hel ped ensure that all designers worked
under the sanme design assunptions. In addition, it relieved

ti me-consum ng analysis of each circuit by providing guidelines
and "rules of thumb" that guaranteed correct operation and
mnimzed the possibility of reliability problens.

Gui delines for common circuit structures such as conpl enentary,
cascode, dynamic, and static circuits were created by
characterizing their behavior over all process corners. Adequate
noi se margi ns were ensured by specifying operating envel opes for
such design paraneters as device size, stack height, and beta
ratio. Reliability guidelines were specified for

el ectronmigration, hot carrier effects, and substrate charge
injection. Most circuits were designed within the rules specified
in the guide; however, a fewcircuit designs violated the rules.
These designs were allowed only when perfornmance and area

advant ages woul d be gai ned. These exceptions were carefully
verified for functionality and reliability.

An extensive suite of in-house CAD tools was used to aid and
structure the design process. In all cases, the tools

suppl enented the design process and automated repetitive work.
Engi neeri ng judgnment and iterative use of the software were
required to create the final production schematics. Tool s that
ai ded schematic generation included a schematic editor, a logic
synthesis tool, and a device-sizing tool. Post-schematic tools

i ncluded a | atchi ng nmet hodol ogy checker, a circuit verifier that
hi ghl i ght ed desi gn net hodol ogy violations, and a timng verifier
that anal yzed potential critical speed paths. The use of the
design tools varied across the chip, based on the degree of
custonized logic required. For exanple, the I-box did not rely
heavily on the synthesis tools because of the need for optimzed
circuit structures. However, the C-box used the synthesis tools
extensively to produce baseline schematics, which were then
nodi fi ed by hand as necessary.

CIRCU T DESI GN EXAMPLES

The designers of the Al pha 21164 chip were faced with a nunber of
i mpl ement ation chall enges. The nmpbst significant chall enge was to
design a chip that could run at 300 WHz, 50 percent faster than
the previous Al pha inplenentation.[2] Device scaling, process
devel opnent, and architectural inprovenents delivered part, but
not all, of the required speedup. The additional inprovement had
to be obtained using circuit design techniques. O her chall enges
i ncluded a nmuch nore conplicated mcroarchitecture and the
reduction in |atency of a nunber of instructions fromthe

previ ous inplenmentation. Finally, the |arge physical size of the
chip also led to challenges in circuit design and power
managenent .



The foll owi ng sections describe several circuit design challenges
encountered during the inplenentation of the Al pha 21164 chip

| -box Design -- Issue Stage Dynamic Dirty/Bypass Logic

The issue stage of the |-box coordinates the rel ease of
instructions into the E-box, F-box, and M box pipelines. The deep
pi pel i nes and sophisticated nenory managenment unit along with the
hi gh cl ock frequency presented significant chall enges to the

i mpl enmentation team The Al pha 21164 microarchitecture allows up
to 37 instructions to be in progress at the sanme tinme (7 integer
operates, 9 floating operates, and 21 | oads that nissed).
Superscal ar issue of 4 instructions requires that 8 operands and
4 new destinations nust be checked agai nst these 37 outstanding
instructions in every cycle. In addition, 44 bypass paths are
built into the E-box and F-box pipelines in the Al pha 21164 chip
Each of the 8 operands nust be checked agai nst several of these
bypass paths to ensure that the nbst up-to-date data is forwarded
to the issuing instruction.

The regi ster conparisons were inplenented using dom no |ogic. As
each instruction is issued, its destination register address is
decoded into a 31-bit mask that is entered into a shift register
that mmics the appropriate execution pipeline. Checks are
performed for stalls and bypasses by selecting the appropriate
masks from each level of the shift register and conmparing themto
the regi ster addresses of the new instructions. Integer and
floating-point instructions are handled in separate 31-bit-w de
dat a paths.

Decodi ng the regi ster addresses allows a |ogical OR of severa
destinations to create "dirty" bit masks, greatly reducing the
requi red nunber of conparators. This reduction in conparators
nore than conpensates for the additional logic involved in
carrying the decoded register addresses for all pipe stages (31
bits versus 6 bits for encoded register nunbers). Wth this
schenme, all stall calculations are perforned using only 38
conparators. Bypass detection is performed in a manner sinmilar to
the stall generation using an additional 44 conparators, one for
each E-box and F-box bypass path.

