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Vital Statistics

The TI486SXL and TI486SXL2 contain the same die as the
TI486SXLC and TI486SXLC2. Despite the use of a 486SX-
compatible pinout and a full 8K bytes of cache, the parts fall
short of “true” 486SX implementations in two respects. First,
the CPU core, which is the same as that in the original
Cx486SLC and Cx486DLC, omits the dedicated address adder
provided by the Intel and AMD designs and is thus somewhat
slower at the same core frequency.

More important, the TI bus interface does not support burst-
mode transfers. Essentially, these chips implement a 386DX-
like bus interface in a 486SX pinout. Using burst mode lets
Intel and AMD 486SX and 486SX2 devices sustain nearly twice
the bus bandwidth in the same system motherboard.

The TI486SXL and TI486SXL2 contain the same die as the
TI486SXLC and TI486SXLC2, repackaged in a 168-pin PGA
housing. At 5 V, the TI486SXL allows operation up to 33 MHz,
or 50 MHz (core frequency) for the TI486SXL2. At 3.3 V, the
TI486SXL-V supports clock rates up to 40 MHz, or 50 MHz
(internal) with clock-doubling enabled.

The Complete x86



© 1994 MicroDesign Resources

Chapter 11 Texas Instruments 486 Microprocessors

The Tl “Rio Grande” Processor

Chip Set
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“Rio Grande” was the code name for a highly integrated TI pro-
cessor chip set, including a 486-class CPU and two peripheral
devices, designed for notebook systems. Texas Instruments
completed product development, formally announced the family,
built and distributed samples, and then waited in vain for cus-
tomers to appear. None did. After several months with no indus-
try interest TI quietly pulled the plug and let the product line
die. Table 11-7 summarizes the general features and specifica-
tions of the Rio Grande CPU.

Product Name

Texas Instruments Tl “Rio Grande”

Introduction Date

February 1994

Prognosis

Stillborn

Device Integration Level

Pipelined 32-bit IEU and PMMU
8K-byte unified instruction/data cache
On-chip DRAM controller and buffers

On-chip PCl interface control logic and drivers

CPU Architecture Level

Standard 486 integer instruction set
plus Cyrix-style SMM extensions

Core Technology Cyrix-designed static 486 core
Pinout Custom
Data Bus Width 32-bit PCI system bus

Separate 32-bit local DRAM bus

Physical Addressability

4GB (PCI protocol)

Data-Transfer Modes

Custom

Cache Support

8KB on-chip combined |- and D-cache
Four-way set associative
Write-through operation only

Floating-Point Support

Optional 386DX-class coprocessor

Operating Voltage

475Vt0525Vor3.0Vto3.6V

Frequency Options

66-MHz core operation

Clocking Regime

Core operating freq. = 1 x Clkin
PCI bus interface = 1/2 x Clkin

Active Power Dissipation

N.A.

Power-Control Features

Static operation plus Cyrix-style SMM

Process Technology 0.65y three-layer-metal CMOS
Die Size 115 mm2
Transistor Count N.A.
Package Options 208-lead PQFP

Table 11-7. Tl “Rio Grande” CPU feature summary.
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1x clock
FPU DRAM
interface Address,
Control
32 DRAM
Data

< 32-bit PCI Bus @ 33 MHz >

Figure 11-3. Tl “Rio Grande” CPU biock diagram.

The Rio Grande CPU was based on the same Cyrix 486 core as
TI’s other processors. Its cache had the same specifications as
that on a conventional 486-class CPU: 8 Kilobytes of capacity, a
16-byte line size, four-way set associativity, write-through
operation, and an LRU replacement policy. In addition, the inte-
grated processor chip contained DRAM memory-control logic,
on-chip power management circuitry, and a direct-drive PCI
bus interface (see Figure 11-3).

Rio Grande did not contain an FPU, although a standard
387DX-class math coprocessor could be added externally. Nor
did the part provide any direct support for an external second-
level cache; it was thought that small, low-end notebook sys-
tems wouldn’t need such accouterments.

Note from Figure 11-3 that the DRAM controller and PCI
bridge connect to the CPU through an internal, conventional
486-style bus, as though the core modules were implemented
with discrete components. Since the Cyrix CPU core could not
support burst-mode transfers, refilling a cache line took the
equivalent of at least 24 core clock cycles, vs 10 for a 486DX2.
The “local” bus was, however, clocked at the full CPU speed vs
the half-speed system bus.

Depending on the mix of read and write transactions, the 66-
MHz Rio Grande processor bus should have had about the same
performance as an Intel 33-MHz 486 bus. While this does not
seem impressive, it means that the faster clock speed, made
possible by the fact that the entire CPU local bus is contained in
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Figure 11-4. Tl “Rio Grande” system interface.

the Rio Grande processor chip, offset the performance loss
caused by the lack of burst-mode transactions. A 66-MHz Rio
Grande should have been similar to a 50-MHz DX2 in perfor-
mance on system-level benchmarks.

The Rio Grande processor required a full-speed clock input—
that is, a 50- or 66-MHz oscillator for 50- or 66-MHz core opera-
tion. An on-chip PLL further doubled the clock frequency to
obtain internal timing signals. By combining all high-frequency
components (i.e., those that ran faster than 33 MHz) on the pro-
cessor chip, Rio Grande reduced the need for fast signal routing
on the motherboard. Still, the high-speed clock input was a
cause for concern in system designs that required FCC emis-
sions certification.

The Rio Grande CPU operates as part of a three-chip set. An
“I/O combo” chip was to provide system logic and handle the
low-speed I/O interfaces, including serial, parallel, and IDE
ports. The third chip in the family supported two PCMCIA
slots. All three were directly interconnected via a 33-MHz PCI
bus, as shown in Figure 11-4. ‘

The combo chip contained most of the system logic and stan-
dard peripherals needed for a simple PC system, including:

A PCI bus arbiter

PC/AT system logic (DMA, interrupts, etc.)
¢ One serial port, compatible with the National 16550

One Centronics-compatible enhanced parallel port
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Vital Statistics

A fast IDE (hard-disk) interface

An 82077SL-compatible floppy-disk controller

A real-time clock

128 bytes of battery-backed SRAM

¢ An XD bus to support external peripheral expansion

The combo chip also contained a power-management unit with
six power states, controlled by activity timers and software
intervention. The chip could monitor each of the integrated
peripherals, the VGA frame buffer, the PCI bus, two off-chip
peripherals, and four interrupt requests. The combo chip had a
pulse-width-modulated output that controls the brightness of
the LCD backlight. The system can resume processing after a
power-down due to a variety of interrupts and alarms.

The PCMCIA controller complied with PCMCIA version 2.0 and
ExCA version 4.1. It was register-compatible with Intel’s
82365SL DF. The PCI bus interface could assemble 8- or 16-bit
data from the cards and transmits it as 32-bit words. Unlike
most earlier controllers, the PCMCIA chip provided separate,
electrically isolated buffers to allow “hot” card insertion and
removal. For additional expansion, up to four controller chips
can be combined in a single system.

For system management, the processor implemented the Cyrix
SMM protocol. All three chips were fully static and together
drew less than 100 pA with the clock stopped.

The Rio Grande processor was designed for a 0.65-micron,
three-layer-metal CMOS process, representing a 10% shrink
from the process used for the TI486SXL. The die size was
approximately 115 mm?2. The processor used a modular design
strategy, with the memory and PCI controllers implemented as
gate arrays surrounding the custom CPU core; a fully custom
design might have been more compact but would have taken
longer to design.

Each of the chips in the Rio Grande family operated at 3.3 V or
5V, as did the PCI bus that connects them. Even at the lower
voltage, the CPU ran at 50 or 66 MHz, and the PCI bus could
be clocked at up to 33 MHz (one-half of the CPU speed). Either
3.3-V or 5-V DRAMs could be used, and the PCMCIA control-
ler supports cards at either voltage. Each of the three chips in
the set was packaged in a 208-lead PQFP.
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Pinout: 386SX 386DX 486SX 486DX Custom/PClI

Cyrix Cx486SRx2
End-user upgrade
1KB write-thru cache
Clock doubler

Cyrix Cx486DRx2
End-user upgrade

1KB write-thru cache
Clock doubler

Cyrix Upgrade
Products:

Cyrix OEM Cyrix CX4BSGSLC/e Cyrix Cx486S/S2 Cyrix Cx486DX/DX2
. TITI486SLC/E 2KB -back cache 8KB copy-back cache
Products: 1KB write-thru cache, copy-ba on-chip FPU
Tl "Rio Grande"
TI OEM T1 486SXLC/SXLC2 T! 486DLC/E T1 486SXL/SXL2 8KB write-thru cache

8KB write-thru cache
Clock doubler (opt)

1KB write-thru cache 8KB write-thru cache Clock doubler

PCl interface

Products:

Figure 11-5. Divergence between Tl and Cyrix product strategies.

11.6 Commentary

TI seems to be stuck in a reactionary mode. When Cyrix first
began dropping hints about its upcoming M1, TI responded
immediately by saying the company has its own design team
working on a next-generation CPU. Little has been heard from
the TI project since. TT sources say, however, that a large project
remains underway to develop a next-generation x86 core.

With their respective new product introductions, it’s clear that
Cyrix and TT march to the beat of different strategic drummers.
At each new generation, Cyrix has continued to enhance the
core logic of its 486 product line to include more sophisticated
cache features, bus protocols, and floating-point capabilities.
The original Cx486SLC had a 1K-byte, write-through cache and
a 386SX-compatible pinout. The Cx486DLC, provided a 32-bit
bus in a 386DX-compatible pinout. Cyrix added a 2K-byte copy-
back cache for its Cx486S-series, and an 8K-byte copy-back
cache and FPU for its 486DX-series parts.

TI’s enhancements, in contrast, have been limited to cosmetic
changes to the pinout, brute-force expansions of the cache, and
increased system-level integration. Figure 11-5 shows the
respective road maps of the Cyrix and Texas Instruments prod-
uct expansions. As a rule, the marketplace has seemed to
reward more aggressive designs, and remain underwhelmed by
brute-force engineering feats.

© 1994 MicroDesign Resources
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TI lacks in-house expertise in x86-family floating-point technol-
ogy, and can thus neither incorporate this function within its
processor cores nor bundle coprocessors with their integer
CPUs at a discounted price. As Intel attempts to increase
demand for floating-point capability by emphasizing the perfor-

mance of its i486DX2 and IntelDX4 chips, and as Cyrix pro-

The i486SL Redux?

motes the fact that its FPU is even faster than Intel’s, it seems
TT can only counter with larger caches and more grandiose chip
sets. As Intel discovered with the i386SL and i486SL, however,
system integration features will not support a significant price
premium.

Ironically, TT’s best chance of success may lie with the
TI486SXLC2—a device seemingly severely handicapped by its
primitive, 16-bit bus interface. Because of its larger cache and
double-speed clock, the TI486SXL.C2 will generally perform bet-
ter than competing chips with the same pinout. Vendors that
favor the small package size and lower cost of the 386SX pinout
for subnotebook PCs, or that wish to extend the life of existing
386SX-based hardware designs, will find TI able to deliver per-
formance superior to that possible from Intel, AMD, or Cyrix
CPUs.

Integration of system logic and other functions with the CPU a
la Rio Grande has not proven to be terribly lucrative, as Intel,
AMD, Chips and Technologies, and VLSI Technology keep dis-
covering. Intel abandoned its otherwise appealing i386SL and
i486SL integration strategy after discovering that combining
space-consuming, low-value-added system logic and drivers to
an already aggressive chip layout was inherently cost-ineffec-
tive.

Nevertheless, there were many who hoped TI would make a go
of the CPU/chip-set business. TI has done a better job than
Intel of integrating memory and bus interfaces efficiently onto
the processor die. Finally, by choosing to integrate PCI instead
of ISA, TI let system designers add higher-speed peripherals.
Rio Grande might thus have succeeded where the i486SL failed.

And while high-integration processor chip sets may not bring in
as many dollars per silicon nanoacre as a sexy leading-edge
CPU, they may still be very attractive in comparison to NAND
gates, calculator chips, and other commodity semiconductors.
TI is used to operating on considerably lower profit margins
than Intel or AMD, and has little presence at the higher ends of
the microprocessor market. The company might therefore be
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more willing to eat the higher costs associated with putting sys-
tem logic on chip.

TI’s biggest problems have come from its legal struggle with
Cyrix. TT’s derivative x86 products rely on core designs licensed
from Cyrix. With TI losing rights to key future products, it may
have no future in the business unless its internal core develop-
ment comes to a successful fruition.

For More Information...

Additional technical information on TT processors may be found
in the following publications:

1:

TI486 Microprocessor Reference Guide.
Texas Instruments, 1993, order #SRZUO05A. (Primary
technical reference.)

Texas Instruments Announces 486SLC Plans. MPR vol. 6
no. 7, 5/27/92, pg. 4. (Most Significant Bits item.)

TT Announces Production of 486SLC /DLC. MPR vol. 6 no.
14, 10/28/92, pg. 4. (Most Significant Bits item.)

TI Announces 3.3V, 33-MHz 486DLC. MPR vol. 7 no. 4,
3/29/93, pg. 4. (Most Significant Bits item.)

AMD Loses OmniBook Socket to TI. MPR vol. 7 no. 12,
9/13/93, pg. 5. (Most Significant Bits item.)

Texas Instruments Extends 486 Line. Michael Slater, MPR
vol. 7 no. 15, 11/15/93, pg. 14. (Feature article.)

PC Market Centers on Growing 486 Family. Michael Slater,
MPR vol. 8 no. 1, 1/24/94, pg. 1. (Cover story.)

TI Shows Integrated x86 CPU for Notebooks. Linley Gwen-
nap, MPR vol. 8 no. 2, 2/14/94, pg. 1. (Cover story.)

Number Two Doesn’t Always Try Harder. Linley Gwennap,
MPR vol. 8 no. 3, 3/7/94, pg. 3. (Editorial.)






PartIV: Pentium-Class
~ Processors

Intel formally announced its long-delayed and eagerly-awaited
Pentium microprocessor in March of 1993. While the introduc-
tion itself was relatively low-key, the technical trade press and
OEM system vendors responded to the announcement with
more hype, hoopla, and fanfare than they had for any micropro-
cessor in history. Though initial system shipments didn’t begin
until 2Q93, by the year’s end Pentium-based PCs were thought
to be shipping faster than any RISC-based workstation made.
By the end of 1994, the installed base of Pentium PCs sur-
passed the combined total shipments of all RISC workstations
to date.

The Pentium design uses a number of novel techniques to
deliver more than twice the performance of competing 386- and
486-class devices. While AMD, Cyrix, and other competing ven-
dors have announced plans to introduce future products with
Pentium-class performance, the first such product sampled was
the NexGen Nx586 microprocessor.

Part IV of this report details the Pentium and NexGen devices,
including their implementations, system interfaces, architec-
tural extensions, and performance. It has two chapters:

Chapter 12:  The Intel Pentium Family
Chapter 13:  The NexGen Nx586 Microprocessor






The Intel Pentium Family

Overview

The Pentium microprocessor family is Intel’'s highest-
performance implementation of the x86 architecture. On inte-
ger programs it delivers roughly twice the performance of an
i486DX2 at the same internal clock frequency, and is up to five
times faster on optimized floating-point code.

From a hardware perspective, Pentium’s key features include a
superscalar execution pipeline that can execute up to two inte-
ger instructions during every clock cycle, an 8K-byte instruction
cache, a separate 8K-byte write-back data cache, and a high-
performance pipelined floating-point unit.

A newly added branch target buffer (BTB—also called a branch
history table) caches the destination address for previously
encountered branches, along with bits that record the history of
past branching patterns. The BTB can significantly reduce the
latency of all branches, jumps, and CALL instructions, such
that correctly predicted branches execute in a single cycle with
no pipeline delays.

The system interface is also enhanced. A 64-bit external data
bus with pipelined burst-mode transfers more than doubles the
bus bandwidth of a 486 at a given frequency. To improve system
integrity and allow the design of fault-tolerant systems, auto-
matic parity checking is performed for the address and data
buses, all internal cache data and TLB RAM arrays, and the

‘internal microcode ROM.

From a software perspective, Pentium implements essentially
the same user-mode architecture, programming model, and
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instruction set as the 486, which is, in turn, essentially the
same as the 386 user-mode architecture. At the system level,
though, a number of functions have been enhanced. A handful
of new instructions have been added to support new hardware
functions and new operating modes. Several new system regis-
ters have been defined, and a number of bits that had been
reserved in earlier x86 processors now perform new functions.

The Pentium PMMU now supports larger page sizes, and emu-
lation of virtual-mode 8086 programs has been improved.
Pentium was also the first high-performance desktop micropro-
cessor to support the System Management Mode (SMM) func-
tions first introduced on power-miserly processors for notebooks
and other battery-based applications, although similar func-
tions have since migrated to high-end 486 devices from Intel,
AMD, and Cyrix.

Figure 12-1 shows a block diagram of the Pentium core. Intel
estimates about 30% of the Pentium transistor budget was
devoted to compatibility with the x86 architecture. Much of this
overhead is probably in the microcode ROM, the instruction
decode and control unit, and the adders in the two address gen-
erators, but there are other effects of the complex instruction
set. For example, the more frequent occurrence of memory ref-
erences in x86 programs compared to RISC code mandated the
implementation of a novel dual-access data cache described
below.
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Figure 12-1. Intel Pentium microprocessor block diagram.

The pipeline design, shown in Figure 12-2 consists of five
stages: Fetch, Decode 1, Decode 2, Execute, and Write-Back.
The first two stages simultaneously process a pair of instruc-
tions. The last three stages are duplicated, forming two sepa-
rate pipelines, which Intel designates the U-pipe and the V-
pipe. Each pipeline contains a full ALU, and each can execute
integer, branch, and control operation. When certain conditions
(detailed below) are met, two integer instructions can be exe-
cuted during every clock cycle.

Figure 12-3 is a detailed representation of the Pentium data-
path pipelines. Even though Pentium has two integer pipelines,
the basic five-stage pipeline structure is the same as the 486.
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PF: Fetch and Align Instructions
D1: Decode Instructions
: Generate Control Words

D2:

EX:

WB:

2

v

Decode Control Word U
Generate Memory Address

Decode Control Word V
Generate Memory Address

2

v

Calculate ALU Result or
Access Data Cache

Calculate ALU Result or
Access Data Cache

v v
Write Result Write Result
U-Pipe V-Pipe

Figure 12-2. Intel Pentium integer unit pipeline operation.

In Figure 12-3, circles containing an equal sign represent logic
that detects resource conflicts. Situations such as register
dependencies that require serial execution are detected by these
blocks. When a conflict is detected, the instruction dispatched to
the U pipeline has priority. The U-pipe can execute a slightly
wider range of instructions than the V-pipe, and consequently
acts as the primary pipeline whenever two instructions cannot
be issued simultaneously. '

The pipelines are in many ways similar to the 486: instructions
are first prefetched from cache into an instruction buffer, then
decoded in two pipeline stages in order to accommodate the
semantically rich (i.e., complex) x86 instruction set. The final
two stages are the traditional execution and write-back pipeline
phases.

Even though Pentium has the same high-level structure as the
486 pipeline, there are many subtle implementation differences.
For example, total prefetch capacity has been increased by a
factor of four, and the address adders in the D2 stage have four
inputs instead of three to permit even the most complex
addressing modes to complete in a single clock cycle.

Prefetch Stage. The Prefetch (PF) stage retrieves instructions
from a dedicated 8K-byte instruction cache. (The 486, in con-
trast, provides a single 8K-byte cache for both instructions and
data.) Separating the instruction and data caches improves
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Figure 12-3. Pentium integer unit data-path pipeline stages.

instruction fetch efficiency because instruction and data
accesses need not compete for a single cache resource.
Instructions fetched from the I-cache are stored in four prefetch
buffers, each of which is the length of one cache line (32 bytes).
The prefetch buffers are organized as two pairs, with each pair
acting as a 64-byte circular queue. During sequential program
execution an entire line of instructions is retrieved from the I-
cache and written in parallel to a buffer in one of the circular
queues. Instruction bytes can then be extracted from the buffer
and passed to the instruction decode logic as needed.
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Meanwhile, the prefetch unit reads the next sequential I-cache
line into the buffer that serves as the other half of the “active”
circular queue. By the time decode logic finishes processing the
first 32 bytes read from the I-cache, the next 32 bytes will more
than likely be waiting, and the decoder can begin extracting
instruction bytes from that buffer as needed, while the first
buffer is refilled with yet another sequential cache line. A single
prefetch queue can thus generally stay far enough ahead of the
instruction pointer that the decoder will rarely stall for lack of
instructions, even if the processor must go off-chip to satisfy a
given instruction request.

When a conditional branch is detected, the prefetch logic begins
filling the alternate circular queue, starting with the instruc-
tion specified by the branch destination field. If control logic
decides the branch should indeed be taken, the second queue
will already have prefetched the destination instruction stream,
and the process described above will repeat. If the branch is not
taken, the original circular queue will still hold the instruction
sequence following the branch, and execution may resume
directly. Pentium thus needs seldom wait for instructions,
except after cache misses and mispredicted branches.

Decode 1 Stage. The Decode 1 (D1) stage performs preliminary
instruction alignment and decoding. Pentium uses hard-wired
logic rather than microcode to decode many of the most common
instructions and formats. Even seemingly complex memory-to-
register and register-to-memory arithmetic operations do not
require microcode assistance for their processing. Instead, a
single internal microword is generated by the D1 decoding logic
that triggers a hardware state machine in the EX stage. Thus,
while memory/register operations do not require microcode,
they do still require sequencing and multiple cycles.

For instructions that are complex enough to require a microcode
routine, the first microword is generated by the D1 decoding
logic. This microword proceeds to the D2 stage, where the
microcode engine takes over the Pentium execution resources.

As shown in Figure 12-3, microwords from the microcode ROM
control both integer pipelines; consequently, the pipelines oper-
ate independently only for pairs of instructions that use hard-
wired control.

Microcode routines use the resources of both integer pipelines

wherever possible. This reduces the number of cycles needed for
many of the complex x86 instructions. For example, repeated
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string-move instructions execute at three clock cycles per itera-
tion on the 486. The Pentium microcode actually contains an
unrolled loop that writes the element of the destination string
in the U pipeline in parallel with the reading of the next source
string element in the V pipeline, allowing string moves to exe-
cute at one cycle per iteration.

The Pentium microcode ROM contains about 4K microwords,
each 92 bits long. Since microcoded routines take over all execu-
tion resources, it is not possible for Pentium to pair microin-
structions with regular, x86 instructions. Thus, instruction
fetching and dispatch typically stall during the execution of a
complex, microcoded instruction.

Branch prediction, another major function of the D1 stage, is
discussed in detail below.

Decode 2 Stage. The primary function of the Decode 2 (D2)
stage is to read operands from the register file for use by the
ALUs during simple register-to-register operations. The D2
stage also includes a dedicated Address Generation Unit (AGU)
to perform the multiple component address computations com-
monly encountered in x86 programs.

The AGU within each integer pipeline contains a dedicated
four-input address adder. Four inputs are needed because x86
operand addresses may include four components: a segment
descriptor base, a base address from a general register, an index
(possibly scaled) from a general register, and a displacement
constant from the instruction. Address adders in the 486 have
only three inputs, so instructions that require two D2 cycles on
the 486 can complete in a single cycle on Pentium. (In Figure
12-3, the address adders are portrayed with only two inputs to
reduce drawing complexity.) '

Not shown in Figure 12-3 is the segment limit-check logic.
Architecturally, x86 addressing requires that all segment
accesses be checked against the limit stored in the segment
descriptor. This check requires a separate four-component addi-
tion, so Pentium contains yet two more four-input, 32-bit adders
to perform this check in parallel. The (single) 486 limit-check
adder has only three inputs. While the need for this hardware
probably does not affect the cycle time of the Pentium imple-
mentation, it certainly adds to die area and power. This is one
way Pentium pays for the complexity of the x86 architecture.
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Instruction Issue
Rules

Execute Stage. The Execute (EX) stage contains the integer
ALUs and the data cache. The U-pipe has a full ALU and a bar-
rel shifter, while the V-pipe has only an ALU. Thus, all shift
instructions must be processed in the U-pipe, and the logic in
the D1 stage that detects resource requirements takes care of
enforcing this rule. Note that if the U-pipe contains any kind of
branch, the V-pipe will be idle.

Write-Back Stage. During the Write-Back (WB) stage the data
resulting from computations and load operations is written into
the register file. This is shown conceptually in Figure 12-3 with
separate boxes labeled “Register Write” in the WB stage. In
actuality, the write-back stages of both pipelines update the
same register file logic.

One level of sophistication not described in Intel’s technical doc-
umentation is the fact that Pentium does indeed implement two
complete, separate register files. Each of these files contains an
identical copy of each of the working register values. One of the
register files feeds register-based variables to both Integer
Execution Units. The second file feeds register data used in
computing memory addresses directly to both Address Genera-
tion Units. When a register value is changed—for example,
when an arithmetic instruction modifies a general register, or
when a PUSH or POP instruction modifies the stack pointer—
the new value is written simultaneously into each file.

Partitioning the register files in this way serves two purposes.
Given that the IEUs and AGUs together need to read up to
eight register values during a given clock cycle, it’s more effi-
cient to design one file with four read ports and a second file
with four more than to design a single file with all eight ports.
Second, duplicating the register files allows each set of registers
to be located physically closer to the logic it drives, with its read
timing optimized as appropriate for the function it performs.

In order for Pentium to issue two successive integer instruc-
tions in a single clock cycle, they must satisfy certain con-
straints:

* Both instructions must be “simple,” or the first must be
simple and the second be a jump or branch.

* Neither instruction may contain both a constant displace-
ment field and an immediate data value.
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e If the first instruction modifies a register, the second
instruction may not read or modify the same register.

For the purposes of these rules, simple instructions are defined
as any combination of the operations and operands shown in
Table 12-1. Most of the “simple” instructions are hardwired and
execute in a single clock cycle. Exceptions are noted in the
right-most column of the table.

Operation Destination Source Cycles
register 1
MOV register memory 2
immediate 1
register 1
MoV memory immediate 1
ALU-Op register 1
(ADD, SUB, AND, OR, register memory 2
XOR, etc.) immediate 1
ALU-Op .
(ADD, SUB, AND, OR, memory i'r‘:‘gn'f‘etz{ate g
XOR, etc.)
INC register _ 1
memory 1
' DEC register _ 1
. memory 1
LEA ' register memory 1
PUSH _ register 1
memory 2
POP register —_ 1
JUMP 1
CALL near offset —_— 1
Jee
NOP — — 1

Table 12-1. “Simple” Pentium instruction formats and operands.

In general, the U- and V-pipes can execute separate instructions
simultaneously only if the instructions they contain are inde-
pendent. Special-case exceptions are supported to allow the

- simultaneous dispatch any combination of stack PUSH and

POP operations, a branch-offset-size override prefix followed by
a branch or jump instruction, or a compare instruction followed
immediately by a conditional-branch.

Register dependencies can prevent dual-instruction issue. If an
ALU operation that modifies a particular working register is
followed by an instruction that reads the modified value, the
two may not be dispatched together. Two successive instructions
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that modify the same register would likewise be dispatched
serially, though the utility of such a sequence is highly question-
able.

Note that, from this perspective, the condition code register
often acts as an implicit shared resource: an ALU instruction
that sets the carry flag, for example, cannot be paired with an
ALU instruction that reads the same flag. ADDC, SUBB, and
shift instructions can be executed only in the U pipeline, so they
must be the first instruction in a pair.

When the first of two register/memory instructions modifies
data memory, and the second instruction might read or modify
the same physical location, a hazard exists: to be safe, the sec-
ond instruction should not read or alter the memory word until
the first has completed its modifications.

EX-Stage Activity EX-Stage Activity EX-Stage Activity EX-Stage Activity
wW+W W+ RIM/W R/M/W+ W R/M/W+R/M/W

Cycle U Pipe V Pipe U Pipe V Pipe U Pipe V Pipe U Pipe V Pipe
n store -idle- store load load -idle- load -idle-
n+1 -idle- store -idle- ALU ALU -idle- ALU -idle-
n+2 -idle- -idle- -idle- store store -idle- store load
n+3 -idle- -idle- -idle- -idle- -idle- store ~idle- ALU
n+4 -idle- -idle- -idle- -idle- -idle- -idle- -idle- store

Table 12-2. Serialization of accesses to D-cache.