The inplenmentation of the conmparators requires three dom no
stages (see Figure 7). The first stage is a two-input dynam c

mul ti pl exer that selects the operand/destination decode field for
the new instruction or the field of the previous cycle's
instruction if a stall was detected. The dirty bit mask is
created in a simlar dynamc OR structure. The second dom no
stage is a bit-wise AND function of the operand/ destination
decode nask and the dirty bit nask followed by a zero detector
(logical OR of the 31 bits). A transnission gate forns a second
AND function in this stage that qualifies the detected register
conflict with an instruction valid signal. The third donmi no stage
is used to further qualify the detected conflict with instruction



type decode information and to start a logical OR of the 38
conflict outputs into a single stall wire. In the case of
bypasses, the third dom no stage is used to priority-encode the
bypasses so that only the npst up-to-date data is bypassed.

[Figure 7 (Domi no Logic for Issue Scoreboard) is not available in
ASClI | format.]

Speci al attention was given to several circuit design issues when
the dom no | ogic was inplenmented. Careful preplanning of the
routing provided |arge lateral spacing on the dynamic lines to
reduce coupling. Noise nmargins were protected by ensuring that

all dynamic inputs were driven fromlocal inverters with a common
ground reference. Charge-share problenms in the |arge second

dom no stage (31-bit-wi de AND-OR function) were mnimzed due to
the fact that only a single bit will be set in the new

i nstruction's operand decode bit mask, which is used as the upper
input in the 31 AND stacks. Therefore, only a single interna

node may charge-share with the | arge output capacitance.

Anot her critical concern in such a |arge dynam c structure was
power consunption. The logic was inplenented in such a way as to
m nimze the nunber of nodes that di scharge each phase. To

m nimze short-circuit currents, the second and third dom no
stages are precharged by nmeans of matched del ay signals. These
sel f-timed precharged lines also help to nmininize clock |oading
since CLK is used to precharge only the first stage.

E- box Design -- Bypass Logic

The E-box presented a nunmber of interesting circuit chall enges.
The Al pha 21164 inplenmentation contains two integer pipelines, as
conpared to one in the 21064. This significantly increased the
circuit design conmplexity associated with providing result
bypassing fromall functional units.

The E-box bypass logic is responsible for supplying input operand
data to the functional units in both integer pipelines. |nput
operand data can be supplied fromthe register file or bypassed
fromthe output of any pipeline stage in the E-box (Figure 8).
Functi onal operations are perforned in pipeline stage 4 (S4), and
register file wites occur in stage 6 (S6). Wthout bypass |ogic,
instructions that require data fromthe pipeline would have to be
stalled until the data reaches S6 and is witten into the
register file. These stalls would inpact the integer perfornmance
severely. Therefore, the ability to bypass operand data from

pi peline stages S4 through S6 was critical to obtaining high

i nt eger performance.

[Figure 8 (E-box Pipeline) is not available in ASCII format.]

Four 64-bit dual-rail operand buses are used to bypass data. Two
buses in each pipeline are used to supply A and B operand data to



the functional units. The buses are controlled by the

BYPASS ENABLE L signals generated in the |-box and are driven
during the B-phase (see Figure 9). A typical operand bus driver
is shown as well as the shifter operand bus driver. The shifter
driver is unique because it has byte zap (set byte to zero) logic
capability.

[Figure 9 (E-box Bypass Bus) is not available in ASCII format.]

Data is read fromthe operand buses during the early portion of

t he A-phase by operand bus receivers |ocated at the input of each
functional unit. The receiver is a dynanic gate structure that
can be configured to receive one or nore inputs and generate a

| ogi cal function output. The adder uses the logical function
capability to generate propagate and kill signals.