For example, consider the case of two successive store instruc-
tions, shown on the left in Table 12-2. The two instructions are
issued simultaneously into the U and V pipelines, and proceed
concurrently to the EX stage. Once there, however, Pentium
forces serialized execution: V-pipe execution stalls until the U
pipe is done. '

The worst-case situation of two successive instructions that
increment the same memory-based variable is shown on the
right of in Table 12-2. V-pipe execution stalls at the Execute
stage until the last cycle of U-pipe instruction. Note that a sin-
gle cycle of overlap is okay; the V-pipe can read a new value
properly during the same cycle it’s written to the D-cache. In
Table 12-2 the overlapping of the V-pipe load with the U-pipe
store at cycle n+2 saves one clock.

There are, however, three important exceptions which allow
otherwise dependent instructions to be dispatched and execute
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together. The first exception allows a compare instruction fol-
lowed by a conditional-branch to be dispatched together because
branch prediction will likely provide the branch target anyway.
If branch prediction is correct, a cycle is saved by pairing the
compare and the conditional-branch. Since most
compare/conditional-branch pairs that occur during program
execution will be in loops, and since most loops execute many
times, branch prediction should perform very well for this situa-
tion.

The second exception allows two PUSH or POP instructions to
be paired, despite the fact that the stack-pointer value used by
the second instruction would seem to be dependent on the SP
update performed by the first.

The third exception allows successive arithmetic instructions
that both modify the condition code register but otherwise have
no dependencies to be paired. Condition-code logic “magically”
(in the words of a Pentium design manager) determines what
the net result of any such instruction combination should be,
and updates the flag register with the effective net result of the
two instructions executed.

All things considered, Intel claims that between about 30% and
40% of all instructions execute in the second, V pipeline, as
measured for recompiled software. All remaining instructions
(i.e., between 68% and 60%, respectively) execute in the U-pipe.
This implies that up to two-thirds of all instruction-dispatch
cycles involve simultaneous issuing of two instructions.
Figure 12-4 shows the dual-dispatch efficiency for a variety of
SPEC integer benchmark programs.

(In Figure 12-4 and several similar graphs that follow, each of
these programs has been recompiled to optimize its operation
for the Pentium microarchitecture.)

The Pentium instruction cache contains 8K bytes. The I-cache
has a 32-byte line size and is two-way set associative. Two-way
set associativity was selected for Pentium (versus the four-way
design of the 486 cache) as a compromise between performance
and implementation constraints. The Pentium I-cache imple-
ments an LRU (least-recently-used) replacement policy. Accord-
ing to Intel, the measured instruction-cache hit rate for
programs in the SPECint89 applications suite is typically
between 93% and 97%, as shown in Figure 12-5.
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50 Perceht of Instructions Executed in V-Pipe
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Figure 12-4. Pentium dual-instruction issue efficiency. (Source: Intel test results)
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Figure 12-5. Pentium instruction cache hit rates. (Source: Intel test results)

Pentium further improves instruction fetch efficiency by imple-
menting a “split fetch” capability not present in the 48, which
ensures that Pentium can fetch at least 17 contiguous instruc-
tion bytes every cycle, even if the bytes are split across two
instruction cache lines. I-cache operation is explained in detail
below.

Full coherency is maintained between the I-cache and external
memory via hardware snooping. The I-cache tags are fully
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triple-ported, with one port associated with each half of a split
I-cache line and a third port dedicated to I-cache snooping oper-
ations. Snooping can thus be performed without interfering or
contending with instruction prefetch cycles. The cache arrays
implement internal parity checking, with one parity bit per
eight bytes of data and an additional bit for each tag.

As shown by the worst-case alignment scenario in Figure 12-6,
split fetching allows a minimum of 17 bytes to be fetched from
the cache because a fetch can straddle the boundary between
two consecutive half-lines. According to Intel’s measurements,
the split-fetch capability improves Pentium performance by a
few percent.

Split instruction fetching is a design technique often used in
superscalar microprocessors in order to simultaneously issue
and execute the maximum allowable number of instructions as
often as possible. Indeed, the first microprocessor to implement
split instruction fetching was Intel’s iI960CA superscalar embed-
ded controller, introduced in 1989. Other superscalar processors
also implement some form of split fetching—although different
names are used—to make sure instruction-fetch bottlenecks do
not limit performance.

The 1960 and all other superscalar microprocessors introduced
to date have RISC architectures. The word-alignment of RISC
instructions results in less complex logic to eliminate alignment
restrictions. The split-fetching logic, which must take care of
byte-aligned x86 instructions, is one place where Pentlum pays
a price for the complex x86 architecture.

The Pentium instruction TLB has 32 entries, is four-way set-
associative, and uses a pseudo-LRU replacement algorithm,;

32 bytes (one I-cache line)

16 bytes 16 bytes

Figure 12-6. Pentium split-fetch instruction cache operation.
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Data Cache and TLBs
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Figure 12-7. Pentium data cache hit rates. (Source: Intel test results)

ITLB misses are handled in hardware. The dedicated ITLB
allows the I-cache to be physically tagged, which reduces the
frequency of I-cache flushes. (The 486 indexes its cache with
physical addresses as well.)

The data cache is one of Pentium’s more innovative features.
Like the instruction cache, it is a two-way set-associative,
8K-byte cache with a 32-byte line size. Intel says tests of the
SPEC integer benchmark suite show the data-cache hit rate to
range from about 88% to 97% for recompiled code, as shown in
Figure 12-7.

" Because the x86 architecture has a relatively small register set,

as well as instructions that combine memory references with
computations, the number of data memory references per
instruction is considerably higher than for RISCs. Intel esti-
mates that optimized, 32-bit x86 code has an average of 0.6 data
references per instruction, while standard RISCs average about
0.3 data references per instruction. Because data memory
accesses occur so frequently, D-cache efficiency is critical.

The Pentium D-cache was designed to allow two data references
to occur simultaneously. The data array itself is single-ported,
but each 32-byte cache line is divided into eight four-byte
groups. Each group, or bank, has its own address decoders and
data buffers. As a result, any two D-cache accesses that involve
separate banks (i.e., that differ in address bits A4..A2) can be

\
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32 bytes (one D-cache line)
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Figure 12-8. Pentium data cache interleaved bank partitioning.

performed during the same clock cycle without conflict.
Figure 12-8 illustrates the bank partitioning scheme.

The dual-access capability, which lets both pipelines access the
data cache simultaneously, is implemented by interleaving the
data array into eight banks (four-byte granularity within a 32-
byte cache line). As long as the data accesses from each pipe are
to separate banks, both accesses can be processed simulta-
neously by the cache in a single cycle. Memory values stored in
(shaded) cache locations 002CH and 0058H in Figure 12-8 may
be read simultaneously, for example, since the first resides in
Bank 3 and the second in Bank 6. Pentium is the first micropro-
cessor of any architectural philosophy to provide this capability.

Figure 12-9 shows the conflict-detection circuitry that makes
dual cache accesses possible. If a bank conflict is detected, the
U-pipe access is allowed to proceed first, and the V-pipe access
is stalled for one cycle.

The data-cache TLB (translation lookaside buffer) is fully dual-
ported to allow simultaneous translation of memory accesses
performed by the U and V pipelines. The data-cache tags are
fully triple-ported in order to allow snoop cycles to occur with-
out stalling cache accesses from either the U- or V-pipe.

The data arrays are not fully dual-ported because doing so
would have nearly doubled their physical area. The single-
ported, interleaved cache structure is considerably denser,
which allowed the cache capacity to be increased. Intel’s design-
ers believed the higher hit rate resulting from the higher-
capacity, single-ported cache would more than compensate for
the loss in efficiency due to stalls resulting from bank conflicts.
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Figure 12-9. Pentium interleaved data cache operation.
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Figure 12-10. Pentium dual-access D-cache efficiency. (Source: Intel test results)

As shown in Figure 12-10, up to 44% of all data references
involve simultaneous accesses by the U and V pipelines. Con-
flicts for the same cache interleave block typically occur during
between 2% and 10% of all memory-access cycles.

D-Cache Snooping To maintain cache coherency in both single- and multiple-
processor systems, Pentium implements a four-state MESI
(Modified/Exclusive/Shared/Invalid) cache consistency protocol
with both internal and external cache snooping. Internal snoop-
ing occurs under three conditions.
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First, an internal snoop is conducted if a miss is detected in the
instruction cache. If the snoop hits in the data cache and the
accessed line is in either the Shared or Exclusive state, the line
is simply invalidated. If the accessed data cache line is in the
Modified state, the line is first written back to external RAM or
cache and then invalidated in the data cache. In all cases, the
original instruction-cache miss is satisfied by a cache line fill
from external RAM or second-level cache.

Second, an internal snoop to the instruction cache occurs for
internal data cache misses. If the snoop hits in the instruction
cache, the line in the instruction cache is invalidated. These
first two cases handle self-modifying code.

Third, an internal snoop to both caches occurs if there is a write
to the “accessed” and/or “dirty” bits in the TLB entries. If the
snoop hits in either or both caches, the accessed lines are invali-
dated. If the accessed line in the data cache is in the M state, it
is written back first. This is done because the in-cache copies
are stale after the change is made by the MMU to both the TLB
entries and the page-table entries in memory.

Since the cache stores physical tags, the data TLB must be able
to perform two address translations simultaneously. This capa-
bility is provided by a dual-ported, 64-entry, four-way set-
associative DTLB.

The DTLB stores translations for the standard 4K pages of the
386 architecture. There is a separate eight-entry, four-way set-
associative DTLB, also dual-ported, for 4M pages. Large-page
mapping has become commonplace on high-end processors and
is useful because mapping operating system segments and
graphics frame buffers can be done with only one 4M transla-
tion entry instead of many 4K entries. This keeps OS and
frame-buffer references from “polluting” the main TLB.

Pentium uses a BTB (branch target buffer) to perform branch
prediction. In principle, whenever a branch is taken, the
address of the branch instruction itself and the address of its
destination are copied into the buffer. If the instruction initiat-
ing the branch is executed again later, the BTB logic recognizes
its address and immediately begins prefetching a new instruc-
tion stream, beginning with the target address to which the
branch was last taken. Prefetch logic thus gets a head start on
execution, without having to wait for the branch to wind its way
through the pipeline.
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Figure 12-11. Pentium branch target buffer organization.

The preceding overview matches the BTB description contained
in Intel documentation, but the low-level pipeline timing pre-
vents this scheme from working as Intel says. In actuality, the
address stored and recognized by the BTB logic is not of the
instruction that contains the branch, but of the instruction exe-
cuted immediately beforehand.

As shown in Figure 12-3, the BTB is accessed in stage D1 with
the 32-bit linear address (or virtual address, if memory man-
agement is enabled) of the instruction executed before the
branch. As the branch instruction enters the D1 stage, the BTB
logic returns the branch target address. As the branch enters
the D2 stage, the destination instruction returned by the
prefetch unit enters the D1 stage. Correctly predicted branches
can thus complete in effectively one clock cycle.

The BTB stores a single predicted target for a branch. As
Figure 12-11 illustrates, the BTB cache stores 256 branch pre-
dictions with a four-way set-associative organization. Note that
this is different from the branch target cache in the AMD 29000
embedded RISC processor, which stores the first few instruc-
tions themselves at the branch destination. Pentium’s BTB
stores target addresses only, not the contents of the instructions
so addressed.
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Intel simulated several branch-prediction algorithms during
the Pentium design process, finally settling on a method
described by J. Lee and A.J. Smith in a paper from the UC Ber-
keley (see reference 51 at the end of this chapter). This algo-
rithm uses two bits to hold the prediction state, with transitions
between the four states occurring as necessary when a branch is
encountered.

Figure 12-12 shows the state-transition diagram. The four
states are ST (strongly taken), WT (weakly taken), WNT
(weakly not taken), and SNT (strongly not taken). Each time
there is a hit in the BTB (though not necessarily a correct pre-
diction), the state bits are updated. When the state bits are
either ST or WT, the next prediction for the given branch will be
“taken.” WNT and SNT mean the next prediction will be “not
taken.”

The two middle states provide a degree of misprediction hyster-
esis to avoid thrashing in certain cases. The hysteresis is pro-
vided by the fact that it takes two consecutive incorrect
predictions to change the prediction polarity. For example, a
branch that has been taken many times in a row will continue
to be predicted as taken, even if on rare occasions the branch is
indeed not taken.

The BTB allocation policy is that an unbuffered branch allo-
cates an entry in the buffer only if it is a taken branch (i.e., no
allocate on miss). As a result, the state bits are always initial-
ized to ST for a newly allocated branch. Branches that cause a
miss in the BTB are initially assumed (predicted) to be not-
taken.

As an example of the prediction state transition operation, if
this newly allocated branch is not taken the next time it is
encountered, its state bits will make a transition to WT. The
next prediction will thus be “taken,” but if this is also a mispre-

Allocate
New Entry

Not Taken Not Taken Not Taken

usxeL JoN

Figure 12-12. Pentium branch history bit state transitions.
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Floating-Point Unit

diction, the prediction state will make the transition to WNT.
The next prediction will be “not taken,” and so on.

(Note: Figure 12-12 portrays the branch-history state transition
diagram as it has appeared in Intel presentations and documen-
tation. In fact, there is a subtle nuance of the control logic not
reflected by the figure: the two bits that encode the prediction
state variable are also used to distinguish valid from invalid
entries in the BTB cache. The state designated SNT does double
duty as the “invalid” state; when it becomes necessary to allo-
cate a new entry in the BTB cache, existing entries in the SNT
state are considered as candidates for reassignment.)

Down the left side of Figure 12-3 is a very simplified representa-
tion of the pipeline used to verify branch prediction. The pre-
dicted destination of the branch is carried along with the
branch instruction as it moves through the pipeline. As soon as
possible, the prediction and the actual direction taken are com-
pared. For unconditional branches in the V pipeline and all
branches in the U pipeline, a comparator in the EX stage (repre-
sented by the circle containing an equal sign) does the check.
For conditionals in V, the check is made by the comparator in
WB to allow resolution of a possible paired “compare” in the
U-pipe.

When an incorrect prediction is discovered or when the pre-
dicted target is wrong, the pipelines are flushed and the correct
target fetched. Thus, based on the stage in which the mispredic-
tion is discovered, mispredicted unconditionals and U pipeline
conditionals incur a three-clock delay, while V pipeline condi-
tional branches incur a four-clock delay.

According to Intel’s measurements of Pentium branch behavior
on the SPEC89 integer application suite, the percentage of
dynamic branches correctly predicted is about 70% and 85%,
including not-taken branches that miss (see Figure 12-14). The
branch distribution between pipelines appears to be balanced at
about 50% for each pipeline on code produced by both 486-
optimized and Pentium-optimized compilers.

In the past, the floating-point performance of x86 microproces-
sors has been poor. Even with the 486, the SPECfp92 rating is
less than half the SPECint92 rating. This is not primarily a
result of the x86 architecture, but rather of Intel’s priorities:
making floating-point go fast takes lots of transistors, and in
traditional PC markets it isn’t that important. Thus, Intel did
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Figure 12-13. Branch-prediction logic accuracy. (Source: Intel test results)

not devote much design effort or transistor budget to the
floating-point unit in the 486.

With Pentium, however, the equation has changed. While the
floating-point needs of the typical PC user haven’t increased
much, it has become strategically important for Intel to match
the performance of RISC microprocessors, whose biggest
performance lead is in floating point. PC applications are
becoming more floating-point-intensive with increased use of
3-D graphics, and Intel also hopes to push Pentium into techni-
cal workstation markets where fast floating point is essential.

Pentium’s floating-point unit is fully compatible with that of the
486, but its performance has been greatly enhanced. The eight-
stage floating-point pipeline is integrated with the integer pipe-
lines, and the first four stages are the same. Both the U-pipe
and the V-pipe are used to fetch operands, allowing both data-
cache access paths to be used in parallel to load a 64-bit float-
ing-point value in a single clock cycle. Floating-point execution
is performed in the U-pipe.

FPU Pipeline Design. Pentium’s floating-point performance
is vastly improved over the 486 because the simple, serial
floating-point unit of the 486 is replaced with fully pipelined,
parallel execution units. The FPU pipeline is eight stages,
where the first four are shared with the integer pipeline:

¢ PF (prefetch)
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e D1 (instruction decode)
¢ D2 (address generation)

¢ EX (memory and register read, memory write if FP store
instruction)

¢ X1 (FP execute first stage, write operand to FP register file
if FP load)

¢ X2 (FP execute second stage)
* WF (rounding and write result to FP register file)

o ER‘(error reporting, update status word)

This pipeline structure is similar to that of other high-
performance processors. The integer execute stage is used to
fetch operands, and it is followed by three floating-point execu-
tion stages. The final stage of the floating-point pipeline is used
for error reporting; results of calculations are available at the
start of this stage, so it does not affect latency.

Like most high-end RISCs, Pentium’s FPU is fully pipelined for
add/subtract and multiply operations; it can start a new opera-
tion on every clock cycle for double-precision, memory-to-
register operations (assuming a cache hit, of course) and also for
extended-precision (80-bit), register-to-register operations.

The floating-point adder and multiplier provide single-cycle
throughput and three-cycle latency for all precisions (single,
double, and extended). The divider processes two bits of quo-
tient in each cycle. For a double-precision value with a 52-bit
fraction, this implies a divide time of 26 cycles plus setup and
normalization time.

Pentium’s floating-point unit is the first high-performance
design to implement transcendental functions. These functions
aren’t included in RISC instruction- sets; Motorola decided to
trap these operations in the 68040 and implement them using
trap handlers. Pentium abandons the CORDIC algorithms used
by the 486’s FPU and earlier x87 coprocessors, and instead uses
table-driven algorithms with polynomial approximation.

As with most other high-performance processors, Pentium

allows concurrency between the floating-point and integer
units. Thus, the issue and execution of integer instructions can
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proceed in parallel with the execution of a long-latency floating-
point operation.

FPU Performance. As shown in Table 12-3, Pentium has float-
ing-point operation latency and throughput comparable to other
processors for basic arithmetic operations.

Processor FP Add FP Subtract FP Multiply FP Divide
Pentium 3n 3/1 3/2 39/39
486 8-20/8-20 8-20/8-20 16/16 73/73
R4000 4/3 4/3 8/4 36/36
Alpha ! 4/1 4/1 41 61/61
PowerPC 601 a1 4/1 4/2 31/29

Table 12-3. Pentium FPU instruction latency and throughput.

From Table 12-3, it is tempting to conclude that Pentium could
approximately match the floating-point performance of many
RISC processors. Pentium is hampered, however, by its stack-
oriented floating-point register file architecture and by the need
to transfer floating-point condition codes to the integer unit
before a conditional branch can be executed.

For floating-point operands, Pentium maintains backward com-
patibility with previous x86 FPUs: there is a file of eight, 80-bit
operand registers that are conceptually a stack and only mar-
ginally directly addressable. Since most floating-point instruc-
tions implicitly use the top of this register stack as one operand,
there is a “top-of-stack bottleneck.” To circumvent this, pro-
grams use the FXCH (floating-point register exchange) instruc-
tion to swap the top of stack with an operand deeper in the
register file.

In general, floating-point instructions cannot be issued simulta-
neously with each other or in conjunction with integer instruc-
tions. There is one exception, however. The FXCH instruction,
can be paired with a “simple” floating-point instruction. Simple
floating-point instructions in this context include:

* FLD single/double

e FLD ST(@)

* All forms of FADD, FSUB, FMUL, FDIV

e All forms of FCOM, FUCOM, FTST, FABS, and FCHS
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The FXCH must be the second instruction in the pair. If an inte-
ger instruction immediately follows the FXCH, it will stall for
one or four clocks depending on the operands to the pair of
floating-point instructions.

This optimization is important because the top-of-stack serves
as the floating-point accumulator, creating a bottleneck not
found on register-file-oriented floating-point processors. The
parallel execution of the exchange instruction partially amelio-
rates this bottleneck. The exchange is effectively performed
after the computation completes, so it has the effect of directing
the result to any register in the stack. At the same time, it
brings a value up from that register into the top-of-stack, where
it can be used by the next instruction.

Even with the rapid execution of an FP-operation/FXCH pair,
Pentium will be hampered by the small, eight-register file. In
addition, an FP-operation/FXCH pair followed immediately by
an integer instruction will incur a one-cycle penalty.

Another performance problem for Pentium is presented by
branching on floating-point conditions. Most microprocessor
architectures allow the results of a floating-point comparison to
be tested directly, but the x86 architecture requires that the
floating-point condition codes be transferred to the integer
condition-code register, where a normal integer conditional
branch can test them.

To effect a floating-point conditional branch requires four
instructions:

1. An FP operation that sets the condition codes

2. FSTSW AX (move FP status word to AX register)

3. SAHF (transfer to upper half of EFLAGS)

4. Jcc (integer jump conditional)

This sequence takes nine clock cycles to execute on Pentium
because the floating-point condition codes are updated late in
the floating-point pipeline. Four of these clocks can be recovered
by inserting integer instructions between the first and second
floating-point instructions listed here.

Although many floating-point loops iterate based on an integer

condition, such as a loop count equal to the number of elements
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in an array, the need to transfer condition codes from the FPU
to the integer unit creates a significant penalty for the case of
loops with a floating-point termination condition, and for if-then
statements with floating-point conditions.

FPU Exception Model. Some architectures, such as DEC’s
Alpha, sacrifice precise exceptions to improve floating-point per-
formance. This means that one or more instructions beyond the
instruction causing the exception may be executed before the
exception is recognized. Intel did not have this option if full
compatibility with existing programs was to be maintained, but
having to wait until a floating-point instruction was complete
before launching the next instruction would have caused a sig-
nificant loss in performance.

Pentium tackles this problem by adding hardware that exam-
ines the input operands for each floating-point operation that
could generate an exception to determine if the calculation is
“safe,” that is, if it can be guaranteed not to generate an excep-
tion. For example, the addition or subtraction of any two
double-precision (64-bit) values is guaranteed never to cause an
overflow because all data is stored in the Pentium register stack
in the 80-bit extended-precision format, providing additional
bits in the exponent.

If an operation can be determined in advance to be “safe,” the
exception-processing pipeline stages are short circuited, and
ensuing instructions may begin immediately. Only if an
operation has the potential to generate an exception is the next
instruction delayed until the first operation completes. Unsafe
operand combinations are very rare; according to Intel, none
were detected in the entire SPECfp89 suite.

While Pentium incorporates several architectural changes from
the 486, only a few are significant. It makes little sense for Intel
to change the instruction set of the most successful general-
purpose microprocessor architecture in existence.

The last three of these instructions, as well as a number of
other extensions to the Pentium architecture, are partially or
wholly described in Appendix H of the Pentium Processor User’s
Manual: Volume 3; this volume, by itself, is over 1,000 pages
long. Unfortunately, Appendix H contains only a three-sentence
explanation that the information is considered Intel confiden-
tial and proprietary and is provided in the Supplement to the
Pentium Processor User’s Manual, available only under appro-
priate nondisclosure.
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Intel says it is willing to provide the supplement to operating-
system vendors, compiler writers, BIOS developers, ISVs, major
customers, and others with (in Intel’s eyes?) “a need to know.”
This policy lets Intel keep Pentium-specific details secret from
its competitors. It remains to be seen whether future OSs will
come in two versions—one for the 486, one for Pentium—or
whether a single version that checks processor type will be
delivered.

The Pentium programming architecture has been extended to
include a handful of new control registers, new control and sta-
tus bits in existing registers, and eight new instructions. Three
instructions have been added to the user-mode instruction set;
five more may be used by system-mode software only. Table 12-4
describes the operation of these instructions.

Mnemonic Mode Description
CMPXCH8B User/ Compare and exchange eight bytes
System P ge elgnt by
CPUID User/ Load CPU identification code
System
RDTSC User/ Read'TSC reg_ister' . -
System (Details contained in Intel “Appendix H”)
RSM System Return from SMM interrupt
MOV CR4,r32 System Write to Control Register 4
MOV r32,CR4 System Read from Control Register 4
Read model-specific register
RDMSR System | petails contained in Intel “Appendix H?)
WRMSR System Write model-specific register

(Details contained in Intel “Appendix H”)

Table 12-4. Pentium-specific x86 instruction set extensions.

CMPXCHGSB is an eight-byte version of the compare-and-
exchange instruction that was introduced on the 486. When
used with the LOCK prefix, this instruction acts as a mutual-
exclusion primitive in multiprocessor algorithms.

CPUID is a new instruction that allows a program to directly
learn certain key manufacturing parameters about a particular
chip. (This instruction has also been retrofitted to Intel’s “SL-
enhanced” 486 devices.) This instruction returns different val-
ues, depending on the value contained in the 32-bit EAX regis-
ter. )

If EAX is initially set to zero, the instruction returns the string
“Genuinelntel” as three, four-character ASCII strings in EBX,
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e oo [ aon T aon [ v | g
EBX: | "w | 'n | e | ' | ="Genu
EDX: | " | ‘e | 'w | v | = ‘tiner
ECX: | r | e [ w | m | = mter

Figure 12-14. CPU registers after invoking CPUID with EAX = 0.

EDX, and ECX, as shown in Figure 12-14. (Note the apparent
influence of Intel’s marketing and legal departments in archi-
tectural design!) The EAX register holds the value 00000001H
upon completion of the instruction, which indicates the maxi-
mum initial EAX value allowed when CPUID is invoked.

If EAX is set to 00000001H before invoking CPUID, the instruc-
tion returns code values in EAX and EDX identifying the ven-
dor, family, model, stepping, and feature flags of the
microprocessor on which it is executing. Three of the feature
flags tell whether there is an on-chip FPU, whether the
machine-check exception is implemented, and whether the
CMPXCHGSB instruction is implemented. Six additional bits
are described only in the mysterious Appendix H. This situation
is shown in Figure 12-15.

Operation of the CPUID instruction is not defined for initial
EAX index values other than 0 and 1, but further Intel chips
may define behavior for higher values.

31 23 15 11 7 3 0
-! Stepping 1D
Model
Family
EBX:
ECX:
EDX: |

FPU present on chip

Function defined in Intel “Appendix H”
Machine check exception supported
CMPXCHGSB instruction supported

Figure 12-15. CPU registers after invoking CPUID with EAX = 1.
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The third new user-mode instruction is RDTSC, and provides
support for Pentium’s new performance-monitoring timers.
Unfortunately, full details are contained only in Appendix H.

The five new system-mode instructions listed in Table 12-4 sup-
port new Pentium features and may be executed only in privi-
leged execution mode. The RSM instruction is used to return
from system management mode (discussed below) to the inter-
rupted processor operating mode.

The two new forms of the MOV instruction copy data into or out
of Pentium’s control register number 4, which is not imple-
mented in the 486. This control register implements six bits:
MCE (enable machine-check exceptions), PSE (documented in
Appendix H), DE (enable debugging extensions), TSD (docu-
mented in Appendix H), PVI (documented in Appendix H), and
VME (documented in Appendix H). The machine-check excep-
tion is used to report parity errors, so trapping on parity errors
can be turned off by disabling this exception. (Parity checking
on the bus is always enabled; this is covered in greater detail
below.)

The RDMSR and WRMSR instructions read and write various
model-specific registers, respectively. The forms of the MOV
instruction that were used in the 486 to access the test registers
have been removed in Pentium. A new set of test registers has
been defined for the caches, TLBs, and the BTB, and these
“model-specific’ registers—documented, naturally, only in
Appendix H—are accessed with RDMSR and WRMSR.

The 32-bit EFLAGS register has three new Pentium-specific
bits. The ID bit allows a program to determine if the processor
on which it is running supports the CPUID instruction. This bit
did not exist on earlier devices, and its state was undefined and
unchangeable. If, however, the ID bit is implemented, and can
be set and cleared under program control, then the CPUID
instruction is supported. The VIP (virtual interrupt pending)
and VIF (virtual interrupt flag) bits support changes to the way
virtual-86 mode is implemented on Pentium. Unfortunately, full
details are contained only in Appendix H.

Pentium implements three new extensions to the exception
model. Exception #13, the general protection fault, is triggered
by trying to write a 1 into any reserved bit position in a special
control register. Exception #14, the page-fault exception, is trig-
gered on Pentium in the case of a page fault or when a 1 is
detected in any reserved bit position in a page table entry, a
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page directory entry, or the page directory pointer during
address translation. Exception #18, the machine check excep-
tion, is used to report internal parity errors and other hardware
faults.