The operand bus is precharged by a del ayed A-phase clock. This
del ay allows the dynamic bus receiver gate to act as a latch and
elimnates the need for a true B-latch (see Figure 9). During the
begi nni ng of the A-phase, operand data propagates through the
receiver and is captured by the receiver gate output |atch node
before the del ayed A-phase cl ock precharges the operand bus. Once
the operand bus is precharged, the |l atch node is decoupled from

t he operand bus.

E- box Design -- 64-bit Shifter

The E-box shifter executes all 64-bit shift, extract, insert, and
zap (set to zero) instructions on both little and big endian data
types using a 128-bit right-only shifter. Al shift instructions
take one cycle to execute, an inprovenent of one cycle relative
to the 21064 design.

The data path portion of the shifter |ogic uses dynam c and
cascode circuitry to read the operand buses, to present the data
to either the low or high 64 bits of data, and to sign-extend the
hi gh 64 bits, when necessary, in the A-phase. In the B-phase, the
i nput data is shifted, a byte zap is performed when necessary,
and the result is driven onto the result bus. The result can be
bypassed onto an operand bus. Right shifts are performed by

| oadi ng the A-operand data into the |ow 64 bits and shifting
based on the value of the B-operand; left shifts are perforned by
| oadi ng the A-operand data into the high 64 bits and shifting
based on the two's conpl enment of the value of the B-operand. The
shifter array is inplenmented as a differential dynamic gate. The
| ayout uses netal 1 for the input data, netal 2 for the output

val ue, and netal 3 for the shift anount.

The chief inprovenent in this design over the 21064 design is the
si ngl e- phase generation of the 65 shift enable signals and byte
zap mask. The shift enable generation is acconplished by

conmbi ning the shift requirenments of the extract and insert
instructions with the B-operand decode | ogic for normal shifts.



An 8-bit shifter is used to inplenment the byte zap mask to

achi eve the single-phase goal. The 8-bit zap mask shifter is
built using differential dynamic logic. Its control resenbles
that of the 64-bit shifter, enploying cascode data i nput
circuitry and dynam c decode logic. The shift anount is
deternmined fromthe B-operand or bits in the instruction based on
t he opcode.

Cache Design -- Power Savings

Speci al design considerations were given to the three caches on
the Al pha 21164 chip because they conprise, by far, the | argest
nunber of devices and have the greatest inpact on yield. Since
the caches are accessed frequently, the power consunption of the
caches was al so a cause for concern.

The 8-KB | -cache includes two pairs of fuse-programrmble
redundant rows to offset any yield | oss. The D-cache | everages
the |-cache design by conbining two of these caches to forma
singl e, dual-read-ported, 8-KB data cache. The D-cache enpl oys
the sane row redundancy schenme as the |-cache. The Al pha 21164
chip also contains the S-cache, which is a | arge, second-I|eve
cache for both data and instructions. The S-cache data array is
organi zed into 24 banks of 4 KB each. Twel ve banks are placed on
the left and right sides of the chip. Figure 10 shows the
arrangenent of the banks on the right side. Each bank of both the
tag and data arrays inplenents row redundancy. The S-cache data
array al so inplenents col unm redundancy.

[Figure 10 (Schematic of Right Half of L2 Cache Data Arrays)
is not available in ASCII format.]

Pi pel i ne processing of the S-cache allows the inclusion of
power - savi ng features. The S-cache operates in a four-stage

pi peline: two stages for tag | ookup and nodification, and two for
data access and transfer. Address decoding during the tag | ookup
results in the clocking of only 2 of the 8 banks in each of the 3
sets (6 of 24 in the whole cache). The bit |ines and sense
anplifiers in the disabled 18 banks are frozen in the precharge
node, consum ng m ni mal power.

Hit signals fromthe tag-lookup logic control the word |ines and
sense anmplifiers of the six enabl ed banks. Therefore, of the six
banks enabl ed, only the two banks for the set that hit are
activated and di scharged. This design results in an estimated
power savings of 10 W

System Cl ock Design -- Synchronization
The Al pha 21164 chip is designed to accommodate mnulti processor

systenms using a synchronous bus. This requires the
synchroni zati on of the Al pha 21164 chip's generated reference



clock (SYS_CLK) to the systens-generated reference clock
(REF_CLK). To achi eve the maxi num system performance, this nust
be done with as little error as possible.