Pentium extends the virtual address translation model of the
386 and 486. In earlier devices, the virtual address translation
mechanism only supported memory pages that were 4K bytes in
size. The Pentium translation hardware supports 4M-byte
pages as well. Documentation for 4M-byte-page table entries is
contained in Appendix H, but most likely it allows page-
directory entries, which normally indicate tables of 1024 4K-
byte page table entries, to be used alone to describe a single 4M-
byte page directly.

Pentium implements some additional extensions to the virtual-
86 processor mode, which allows programs written for the 8086
to run in a virtual machine environment as a separate, pro-
tected task. The extensions, such as the VIP and VIF bits in the
EFLAGS register, are documented only in Appendix H. These
extensions are rumored to dramatically speed interrupt han-
dling in virtual-86 mode.

As with most superscalar processors, extracting the full perfor-
mance of which the hardware is capable requires a compiler
that properly optimizes for the processor’s pipeline structure.
The usual techniques of instruction scheduling, register alloca-
tion, and loop unrolling all apply to Pentium. Good register allo-
cation is especially important, since the register set is relatively
small. In addition, there are some considerations that differ
from those of RISC processors. For example, the compiler
should select “simple” opcodes whenever possible, since only
these instructions can be dual-issued. For floating-point code,
different code-generation strategies are required to take advan-
tage of the ability to parallel-issue the exchange instruction
with computation instructions.

In the PC world, where there is a massive installed base of
existing applications, the ability to perform well on old binaries
is important. It remains to be seen how much of Pentium’s
potential performance boost will be realized on old binaries. The
most performance-critical programs, however, are likely to be
the first to be compiled, and Pentium-specific optimizations
should not hurt performance on earlier processors. Intel’s own
compiler group worked with outside compiler vendors to assure
that Pentium-specific optimizations would be supported by com-
pilers announced simultaneously with processor introduction.
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12.1

The Intel 0.8 Pentium “P5”

The original Pentium design (developed under the code name
“P5,” and hereafter designated the “0.8u Pentium” for clarity) is
fabricated using a 5-V 0.8-micron three-layer-metal BiCMOS
process that combines bipolar and CMOS technologies for
improved speed. Table 12-5 summarizes the key features of this

design.

Product Name

Intel 0.8, Pentium “P5”

Introduction Date

March 1993

Device Integration Level

Superscalar 32-bit integer execution unit
PMMU with optional expanded page size
8K-bytes each instruction and data cache
High-speed floating-point unit
Branch-prediction cache

CPU Architecture Level

Extended 486 IU and FPU instruction set

Core Technology Superscalar dual 486-like pipelines
Pinout Standard De facto “standard” Pentium pinout
Data Bus Width 64 data bits plus eight parity bits

Physicat Addressability

4 gigabytes
(Address pins A31..A3 plus BE7#..BEO#)

Data-Transfer Modes

Four x eight-byte burst-mode transfers

Cache Support

|-cache: 8K-byte split-line 2-way associative
D-cache: 8K-byte 2-way associative
with 8-way interleaved access and
write-through or copy-back operation

Floating-Point Support

On-chip pipelined high-speed FPU

Operating Voltage

475V t05.25V

Frequency Options

60- or 66-MHz core frequency

Clocking Regime

Core frequency = 1 x Clkin

Maximum Power Dissipation

16 W @ 5.0 V and 66 MHz (worst case)

Power-Control Features

Intel System Management Mode support

Process Technology

0.8u BiCMOS, three-layer-metal

Transistor Count

3.1 million transistors

Die Size

16.7 x17.6 mm

Package Options

273-pin ceramic PGA package

Other Features

Functional redundancy support
JTAG boundary-scan logic
On-chip parity and integrity-checking logic

Table 12-5. Intel 0.8-micron Pentium “P5” feature summary.

The 0.8y Pentium design uses about 3.1 million transistors on a
huge 294 mm? (456k mils2) die. At 17 mm on a side, this is one
of the largest microprocessors ever fabricated, and probably
pushes Intel’s production equipment to its limits.
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System Interface Pentium implements a sophisticated, high-speed bus that

© 1994 MicroDesign Resources

builds on the protocols of the 486. With pipelined back-to-back
cache-line fills, a 66-MHz Pentium can achieve a 528 Mbytes/s
burst transfer rate—more than three times the 160 Mbytes/s of
the 50-MHz 486 and five times the rate of the 66-MHz i486DX2.

While the Pentium bus is conceptually like a 64-bit version of
the 486 bus, there are a few major changes and many subtle
ones. As with some of the major changes to the x86 architecture,
some of the enhancements to the Pentium bus structures are
documented in yet another unavailable appendix (Appendix A
to the Pentium Processor User’s Manual: Volume 1).

The standard Pentium package has a total of 273 pins, with 173
signal pins and 100 power and ground pins. Tables 12-6 through
12-10 list each signal pin and its direction, and provide a brief
description.

Signal Direction | Function

A31..A3 1o Address bus

BE7#..BEO# Out .Byte enable controls

D63..D0 1o} Data bus

DP7..DPO 110 Data bus byte parity bits (even)
PEN# . In Data bus parity check enable
PCHK# Out Data bus parity error detected
A20M# o} Address-bit 20 Mask

AP 110 Address bus parity bit (even)
APCHK# Out Address bus parity error detected

Table 12-6. Pentium address and data bus signals.

Data and Address Buses. The most obvious change from the
486 is that Pentium’s data bus is 64 bits wide. This allows the
larger, 32-byte cache lines (vs 16 for the 486) to be filled using
the same number (four) of transfer cycles. There are also eight
parity bits (vs four) that are active for both input and output of
data. Pentium uses even parity. Each byte has a separate byte-
enable pin, and parity is checked or driven only for the bytes
that are enabled. :

Data parity checking is always enabled on input, and Pentium
always generates parity for enabled bytes on output. The PCHK#
output is asserted if a parity error is detected on input, which
allows hardware to log parity errors or signal an interrupt.
Pentium can also be configured to automatically cause an inter-
nal exception on parity errors. This exception can be blocked
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either by disabling the machine-check exception (via the MCE
bit in CR4) or by deasserting PEN on a cycle-by-cycle basis.
Thus, it is possible for Pentium to automatically take action on
parity errors, to have external hardware decide when to inter-
rupt Pentium, or both.

Signal Direction | Function

ADS# Out Address strobe (start of new bus cycle)

M/IO# Out Memory vs 1/O bus cycle

D/C# Out Data vs Code bus cycle

W/R# Out Write vs Read bus cycle

CACHE# OUt | et cycles bt mode eache-ine wite back
LOCK# Out Locked (indivisible) bus cycle

SCYC# Out Split cycles for locked-transfer transaction

NA# In Next address (allows external address pipelining)
BRDY# In Burst-mode transfer ready

BUSCHK# In Bus check {bus cycle completed unsuccessfully)
BOFF# In Back off (abort all outstanding bus cycles)
HOLD In Bus hold request (external master request)
HLDA Out Bus hold acknowledge (bus available)

BREQ Out Bus request (internal bus cycle pending)

SMI# In System management mode interrupt request
SMIACT# Out System management mode active

Table 12-7. System bus cycle control and status signals.

Signal Direction | Function

PCD Out Page cache disable bit for requested data
PWT Out Page write-through bit for requested data
KEN# - In Cacheability enabled for requested data
AHOLD In Address hold (float address bus next cycle)
EADS# In External snoop address driven to bus

INV In Invalidate cache line if inquire cycle hits in cache
HIT# Out Hit detected (result of inquire cycle)

HITM# Out Hit detected in modified line (result of inquire)
FLUSH# In Write-back cache data and flush cache
EWBE# In External write-buffer empty

Table 12-8. Cache control and status signals.

The address bus consists of 29 address lines and the eight byte-
enables just mentioned. Parity is checked on the address lines,
but only A31 through A5 participate; A4 and A3 are not checked.
This is apparently due to the fact that only A31 through A5 are
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used for cache-snooping operations (described later). Address-
bus parity errors are signaled by the APCHK# signal. Since it is
not possible to cause an internal exception as a result of an
address parity error, external hardware must be used to either
deal with the problem or cause an interrupt.

Signal Direction | Function
CLK In Processor clock input (CPU freq = 1 x CLK)
RESET In Processor reset
INIT In Initialize (distinguishes cold from warm-start reset)
NMI In Non-maskable interrupt
INTR In Maskable interrupt request
FERR# Out Floating-point error detected
IGNNE# In ignore floating-point errors
FRCMC# In Functional redundancy check master/checker
|IERR# Out Internal parity or FRC error detected
TRST# In JTAG boundary-scan logic reset
TCK In JTAG boundary-scan logic Clock
T™MS In JTAG boundary-scan mode select
TDI In JTAG data in
TDO Out JTAG data out
R/S# In Intel debug port Run/Stop control
PRDY Out Intel debug port Stop acknowledge
Table 12-9. Miscellaneous device control and status signals.
Signal Direction | Function
BT3..BTO Out Branch trace (three LSBs of target; special cycle)
U, IV Out, Out U-pipe, V-pipe instruction completed
IBT Out Instruction branch taken
BP3, BP2 Out, Out Breakpoint 3, 2 condition detected
PM1/BP1 Out Breakpoint/performance Monitoring pin 1
PMO/BPO Out Breakpoint/performance Monitoring pin O

Table 12-10. Performance monitoring and tracing signals.

Bus Cycle Types. A Pentium bus cycle begins by asserting
ADS# while driving valid address and transfer control signals
onto the corresponding buses. Each bus cycle may consist of one
or four transfers. A cycle ends when the last BRDY# is returned.

On the 486, the difference between a simple bus cycle and a
burst cycle is determined by the acknowledgment: RDY# for sim-
ple or BRDY# for burst, with RDY# taking precedence. On
Pentium, the difference between simple and burst cycles is
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Figure 12-16. Back-to-back Pentium cache-fill timing.

determined by cacheability. A cacheable transaction is a burst of
four 64-bit data transfers; all others are single, simple data
transfers of 64 bits or less. Consequently, burst support is

‘required in Pentium systems, while 486 systems can choose to

implement burst transactions to improve performance or leave
it out to simplify the system design. This requirement will
likely have little effect on most Pentium system designers, since
chip sets will provide the burst support.

Bus pipelining, supported by Intel 386-family processors but
not by the 486, allows Pentium to begin a new external access
while a previous access is still uncompleted. Pentium supports
up to two pending bus cycles with the NA# signal.

Figure 12-16 shows a bus timing diagram for two back-to-back
pipelined cache line fills. Each four-transfer cache-fill cycle is
begun by simultaneously driving an address and asserting ADS#.
Since CACHE# is asserted and KEN# is returned with the first
BRDY#, the data is cacheable and the cycle will be a four-transfer
line fill. NA# is asserted to pipeline the next line fill. Two cycles
after NA#, the next address and ADS# are asserted. KEN# is
asserted along with the first BRDY# of the second line fill. The
result is two cache-line fills that can proceed at the full bus
speed of eight bytes every cycle.

Table 12-11 lists the bus cycles that can be initiated by Pentium
and how the bus signals encode them. Note that cycles consist of
four transfers if and only if data is cacheable (CACHE# and KEN#
asserted). Another type of bus cycle, the inquire cycle (described
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below), can be generated by the external system by asserting

EADS#.
2
n - -
S /8 & 8 g
= =) 2 o X Cycle Description # of Transfers
0 0 0 1 X Interrupt acknowledge (2 locked cycles) 1 each cycle
0 0 1 1 X Special cycle (see text) 1
0 1 (o] 1 X I/0 read, 32 bits or less, noncacheable 1
0 1 1 1 X 1/O write, 32 bits or less, noncacheable 1
1 0 0 1 X Code read, 64 bits; CPU deasserts CACHE# to indicate that 1
value will not be cached
1 0 0 0 1 Code read, 64 bits; system deasserts KEN# to indicate value 1
should not be cached
1 0 o] 0 Code read, 256-bit burst line fill 4
1 X X Intel reserved (will not be driven by Pentium) n/a
1 1 0 1 X Memory read, 64 bits or less; CPU deasseris CACHEH# to indi- 1
cate that value will not be cached
1 1 0 0 1 Memory read, 64 bits or less; system deasserts KEN# to indi- 1
cate value should not be cached
1 1 0 0 0 Memory read, 256-bit burst line fill 4
1 1 1 1 X Memory write, 64 bits or less
1 1 1 0 X 256-bit burst write-back 4

Table 12-11. Pentium bus transfer cycle-type definitions.

Burst Transfer Order. In burst cycles—either cache-line fills
or write-backs—Pentium supplies only the first address. For a
cache-line fill, Pentium supplies the address of the data
requested by the program; for a write-back, the first address
identifies the lowest-order 64-bit word in the line. The other
three addresses for the burst line fill or write-back must be gen-
erated by external hardware according to Table 12-12, which
shows the hex value of the five low-order address bits.

© 1994 MicroDesign Resources

Target Data 1st Address 2nd Address< 3rd Address 4th Address
Address Accessed Accessed Accessed Accessed
XX00x00H X00Xxx00H XXxXxxx08H 00001 0H x00xx18H
XXXXxx08H XXXXXX08H XXxxxx00H x00xx18H xoaxxx10H
xx0000¢10H x00xx10H x00xx18H XX00x00H Xxxxxx08H
xoxx18H x00xx18H xxxxxx10H Xxxxxx08H 000xx00H

Tabl_e 12-12. Pentium burst-mode transfer order.

For example, if a program requests a data word with the low
five address bits equal to 08H and the data cache misses,



374

Part IV Pentium-Class Processors

Pentium supplies the address (xxxxxx08H) of the first 64-bit
word, but external hardware must return the next three words
from addresses xxxxxx00H, xxxxxx18H, and xxxxxx10H,
respectively. The patterns shown in Table 12-12 are analogous
to the access sequence followed in 486-based systems, adjusted
for Pentium’s wider data bus and longer cache lines.

Special Cycle Types. The special bus cycles listed in
Table 12-13 are provided to indicate that certain instructions
have been executed or that certain conditions have occurred
internally. As shown in Table 12-11, special bus cycles are
subencoded as variations on the impossible case of an
attempted write to “code” in the I/0 space (M/I0# and D/C# = 0,
W/R# = 1). During special cycles, the data bus is undefined and
address lines A31 through A3 are driven to zero (unless the
address pins are being used for branch tracing). Special bus
cycles are acknowledged with BRDY#.

G858 2|35 (8

m o |m m m m| m|n| Special Bus Cycle

11 1 (11| 1t]| 1| 0| Shutdown

1 1 1 1 1 1 | 0 | 1 | Flush (INVD, WBINVD instruction)
1 1 1 1 1 0|1 1 || Halt

1 1 1 1101 1 | 1 || Write-back (WBINVD instruction)
1 1 1701 1 1 | 1 | Flush acknowledge (FLUSH#)
1141011 |11 1] Branchtrace message

Table 12-13. Special Pentium bus cycle encodings.

The shutdown special cycle can be generated if Pentium gets an
exception while it is invoking the double-fault handler or if an
internal parity error is detected. The halt special cycle is driven
after a HLT instruction is executed. The halt state is like shut-
down except that halt can be exited by maskable or non-
maskable interrupts.

The flush special cycle is driven after the INVD (invalidate
cache) or WBINVD (write-back and invalidate cache) instruc-
tions are executed. The flush-acknowledge special cycle indi-
cates the completion of the cache flush operation in response to
the assertion of the FLUSH# pin. This operation is implemented
as an interrupt to a microcode routine.

The write-back special cycle is driven after the WBINVD instruc-

tion is executed to indicate that lines marked “modified” in the
Pentium data cache were written back to memory or a second-
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level cache and that lines marked “modified” in any external
caches should then be written back as well.

The branch trace message special cycle is driven every time a
branch is taken if the execution-tracing enable bit in TR12 (test
register 12) is set to one. (IBT is asserted on taken branches,
regardless.) This special cycle is the only one that does not drive
zeros on the address bus; instead, the address bus and BT2..BT0
contain the branch target linear address.

External Cache Snooping. External cache snooping occurs
when the system asserts EADS# to request a cache consistency
check called an “inquire” cycle. Inquire cycles could be used to
keep caches and memory consistent during DMA transfers or
during cache miss processing in multiprocessor systems. Since
the external system must supply Pentium with a snoop address
via the address bus, Pentium must first be told via AHOLD to
float its address bus. AHOLD must be asserted a minimum of two
cycles before EADS# is driven active.

An inquire cycle can have one of two goals: to simply discover if
Pentium has an on-chip copy of data, or to cause Pentium to
invalidate any on-chip copy. Asserting the INV pin will cause
Pentium to invalidate on-chip copies if the snoop hits.

Driving the snoop address and asserting EADS# and INV are done
simultaneously (two cycles after AHOLD) to start an inquire
cycle. Since an entire cache line is affected by an inquire cycle,
only address lines A31 through A5 are significant, but for electri-
cal reasons the other pins must be driven to a valid logic level.
The AHOLD/EADS# sequence can be performed even while
Pentium is processing a data transfer (the data transfer in
progress is not interrupted).

The external system is informed of a snoop hit in the on-chip
caches through the HIT# and HITM# signals. These signals are
valid two cycles after the assertion of EADS#. HIT# is always
asserted if a hit occurred, while HITM# is asserted only if the
snoop hits a data-cache line in the M state.

If an inquire cycle hits an M-state line in the data cache, the
modified data in the accessed line will be written back immedi-
ately so that the line can be invalidated. Figure 12-17 shows a
timing diagram for this case in which INV is asserted at the start
of the snoop.
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Figure 12-17. Pentium cache-line invalidation sequence timing.

At the end of cycle 1, EADS# and INV are asserted to request an
inquire cycle with invalidation. At the end of cycle 2, a previous
data transaction is completed. At the end of cycle 3, HIT# and
HITM# are asserted to indicate a hit, indicating that Pentium will
start a write-back cycle with the next assertion of ADS#. (The
only reason ADS# can be asserted during AHOLD is for an inquire-
induced write-back.) At the end of cycle 5, ADS#, CACHE#, and
W/R# are all driven to signal the start of the write-back. The four
write transfers follow. HITM# stays asserted until two cycles after
the last BRDY# of the write-back.

Since AHOLD is asserted during the entirety of this write-back
transaction, Pentium is unable to drive addresses to the exter-
nal system. Thus, in this case, the external system is required
to drive and sequence all address bits for the write-back data
transfers.

If desired, however, the external system can deassert AHOLD
before Pentium begins the write-back cycle (before cycle 5 in
Figure 12-17) to cause Pentium to drive the write-back address
on the address bus. This can be done to simplify external hard-
ware a little or to account for the possibility of an address parity
error on an inquire cycle (see below). Even in this case, the

The Complete x86



© 1994 MicroDesign Resources

Chapter 12 The Intel Pentium Family 377

external system is still responsible for sequencing addresses (as
in all burst transactions).

Inquire cycles always snoop the internal instruction and data
caches, but if the snoop is requested during a cache-line fill,
Pentium also snoops the line currently being filled (in a read
buffer). If more than one cacheable cycle is outstanding because
of address pipelining, Pentium snoops both transactions.

Similarly, if an M-state line is in a write buffer in the process of
being written back, Pentium will snoop the write buffer on
behalf of an inquire cycle. In this case, Pentium asserts HIT# and
HITM# as usual, but there will not be a separate write-back of the
M-state line, since it was already in progress.

Address parity is checked for inquire cycles, but Pentium can do
nothing about parity errors; if an address parity error occurs,
the snoop cycle is not inhibited. If an inquire hits an M-state
line and AHOLD remains asserted, it is not possible for Pentium
to drive the address bus to tell the system what address was
actually used for the snoop.

Thus, it is possible that Pentium will start a write-back of incor-
rect data, and if the external system uses the address it sup-
plied to Pentium for the inquire cycle, memory could be
corrupted. In light of how much Intel is making of Pentium’s
error-checking capabilities, it seems odd that address-parity
errors are not handled more gracefully.

External Program Monitoring. As on all highly integrated
processors, it is difficult to monitor program behavior on
Pentium in detail because so much activity is occurring only
between on-chip components. To address this problem, Pentium
has many pins that expose internal operations and allow exter-
nal program monitoring. These pins include BP[3..0] (breakpoint)
and PM[1..0] (performance monitoring); BT[3..0] (branch trace); IBT
(instruction branch taken); and IU and IV (instruction completed
in pipelines).

The four breakpoint pins correspond to internal debug regis-
ters, and the pins are asserted when a match is detected in the
corresponding debug register. While BP3 and BP2 have dedicated
pins, BP1 and BP0 are multiplexed with PM1 and PM0. Unfortu-
nately, the PM pin functions are covered in Intel’s secret
Appendix A.
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System Management
Functions

IBT is asserted each time Pentium takes a branch. If enabled,
each assertion of IBT is accompanied by a special bus cycle, the
branch trace message special cycle (see Table 12-13). On each of
these cycles, pins BT[3..0] are also valid. They provide the low
three bits of the branch target address (unavailable on the
address bus) and tell whether the branch was a 16-bit or 32-bit
instruction.

IU and IV simply indicate each instruction completion in the
respective instruction pipeline. Note that IBT will be accompa-
nied by either IU or IV and that IU and IV can be (and, it is hoped,
often are) asserted simultaneously.

The INIT pin is a new “warm restart” pin that causes a reset-like
action but does not cause the values in caches and FP registers

to be lost. INIT can be used to switch via hardware from pro-

tected mode to real mode. Also, holding INIT high during reset
invokes an automatic built-in self-test mode.

Pentium was the first high-performance microprocessor to
implement a system management mode (SMM). Ordinarily,
SMM capability is designed into processors intended for porta-
ble applications in order to facilitate power-saving functions
such as powering down idle peripherals and restarting them
only when they are accessed. Intel had initially implemented
SMM functions in its i386SL and i486SL, and has since added
SMM to all 486 processors.

SMM is an operating mode that takes precedence over all other
modes and interrupts. Just as interrupts and traps allow an
operating system to transparently add functions to application
software, SMM allows software functions to be added to a sys-
tem without making changes to the operating system.

Pentium support for SMM consists of the SMi# interrupt input
pin, the SMIACT# status output pin, and the RSM instruction.
Triggering SMi# is the only way to enter SMM. When SMi# is
detected, the SMIACT# pin is asserted in order to enable a special
SMM memory area (SMRAM). Pentium then saves its register
state in SMRAM and disables further interrupts. Interrupts
may be re-enabled in SMM after taking care to set up correct
interrupt vectors.

By default, SMM begins execution at address 00008000H in the
code segment. The SMRAM memory space is essentially a flat,
four-gigabyte, real-address-mode linear address space. The
default operand and address sizes are set to 16 bits, but oper-

The Complete x86



Bus Sizing

© 1994 MicroDesign Resources

Chapter 12 The Intel Pentium Family 379

byte0
byte1 >
byte2
 abrtes 64-bit
Pentium [ bytet — » Memory
L bytes .| Block
byte6 >
e yte7 |
[ 1
Raw Address, Byte
Enables & Control
v y A -
- 8-bit | Byte-swapping, [, ~] -32-bit -
Memory data assembly, and ‘Memory
“Block . sequencing logic _ |, Block
Sequenced Address & Sequenced Address,
Control Byte Enables & Control

Figure 12-18. Packing/unpacking logic for partial-word transfers.

and-size and address-size override prefixes can be used to
access data and code anywhere in the four-gigabyte SMRAM
space. When the SMM routine completes, the previous machine
state is restored and SMM is exited with the special RSM

instruction.

SMM can be used to implement power savings, security options,
and other features. While SMM will likely not be used in many
Pentium desktop systems, Intel has decided to provide SMM
functions on all mainstream x86 processors. Systems based on
later Pentium derivatives will undoubtedly make better use of
SMM than earlier Pentium systems.

Pentium has a 64-bit bus, but some system implementations
will probably prefer a 32-bit memory system. Unfortunately,
Pentium requires that all of the enabled bytes for a given cycle
be returned from memory to the processor simultaneously.
Thus, for narrower memories, such as 32-bit RAM and byte-
wide bootstrap PROMs, external logic is required to sequence
addresses, swap bytes, and buffer data, as shown in
Figure 12-18.

Efforts to simplify Pentium’s bus controller led the designers to
eliminate the BSs# and BS16# inputs (8-bit and 16-bit bus-size
indicators) that allowed the 486 to work easily with narrow
devices. For most systems, this is probably not much of an
issue, since the required logic can, and therefore will, be incor-
porated into 32-bit Pentium chip sets. Also, Intel may develop
reduced-width bus versions of Pentium for specific markets.
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Functional
Redundancy Checking

One hardware function that is unique to Pentium (unique, that
is among x86 and mainstream RISC workstation CPUs) is a fea-
ture called Functional Redundancy Checking (FRC). Functional
redundancy provides a mechanism to enhance system integrity
by using a second Pentium microprocessor to verify the correct-
ness of all operations performed by the first.

Figure 12-19 shows the interconnections needed to support FRC
operation. The FRCMC# (Functional Redundancy Check Mas-
ter/Checker) input on the first device is driven by a high-level
logic signal, causing the device to operate as a system “master.”
FRCMC# is driven low for the second processor, causing it to oper-
ate as a system “checker.” All other signal pins on the checker
processor—inputs, outputs, and bidirectional signals—except
the IERR# (internal error) pin are connected directly to the corre-
sponding pin on the master.

As its name suggests, the master processor controls system
operation, driving its outputs and reading its input signals as
for “normal” operation; indeed, this is the mode in which CPU
operates for single-processor, non-FRC systems. On the checker
processor, all of the I/O pins that operate as inputs continue to
behave normally, but the output drivers for pins that would oth-
erwise be output are disabled. Instead, the logic level driven
onto each of these pads is sampled during every clock cycle.

Both CPUs begin operating during the same clock cycle follow-
ing reset. Since both CPUs are otherwise identical, since
Pentium systems are fully synchronous, and since operation is
fully deterministic, each address generated by the master will
simultaneously be generated by the checker, each instruction
retrieved and executed by the master processor will be read and

Pentium 1 System

Syslem ——~N| (Master Outputs
inputs 7 Mode) Bidirectional

Signals

Vecc —» FRCMC#

Pentium 2
L ~J (Checker
Mode) | . |
Gnd —»~| FRCMCH#

Error
IERR#|——————— |ndicator

Figure 12-19. Functional redundancy checking interconnections.
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executed simultaneously by the checker, and so forth. Execution
should therefore proceed in lockstep indefinitely thereafter.

During every clock cycle, the checker-mode processor reads the
logic level driven onto its output pins by the corresponding out-
put pin of the master processor. Comparator circuitry checks
whether that level matches the value that it (the checker) would
have emitted, had it been configured as a master. As long as
each device operates properly, all such signals should continue
to be equal.

If a mismatch is ever detected, then, at least one of the devices
must have malfunctioned at some previous time. The checker-
mode CPU asserts its IERR# output pin and halts. External logic
may be designed to freeze system operation when IERR# is
asserted, thus preventing the completion of any memory or I/O
cycle that might otherwise corrupt system data. '

FRC operation makes possible a slightly more elegant scheme
that supports not just fault detection but fault tolerance. In this
scheme, known as Quad Redundancy Checking, two more iden-
tical Pentium CPUs, also configured as an FRC pair, act as a
“hot backup” to the first. As long as neither pair detects an
error, the first pair drives its outputs onto the system bus. If the
first pair detects a hardware failure, system logic disables its
system-level bus drivers and immediately enables those of the
second pair. Operation can thus proceed smoothly, desplte a
hardware failure.

On the other hand, if the second CPU pair detects an internal
hardware failure, system hardware would presumably deacti-
vate the hot backup and notify the system user to perform a
graceful shutdown and contact a maintenance engineer.

Note that activation of the FRC capability is completely
optional. Motherboards can even be designed that include one
CPU configured as a master but provide just an empty socket
for the checker. Such a board would, by default, be fully func-
tional. Merely inserting a second, identical, CPU into the empty
socket would immediately enable FRC verification.

Note, though, that for FRC operation to work, the two CPUs
must be absolutely identical in every respect. Even the most
subtle difference in microcode could cause the CPUs to break
out of lockstep execution. Thus, it is necessary for OEMs to be
able to verify the exact product, microcode version, and mask
set used to generate each device; this is Intel’s justification (at
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least, its public justification) of providing the CPUID instruc-
tion that returns family, product, and stepping information.