In other designs, this synchronization is achieved using an
on-chi p phase-1ocked | oop (PLL).[4] However, the on-chip noise
envi ronnent of the Al pha 21164 coul d cause excessive PLL jitter
Jitter can reduce the width of a clock phase and create a pul se
too narrow to clock on-chip logic. This uncertainty would dictate
sl owi ng the clock frequency, thus reducing system perfornmance.

The design challenge was to find a lowrisk digital solution that
woul d neet the high-frequency performance requirenents of the

Al pha 21164. To neet this challenge, a state machi ne PLL ( SMPLL)
was designed. This all-digital approach has nuch better noise
immunity than a traditional PLL, but it does introduce a

quanti zing error, or skew, into the systemclock timng. This
skew can conplicate systemtimng but has mniml inmpact on CPU
performance, since it allows the Al pha 21164 chip to run at the
hi ghest possi bl e clock frequency.

Figure 11 shows a functional block diagram of the SMPLL. The

Al pha 21164 generates a system bus clock (SYS_CLK) by dividing
the internal CLK by a preprogramed anount. This SYS CLK is then
aligned to the systemgenerated reference clock (REF_CLK). To do
this, the frequency of REF_CLK nust be slightly |lower than that

of SYS _CLK. A phase detector conpares the arrival of the rising
edge of REF_CLK with the rising edge of SYS CLK. If the edges are
coi ncident, the SMPLL stretches SYS CLK by the period of the chip
oscillator. Thus, the rising edge of REF_CLK al ways | eads the

ri sing edge of SYS CLK. However, because SYS CLK is slightly
faster than REF_CLK, the rising edge of SYS CLK will eventually
catch up to REF_CLK. When this happens, the phase detector once
again stretches SYS CLK, and the process of catching up starts
anew.

[Figure 11 (SMPLL Bl ock Diagram) is not available in ASCl
format. ]

The SMPLL design takes advantage of the on-chip clock divider
circuitry by suppressing the divide for a single count whenever a
phase alignnent is required. This schene adjusts the phase
alignnment in increnments of 1.67 nanoseconds (ns) (assumng a

600- MHz i nput clock) and allows the rising edge of the REF_CLK,
nmeasured at the input pin of the Al pha 21164, to coincide with
the SYS CLK to within 1.67 ns.

PHYSI CAL AND ELECTRI CAL VERI FI CATI ON

The ability to verify the layout of a 9.3-million-transistor VLSI
chip, both physically and electrically, w thout hanpering its

performance or inpacting its devel opnent schedule, was a prinmary
concern fromthe outset of the project. Many new techni ques were



devel oped to acconplish this task. Some of the nore significant
advances are discussed in the follow ng section.

Physi cal Layout Verification

The size and conplexity of the Al pha 21164 dictated the use of
physi cal assenbly nmethods that did not require the CAD tool suite
to verify the conplete chip | ayout database in one pass.

Ful | -custom designs like the Al pha 21164 chip are conposed of

| arge bl ocks of randomlogic that are not easily divisible into
highly repetitive instantiations of conmon cells. Because of the
relatively few instances of repetitive structures, there was no
need to design using a deep cell hierarchy. Simlar to previous,

| arge, full-custom designs, the Al pha 21164 fl oorplan divided the
chip along maj or box boundaries.[5] This partitioning reduced the
devi ce count per partition, allowi ng each to be verified

i ndependent|y.

The Al pha 21164 cache partitions, containing 7.2 mllion of the
9.3 mllion total devices, are, in thenselves, very |large and
difficult to verify. Accordingly, all three caches were designed
and assenbl ed hierarchically. Specifically, each cache bank
contains several references to the sanme precharge, decoder
control, and random access nenory (RAM array |ogic and |ayout,
which are then instantiated to formthe overall cache.

Subdi viding the cache partitions into major hierarchical blocks
reduced the device count per block. In addition, since each bank
was identical, only the devices within one bank needed to be
verified.