(It’s interesting to note that FRC operation was not actually
invented for Pentium. This capability first appeared on the
1APX432 micromainframe—the super-sophisticated CPU whose
schedule slippages prompted the creation of the original 8086.
More recently, FRC capabilities have appeared on several mem-
bers of the Intel 1960 embedded-processor family.)

The 0.8y Pentium design is offered in 60- and 66-MHz versions.
Intel claims the device yields well at 66 MHz. On the other
hand, the performance difference between the two speed grades
is (at best) only 10%, hardly enough to incite customers to move
from one to the other. The existence of an only-slightly-slower
option suggests that a significant number of chips don’t quite
work at the full target frequency. Even at 60 MHz, though,
Pentium nearly doubles the performance of Intel’s top-of-the-
line i486DX2 processor on recompiled code.

The 5-V 0.8u Pentium is a hot, hot chip indeed. Typical power is
quoted at 13 watts at 66 MHz, with a maximum power dissipa-
tion of 16 watts. This is a major jump from the first 486, which
used less than 4 watts. Even the i486DX2, which Intel ships
with its own 0.35-inch heat sink, peaks at 6 watts.

The chips are shipped without a heat sink, giving system ven-
dors a choice. With a heat sink similar to the i486DX2’s, the sys-
tem must provide a gale-force airflow of 650 ft/min to cool the
CPU in ambient temperatures up to 40° C. With a 0.65-inch
heat sink, the airflow can be reduced to a merely stormy 300
ft/min.

Designers of large systems are used to such power levels, and
Pentium dissipates considerably less heat than the PA7100 or
Alpha chips, both of which exceed 20 watts. Since PC fans typi-
cally provide only 50—100 ft3/min of airflow, however, PC design-
ers must rethink the thermal engineering of their system
designs to allow for such a high-powered chip.
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In March of 1994 Intel introduced a second member of the
Pentium family code-named the “P54C.” This product is based
on the Pentium core design but built using a 0.6-micron, 3.3-V
BiCMOS process. (Intel also calls this part simply “Pentium,”
but it designated the “0.6u Pentium” hereafter in this report.)
The part can operate at core frequencies up to 100 MHz, 50%
faster than the 0.8y design. The new process also significantly
decreases the power dissipation and manufacturing cost rela-
tive to the 0.8p design. Table 12-14 summarizes the features of
the 0.6u device.

Product Name

Intel 0.6p. Pentium “P54C”

Introduction Date

March 1994

Device Integration Level

Same as 0.8u Pentium
plus advanced priority interrupt control logic

CPU Architecture Level Standard Pentium IU and FPU instruction set
Core Technology Superscalar dual 486-like pipelines
Pinout Standard Extended Pentium pinout
Data Bus Width 64 data bits plus 8 parity bits

4 gigabytes

Physical Addressability

(Address pins A31..A3 plus BE7#..BEO#)

Data-Transfer Modes

Four x eight-byte burst-mode transfers

Cache Support

I-cache: 8K-byte split-line 2-way associative
D-cache: 8K-byte 2-way associative
with 8-way interleaved access and
write-through or copy-back operation

Floating-Point Support

On-chip pipelined high-speed FPU

Operating Voltage

3.15Vt03.45V

Frequency Options

75-, 90-, or 100-MHz core frequency

Clocking Regime

Core frequency = 1.5x or 2x Clkin

Maximum Power Dissipation

10.1 W @ 3.3 V and 100 MHz (worst case)

Power-Control Features

Intel System Management Mode support
Clock disabled to unused logic dynamically
Stop-Clock and Auto-Halt modes
/O instructions may be trapped and restarted

Process Technology

0.6u BiICMOS, four-layer-metal

Transistor Count 3.3 million transistors
Die Size 13.3 x 112.3 mm (163 mm?)
Package Options 296-pin ceramic PGA package

Other Features

Functional redundancy system support
JTAG boundary-scan logic,
On-chip parity and integrity-checking logic

On-chip APIC controller for glueless dual processing

Table 12-14. Intel 0.6-micron Pentium “P54C” feature summary.
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Overview

When Intel first began leaking information about the Pentium
processor, it looked almost too good to be true. Indeed it was.
Upon introduction, system designers discovered the 0.8u
Pentium devices were expensive to build, difficult to design
with, used nearly three times as much power as a 486, and yet
had a clock speed no faster than a 486DX2. Any of these prob-
lems could have prevented Pentium from ever becoming a vol-
ume desktop CPU. '

Fortunately, Intel has found that a new IC process resolves
these issues. The 3.3-V, 0.6u Pentium “P54C” design is every-
thing the 0.8y Pentium was supposed to be: a 100-MHz proces-
sor with reasonable power dissipation and moderate
manufacturing cost. It includes a few minor enhancements: a
variable clock multiplier circuit, power management, and an
interrupt controller intended to facilitate multiprocessor system
designs.

The new chip is not socket-compatible with the 0.8u Pentium,
both because of its 3.3-V—only operation and various pinout
enhancements. With over 100-SPECint92 performance, the 0.6
Pentium is a potent weapon against PowerPC and other RISC
processors. The cost reductions also will allow Intel to cut the
price of Pentium and eventually move it into the PC
mainstream.

This chip is one of the first products to use Intel’'s new 0.6-
micron fabrication process, now on line at Fab D2 in Santa
Clara, Calif,, and at Fab 10 in Leixlip, Ireland. Intel had also
planed to begin 0.6-micron production at Fab 11 in Albuquer-
que, New Mexico by the end of 1994. These fabs, which use 200-
mm wafers instead of 150-mm ones, will greatly increase Intel’s
manufacturing capacity and remedy its current inability to
meet demand for its processor chips.

The benefits of moving Pentium to the new process are clear.
The new process shrinks the drawn transistor size from
0.8 micron to 0.6 micron, reducing circuit area by more than
30%. A fourth layer of metal, which is used to route power and
clocks while the other three metal layers carry signals, reduces
area by another 10%. The BiCMOS process incorporates both
CMOS and bipolar transistors, which can be combined to form
BiNMOS drivers that reduce the transmission delays of heavily
loaded signals.

Although these features reduce die area and improve perfor-
mance, they also increase wafer cost by about 30% over a three-
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Figure 12-20. 0.8u and 0.6p Pentium die size comparison.

metal CMOS process with a similar transistor size. Taking into
account the smaller geometries and larger wafer size, total
wafer cost for the new process is more than twice that of Intel’s
0.8-micron BiCMOS process. Given Intel’s high production vol-
ume, the company is willing to trade reductions in die area
against increases in wafer cost.

Intel is continuing to invest heavily in more advanced fabrica-
tion methods and plans to accelerate its IC process development
cycle from three years to two. The company is building still
another new factory in Albuquerque that will use a 0.4-micron
process that is reportedly CMOS only (not BiCMOS). Intel
expects that this new process will be in production by the end of
1995 and will be used for both the Pentium and “P6” micropro-
cessor families.

The 0.8y Pentium has a die size of 294 mm?2. (See Chapter 15
for estimates of device manufacturing costs.) Figure 12-20
shows that the 0.6y Pentium die measures just 163 mm2, a
reduction of 45%. More important, the estimated cost of build-
ing Pentium is reduced by more than half. This cost will drop by
another 25% or so as the new process matures.

The new design will also help Intel greatly increase the number
of Pentium processors it can produce. Whereas the 0.8u
Pentium design was thought to yield four to six good die per
wafer, according to MicroDesign Resources estimates, the 0.6p
Pentium should yield more than 30 die per wafer. (Unconfirmed
rumors have suggested that the very earliest test wafers from
Intel’s new Ireland plant produced as many as 40 die per wafer
at 100 MHz, and that later wafers yielded up to 60 working die!)
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Three factors create this sixfold improvement. Proportionately
more of a smaller die will fit in a given wafer area, and the 0.6-
micron factories use 200-mm wafers with 80% more area than
the 150-mm wafers used in older fabs. Moreover, smaller die are
less likely to contain defects, so a higher percentage of the total
die manufactured are generally good. The increases in yield are
somewhat offset by higher wafer processing costs, but the net
effect is still much improved.

The 0.6u Pentium takes several steps to address the power con-
sumption issue. Cutting the supply voltage to 3.3 V reduces the
power dissipation by 50% at a given core frequency. Maximum
power dissipation for the 0.6y Pentium is just 10 W (worst case)
at 100 MHz compared to 16W for the 5-V Pentium at 66 MHz.

To further reduce power, the new design automatically stops the
clock, on a cycle-by-cycle basis, to the caches or to the floating-
point unit when those circuits are not being used, reducing
power with no effect on performance. Intel claims these features
reduce the average power dissipation to less than 4 W in a
typical application.

The 0.6p Pentium also includes the full SL Enhanced feature
set used in Intel’s current 486 processors. These features
include system management mode, the ability to stop and
quickly restart the processor clock, and an automatic power-
shutdown mode. While the 0.8y Pentium also supported SMM,
the “stop clock” and “auto halt” features are new to the 0.6u
Pentium.

These power-reduction features make the 0.6u Pentium proces-
sor far more suitable than the 0.8y Pentium for use in notebook
systems, since battery life depends on typical power consump-
tion. System designers must still allow for worst-case current
and cooling capacities, but in a notebook system an active
power-management system might be able to monitor the tem-
perature of the CPU and slow the clock if the chip is getting too
hot. Pentium notebook systems should begin rolling out by Fall
94 Comdex and become widespread in 1995.

The 0.6u Pentium uses a 296-pin PGA, 23 pins larger than the
0.8u Pentium package. Three of the new pins are used for the
APIC, and most of the rest are defined as no-connects to allow
for “future functional enhancements.” Because of the new pack-
age and the 3.3-V I/O, it is impossible to simply drop the P54
processor into an existing Pentium motherboard; in fact,
upgrading to 0.6p Pentium will require a significant redesign.
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I APIC Bus I

< _ 64-bit Pentium bus @ 50-66 MHz j>

Figure 12-21. 0.6 Pentium multiprocessing system architecture.

The 0.6p Pentium supports only 3.3-V I/O signals, forcing sys-
tem designers to use low-voltage cache memory and chip sets.
Intel has released a 3.3-V version of its 82430 chip set with 5-V
level translators for new designs, and expects that similar chip
sets will be available from Opti, VLSI, and others by the end of
1994. By forcing a move to 3.3 V, Intel is preparing system ven-
dors to support future Pentium chips and Pentium upgrades, all

of which will use 3.3-V I/O.

While the 0.6p Pentium core is functionally nearly identical to
the 0.8y Pentium design, Intel has taken the opportunity to
make a few functional improvements. In addition to the new SL
Enhanced features, the design now incorporates Intel’s
advanced priority interrupt controller, or APIC, making the new
chip suitable for a glueless dual-processor configuration in
which two CPUs share the same cache (see Figure 12-21).

Since this dual-processor configuration shares a single bus and
L2 cache, it would not deliver the same performance boost as a
traditional MP design with separate L2 caches for each CPU.
Intel estimates the gain to range from 30% to 70%, depending
on the application. This design would be much less expensive
than a traditional multiprocessor configuration, however, since
the only expense of adding the second processor to a system
would be the cost of the CPU chip itself.

Intel could, of course, have left off the APIC and assumed that it
would be in the system logic. Chip-set vendors balked at the
added cost of the APIC, however, and any chip sets that include
the logic to support dual processors will be more expensive than
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standard uniprocessor chip sets. Intel believes that this cost dif-
ferential, in the highly competitive PC market, would have led
to a dearth of MP-capable systems. By including the APIC,
which uses less than 5% of the die area, on the CPU, system
vendors can offer dual-processor capability for the cost of a sec-
ond CPU socket, seeding the market with lots of these systems.

Of course, to take advantage of the second processor at all, a
multiprocessor operating system is required. And unless an
application is multithreaded, the second CPU is active only
when two or more tasks are running. Given that neither DOS
nor Windows (including the future Chicago version) can handle
multiple processors, Intel expects that the dual-processor

Pentium will be used primarily for high-end desktops or servers
running UNIX or Windows NT.

In these high-end markets, the dual-processor mode can be used
as an upgrade strategy for the 0.6p Pentium. For the majority of
users, however, Intel will provide a traditional upgrade chip
that usurps control of the system from the original CPU. The
company will not discuss any specifics about this upgrade part
but expects it to be available in 1996. Thus, it is possible that
the upgrade will take advantage of the P6 processor core.

The advanced priority interrupt controller (APIC) architecture
included in the 0.6y Pentium first appeared in late 1992 in the
form of the 82489DX. The APIC architecture replaces the old
8259A interrupt controller that was originally designed for the
8080, modified for the 8085, and inherited by all PCs since then.
With a more flexible priority scheme and faster response time,
the APIC has some benefit for uniprocessor systems, but its
major advantage is in supporting multiprocessor systems,
which is not possible with the simple 8259.

The APIC is physically divided between the processors and the
system logic. The “I/O APIC,” typically part of the system logic,
accepts system interrupts much like the 8259. Unlike the older
part, however, the I/O APIC can transfer pending interrupt
requests to other processors, each of which must have its own
local APIC module. The various APIC modules are connected
via a private interrupt bus, allowing interrupts to be communi-
cated without disrupting the normal system bus.

The 82489DX has not been widely used. Most vendors with mul-
tiprocessor x86 systems had already defined their own MP
interrupt protocol and saw no reason to change, although a few

have adopted the APIC. Desktop systems have not incorporated
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the 82489DX due to its cost, and system-logic vendors have seen
no reason to incorporate a complete APIC (both I/O and local
modules) into their chip sets.

The 0.6u Pentium integrates the local APIC module and com-
municates to the I/O APIC and other 0.6u Pentium processors
using a three-wire bus. Although the 0.6y Pentium implementa-
tion is register-compatible with the 82489DX, the three-wire
bus is not compatible with the 82489DX’s five-wire protocol.
Intel now includes the I/O APIC logic in its support chip sets
and is licensing the design to other system-logic vendors. The
I/0 APIC is relatively small, and Intel expects most vendors to
include it in their basic chip sets.

For compatibility with software that does not include APIC
code, the 0.6y Pentium can disable its on-chip APIC and use an
external 8259-type controller. Today, few software vendors sup-
port the APIC, although a special HAL for Windows NT is avail-
able. By increasing the installed base of APIC hardware, Intel
hopes to spur other MP operating systems to support it.