Al t hough the hierarchical nmethod is typically used in senicustom
designs, it was new for Digital's full-custom mi croprocessors.
Prior to the devel opment of the Al pha 21164, the caches were

desi gned and verified without an established hierarchy, as was
the rest of the chip. Digital's CAD tools handl ed | arge dat abases
wi t hout hierarchy; the |ayout verification methods were trusted;
and the percentage of duplicated circuitry was small.
Consequently, there had been no prior conpelling need to design
wi th deep hierarchies.

Toward the end of the chip devel opnent, using a considerable
anount of conputer resources, all three Al pha 21164 cache | ayouts
were al so verified without hierarchy to prove the new

hi erarchi cal nethod and CAD tools. The |l arge size of the Al pha
21164 made it the prinme candidate for verifying new hierarchica
verification tools (which were run concurrently with the
traditional ones). Table 1 conpares the processing tinme of the
S-cache for both the nonhierarchical and the hierarchica
verification methods. The hierarchical approach resulted in a
significant inmproverment in CPU tine.

Tabl e 1 Al pha 21164 S-cache Verification Conpute Tine



Operation Nonhi er ar chi cal Hi erarchi ca

Processi ng Processi ng
Netlist extraction 11 hours 6 hours
Netli st compari son 6 hours 30 minutes
Geonetric verification 18 hours 10 m nutes

Capacitive Coupling and Carrier Injection Verification

Si nce capacitive coupling between adjacent signals can have a
di sastrous effect on the logical functionality and | ong-term
reliability of a design, it was a major concern throughout the
proj ect. Wen adjacent nodes switch, coupling between them can
result in their logic state being degraded or |ost by adding or
renmovi ng charge to or fromthe coupled node. For static cases,
coupling results in a loss in performance, since the node
recovers state if the chip cycle tinme is slowed. For dynam c
nodes, however, state may be lost, leading to a logic failure
that occurs regardl ess of cycle tine.

I nt erconnect coupling capacitance can also |lead to voltage

excur sions above the power supply voltage (VDD) and bel ow ground
(VSS) on signals in the chip. For the case of an excursion bel ow
VSS, the n-type source/drains connected to the signal becone
forward biased, injecting mnority carriers (electrons) into the
substrate. If these nmnority carriers are collected by

N-di ffusi ons connected to dynam c nodes, the charge stored on the
dynam ¢ node can be corrupted, as shown in Figure 12. Simlarly,
excur sions above VDD forward bias p-type source/drains, which can
al so |l ead to data corruption.

[Figure 12 (Dynam ¢ Node Corruption Caused by Mnority Carrier
Injection) is not available in ASCII format.]

An extensive set of CAD tools was used to identify potentia
coupling and charge injection problens. In the case of injection
checks, a circuit wirelist of the chip was extracted fromthe

| ayout that included X-Y l|ocation coordinates for al

transistors. An electrical analysis, using capacitances extracted
fromlayout, was then run to identify all nodes that made voltage
excursions outside the power supply voltages and that were
potential minority carrier injectors. Once these nodes were
identified, the CAD tool, which referenced the coordinates from
the extracted wirelist, checked all circuitry in the vicinity of
the injectors to ensure that there were no dynam c nodes present
that could be corrupted. When a potential corruption problem was
found, a layout fix was inplenented to elimnate the coupling
causing the injection. If the coupling could not be reduced or
elimnated, a diffusion collector tied to a power rail was placed
between the injector and the dynam c node (Figure 13).



[Figure 13 (Dynamic Node Protected fromMnority Carrier
Injection) is not available in ASCII format.]

Ant enna-i nduced Devi ce Danage Anal ysis

During the netal etch process, when interconnect is being forned
froma bl anket |ayer of netal, stray charge fromthe etch plasna
can be captured by the visible nmetal. The charge is collected on
any polysilicon gate capacitors attached to the node. |If enough
charge is collected, the gate voltage may rise high enough for
tunneling into the gate oxide to occur. This new concern, called
antenna-i nduced devi ce damage, can cause breakdown of the gate
oxi de, transistor threshold voltage shifts, and |long-term
reliability problens.

Ant enna-i nduced devi ce danage can be prevented if an alternate
path is provided for the collected charge. A diode connection on
t he antenna node, such as a diffusion connection in either the
well or the substrate, acts as such a path. Although all nodes in
the Al pha 21164 chip have a di ode connection, this connection may
not be present at the first or second netalization steps, thereby
al |l owi ng damage to occur. The nmagnitude of the danage is
dependent on the antenna ratio, defined as the ratio between the
area of the visible netal |ayer being processed and the area of
the gates attached to that node through | ower-Ievel connecting

| ayers.

To anal yze the chip, a special conputer-based | ayout design rule
check was devel oped. This check extracted partial node |ayout as
it woul d appear during each netalization-patterning etch step and
filtered all nodes that did not have a di ode shunt connection

For these nodes, antenna ratios were conputed and conpared to
their corresponding ratio limt. To reduce the antenna ratio of a
failing node, the antenna netal was broken into sections and
metal junpers, which were placed in the next-higher adjacent

nmetal |ayer, to connect the sections into a single node. This
reduced the charge-collecting area for the section of

i nterconnect that had the polysilicon gate attached and, as a
result, reduced the antenna ratio. |If this approach was not
feasible or did not reduce the antenna rati o adequately, a

di ffusion diode was attached to the of fending antenna to shunt

t he charge away.

El ectromi gration Reliability Analysis

The nmethods and algorithns used to performthe el ectrom gration
(EM analysis on the Al pha 21164 chip have greatly inproved since
previously reported.[5] The chief enhancenents are the analysis
of unidirectional and bidirectional current flow, the addition of
thermal heating nodels, and the introduction of statistica

el ectroni grati on budgeting.



From a design perspective, one of the main inprovenments in EM
anal ysis was the introduction of unidirectional and bidirectiona
current flow linmts. Unidirectional current is the flow of
current in one direction, for exanple in wires connecting devices
to power or ground. The segnment of wire connecting a
conplenmentary logic gate to its load is considered bidirectiona
since the current flows toward the |load to charge its capacitance
and flows back to the driver as the capacitance is di scharged.
The bidirectional behavior of current has been shown to inprove
EMreliability by at | east a factor of two. This is a trenendous
benefit as nearly all on-chip signal wiring is bidirectional
(Power supply netal is not and nust be treated accordingly.)

The nost stringent EMrequirenent is neeting the traditiona
average current density limt of 2.0 mllianpere/unt*2.
Statistical electromgration budgeting (SEB) was used for the
first time during design verification to assess the inpact of
allowing small portions of the Al pha 21164 design to exceed the
fixed EM average current limts.[6] Statistical paraneters
characterizing EMrisk for the 0.5-um CMOS interconnect process
were conmbined with the average node currents and | ayout geonetry
to compute the magnitude of the EMrisk of all design rule

vi ol ati ons taken together. Only those violations that added
significant risk were required to be fixed. This reduced design
verification tinme and retai ned performance advantages while
ensuring that the Al pha 21164 design nmet its chip-Ileve
reliability goals.

CONCLUSI ON

The inplenmentation details of the Al pha 21164 m croprocessor have
been descri bed. The custom VLSI chip contains 9.3 nmillion

transi stors, including a 96-KB second-1level cache, in an area of
299 Mt *2. The chip inplenments the Al pha instruction set
architecture and can issue up to four instructions at a tinme. It
reaches a peak execution rate of 1.2 billion instructions per
second (bips) and 600 MFLOPS. The Al pha 21164 is the fastest and
hi ghest - performance m croprocessor designed to date in the

i ndustry.[7]

The chip achieved its performance goal of 300-MHz operation in a
0.5-um CMOS technol ogy by enploying a fine-pitch, |owresistance
power grid; a |ow skew clock distribution network; fast |atches;
and hi gh-speed circuit techniques. Extensive verification of the
functionality, electrical circuits, and physical |ayout was
performed to ensure the functionality and reliability of the
design. The chip operates froma 3.3-V supply and di ssi pates 50
W It is easily air-cool ed using conventional technol ogy.
First-pass silicon was functional and booted three operating
systenms running on a nunmber of different system pl atforns.
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