The other new feature of the 0.6y Pentium design is a phase-
locked loop (PLL) that lets the CPU run at 1.5X or 2x the system
bus frequency. This keeps the system bus between 50 and
66 MHz while the CPU runs as fast as 100 MHz. Although the
2x ratio allows for a 100/50-MHz system, this configuration
would perform comparably to a 90/60-MHz design, so vendors
may try for a 100/66-MHz arrangement to maximize perfor-
mance. The 0.6p Pentium clock multiplier is pin-selectable;
there is a single 100-MHz version of the chip that supports
either bus frequency.

The 0.6y Pentium design is offered in 90- and 100-MHz ver-
sions. Power dissipation at 3.3 V and 100 MHz is 4 W typical, or
10.1 W worst-case.
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12.3

The Intel “P24T”

12.4

Futures

At the ISSCC conference held in February of 1994, Intel dis-
played a 150-MHz Pentium processor; this same system was
later demonstrated continuously for several hours in a suite
upstairs. This particular chip was no doubt hand-picked from
the production line and operated with a special power supply
and cooling unit, but Intel hinted that the 150-MHz Pentium
may eventually become a product. On the other hand, Intel also
presented a 100-MHz 486 at the 1991 ISSCC but three years
and a new turn of the manufacturing technology were needed
before it was able to ship such a part. Once Intel has progressed
to a 0.4-micron process, faster Pentia will be possible—and
therefore inevitable.

One of the most eagerly awaited but not yet announced prod-
ucts in the history of the microprocessor industry is a product
code-named the “P24T.” This device is supposed to serve as an
end-user upgrade for 1486DX2-based systems. While the prod-
uct itself has not been announced or completed, its pinout has
been defined since mid-1992, and many system vendors have
been cranking out and selling PCs with empty upgrade sockets
in anticipation of the device since 4Q92.

In the mean time, P24T plans have undergone some major
changes; only the pinout standard has remained unchanged.
Current expectations are that the device will be derived from
the 3.3-V 0.6y Pentium core, with a core frequency 2.5x the bus
clock, twice the on-chip cache, a 32-bit data bus interface, and a
pinout that’s a superset of that of standard 486 OverDrive pro-
cessor.

Unfortunately, the motherboards that await these chips were
designed for a 5-V part—so the P24T is now expected also to
incorporate an on-module heat-sink, voltage regulator, and fan.

Commentary

Pentium was a long time coming. The first public mention of the
device promised a 1H92 introduction, with “volume system
shipments by the end of 1992.” The introduction schedule later
slipped to the end of 1992, then to spring of 1993. A month
before the expected May 1993 unveiling, Intel revealed that cer-
tain key issues, including the price and performance of
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Pentium-based systems, would not be discussed until May.
Shortly thereafter, an e-mail message began circulating
through the Internet, purporting to identify (in the best David
Letterman fashion) the “Top Ten Reasons Why Pentium Was
Late.” This list appears in Table 12-15.

[£:3

Reason

10: Quality control complained about the rattling noises the chip
makes whenever it's reset.

9: Intel hoped to outfox AMD developers this time by waiting for
them to release their “Pentium” first.

8: Intel’s still trying to figure out how to mount a three-foot high
cooling tower on a two-inch square package.

7. Marketing’s prediction that all of IBM’s top executives would be
killed by space aliens, followed by IBM engineering’s insistence
on a return to an Intel strategy, did not appear to pan out.

6: The sales force needs to be retrained to sell a processor that
doesn’t end in “86".

5: As aresult of poor documentation practices, nobody can
remember what the function of the WOOF* pin is.

Military insisted at the last minute on 8080-compatibility mode.

Employees complained about being harassed by engineers who
offered to demonstrate “Probe Mode”.

2: All those millions of dollars in processor research and develop-
ment were cutting into the CEO’s Christmas bonus.

1: Intel needed to hire more lawyers.

Table 12-15. “Top Ten Reasons” why Intel delayed announcing Pentium.

Despite the vast manufacturing cost reduction of the 0.6u
Pentium, Intel says that it will continue to build the 0.8y 5-V
Pentium device for the foreseeable future. Because of the exten-
sive redesign required for the new version, many vendors will
continue to ship systems using 60- and 66-MHz Pentium chips
for some time. The lower frequencies also provide additional
performance points for Pentium systems, although the 100-
MHz DX4 overlaps the 60-MHz Pentium on some applications.

Continuing the 5-V line also maximizes the number of Pentium
chips that Intel can produce. By the end of 1994 Intel expected
to have three factories building the 0.6u Pentium design along
with the two currently making the 0.8y version. Given the
amount of fab capacity coming on line, the company may find
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itself obligated to build a large number of chips simply to defray
the costs of building the new fabs.

Thus, Intel is promoting Pentium chips aggressively, cutting
prices on the 0.8-micron versions even though they are more
expensive to build than the higher-speed chips. These price cuts
make room for the higher-speed parts.

These price cuts will reduce the margins on the 0.8 Pentium
parts below the high margins of Intel’s other processors, but the
company will still make a significant profit on them. Further-
more, by increasing the penetration of Pentium in the PC mar-
ket, Intel devalues the product offerings of its 486-based
competitors.

To build further momentum for Pentium, Intel must convince
PC makers to move beyond the 5-V, 33-MHz system bus that
they are comfortable with. Because of the difficulty of designing
with the 60-MHz system bus, many companies buy complete
Pentium motherboards directly from Intel. By some accounts,
Intel is the largest vendor of Pentium motherboards in the
world. Unless Intel plans to continue growing its motherboard
business, which upsets those vendors that actually have the
resources to design their own products, it must provide simple
design kits and chip sets that can handle the faster Pentium
processors.

At first glance, Pentium may appear to be not as aggressive in
its issue strategy as some of the latest RISCs. It is limited to
two instructions per clock, while SuperSPARC and IBM’s
RS/6000 can issue three instructions under optimal circum-
stances. Upcoming versions of the Power2 family will be able to
issue up to six instructions per clock. Pentium cannot issue
integer and floating-point operations in the same cycle, as can
all superscalar RISCs.

Still, the Pentium family appears to have found ways to over-
come many of the x86 architectural handicaps. The small regis-
ter set, for example, means that there are more memory
references, but the dual-access data cache helps minimize the
performance impact. The stack-oriented floating-point register
file creates an accumulator bottleneck, but the parallel execu-
tion of the exchange instruction reduces its effect. In this sense,
Pentium appears to support the contention that the x86’s archi-
tectural handicaps can be overcome with some implementation
creativity.
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But in doing so Pentium shows the extent to which its CISC
architecture increases its design complexity. For example, RISC
processors have not had to go to the complexity of dual-access
data caches to reach comparable performance levels. This also
illustrates how the x86’s architectural limitations affect many
aspects of the design; it is not as simple as designing a nice,
clean RISC processor with a small “compatibility unit” on the
side, as some proponents have described Pentium. While
Pentium achieved the same performance as the R4000, it did so
a year later, and required three times as many transistors and
with a more complex process technology.

The richer semantic content of x86 instructions, however,
means that two instructions often do the same work that would
require three or more instructions in a RISC architecture. For
example, the memory-to-register instructions in the x86 archi-
tecture eliminate the need for separate load and store instruc-
tions. This also makes it less important to issue floating-point
and integer instructions together, since many of the integer
instructions in floating-point programs are loads and stores.
Address-calculation instructions are also sometimes eliminated
by the x86’s richer addressing modes.

While any x86 program will benefit from Pentium’s perfor-
mance features, the full performance potential will be realized
only for programs that are structured to take maximum advan-
tage of Pentium’s capabilities. Instruction sequences must be
carefully selected to use the instructions that can be dual-issued
and scheduled to fill all available execution slots.

With respect to its FPU, Pentium will bring a new level of per-
formance to the PC market. It will not, however, outperform its
Windows NT competitors because of the weaknesses of its
floating-point architecture and because the R4000 and Alpha
processors will be operating at much higher raw clock speeds.

Unfortunately, this same high-speed FPU has cost Intel dearly.
In November of 1994 it was discovered that the high-speed algo-
rithm used to cut FPU divide times in half was not quite always
100.000% accurate. See Appendix E or details on the Pentium
FPU bug.

In some ways—the elimination of RDY#, simpler burst determi-
nation, and no bus sizing—Pentium has a simpler bus than the
486. The addition of new features, however, such as pipelining,
cache snooping, and forced burst support, means that system
hardware will need considerably more sophisticated bus con-
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Competition with RISC

trollers, especially if second-level caches are used in multipro-
cessor systems. As with earlier x86 generations, chip-set
vendors will likely spare system makers the headache of
designing bus-control state machines and interface logic.

Other than NexGen, no vendor has delivered, or even formally
announced, a Pentium-class product. AMD’s K5 and Cyrix’s M1
aren’t likely to begin volume shipments until mid- to late-1995.
The first real Pentium competition may emerge from NexGen,
which has been sampling its 586 processor since early 1994.
Because of its small size and fabless status, it will take time for
NexGen to build enough market presence to make much of a
dent in the Pentium market.

Thus, Intel can still wield the 0.6u Pentium largely unopposed
in the high-end market, leaving its competitors to fight over the
low-margin bottom end. Intel will not abandon the low end;
profits from its flagship products will subsidize heavy discount-
ing of i486s and other low-end chips.

The market is moving much faster than in the past, however,
and Intel’s monopoly will not last as long as its four years of 486
dominance; Cyrix plans to bring its “M1” product to market by
mid 1995 and has IBM’s fab on its side. Ultimately, Intel will
have to rely on aggressive pricing to maintain its market share,
but it has the R&D and manufacturing skills to succeed in this
competition.

Pentium will allow Intel to protect its enormous and highly
profitable market share from competing RISC and x86-
compatible vendors. Intel should be able to manage the price of
its chips so that Pentium systems remain competitive against
low-end workstations. Initially, Intel need only maintain parity
in price/performance, as the overwhelming x86 software base
will work to its advantage, but Windows NT may begin to level
the playing field if it gains in popularity.

For commercial applications, such as database and file servers,
the performance advantage of the RISC chips over Pentium is
smaller, since these applications rely mainly on integer perfor-
mance. These large servers often use multiple processors, which
can further negate the absolute performance advantage of
RISC. For these designs, the price/performance of the processor
is most important.

On the desktop, simply matching Pentium will not make up for
the overwhelming software advantage of the x86, leaving the
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RISC chips with an uphill battle. DEC and MIPS will try to
offer superior performance at the same price; MIPS also has the
advantage of two very low cost chips (the R4200 and Orion)
available. HP may use the 7100LC’s multimedia acceleration as
a differentiator. IBM/Motorola’s PowerPC 601 has a much
smaller die size and a correspondingly lower cost than Pentium.

Intel has shown that it will not relinquish its performance lead-
ership willingly. Given the ability of PowerPC to deliver similar
performance at a lower CPU price, Apple and other system ven-
dors are attempting to translate this advantage into a system-
level price/performance advantage, but the jury is still out on
whether their customers will care. Until PowerPC can improve
its position, it will not be a serious threat to Intel’s sales. And in
the meantime, the new x86 chips should allow Intel to continue
its dominance of the x86 market while generating its tradi-
tional enormous profits.

Recently, workstations have been replacing PCs on the desktop
of some professionals, such as engineering managers and finan-
cial analysts, who use a mixture of commercial and technical
applications. This market segment, potentially much larger
than the pure technical segment, may prove to be fruitful
ground for Pentium “workstations” that offer near-RISC perfor-
mance plus full compatibility with over 50,000 x86 applications.

Pentium is a significant microprocessor milestone. It imple-
ments sophisticated . caching, multiprocessor support, and
branch prediction. It is also the first superscalar CISC micro-
processor and the first high-end microprocessor to implement a
system management mode. The Pentium core will be around for
years as Intel attempts to exploit its lead by offering variations
with varied cache sizes, bus widths, and bus speeds. As for
Pentium’s technological position in the marketplace, some
RISCs will be faster or cheaper or both, but with x86 compati-
bility, multiprocessor support, and significant performance
gains over the 486, Pentium will satisfy most users’ needs.
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12.5 For More Information...

Vendor Publications

Microprocessor
Report Articles

Additional information on Pentium may be found in the follow-
ing publications:

1:

10:

11:

12:

13:

14:

Intel Corporation Advances Pentium Processor Technology
to Notebook Computers Press Kit. Intel Corporation,
10/10/94.

Intel Pentium Processor (610/75) Performance Brief for
Mobile Applications Release 1.0. Intel Corporation, 9/94.

Microprocessors Data Book Volume III: Pentium Proces-
sors. Intel Corporation, 1994, order #241732-001.

Pentium Processor Performance Brief. Intel Corporation,
1993, order #241557-001. (Brochure listing Intel perfor-
mance results for assorted applications.)

Pentium Processor User's Manual Volume 1: Pentium Pro-
cessor Data Book. Intel Corporation, 1994, order #241428-
002.

Pentium Processor User's Manual Volume 2: 82496 Cache
Controller and 82491 Cache SRAM Data Book. Intel Cor-
poration, 1994, order #241429-002.

Pentium Processor User’s Manual Volume 3: Architecture
and Programming Manual. Intel Corporation, 1993, order
#241430-001.

Intel Announces MESI Second-Level Cache*. Mark
Thorson, MPR vol. 5 no. 12, 6/26/91, pg. 8. (Feature article.)

P5 Details Surfacing. MPR vol. 5 no. 18, 10/2/91, pg. 4.
(Most Significant Bits item.)

P5 Rumor Update. MPR vol. 5 no. 22, 12/4/91, pg. 5. (Mast
Significant Bits item.)

First Silicon on Intel’s P5. MPR vol. 6 no. 7, 5/27/92, pg. 4.
(Most Significant Bits item.)

P5 Not to be Called the 5862. MPR vol. 6 no. 9, 7/8/92, pg. 5.
(Most Significant Bits item.)

Intel Demos P5, Sets 193 Intro Date. MPR vol. 6 no. 10,
7/29/92, pg. 4. (Most Significant Bits item.)

Intel Begins Gradual P5 Unveiling*. Michael Slater, MPR
vol. 6 no. 12, 9/16/92, pg. 1. (Cover story.)
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15:

16:

17:

18:

19:

20:

21:

22:

23:

24:

25:

26:

27:

28:

29:

30:

31:

P5 Christened “Pentium”. MPR vol. 6 no. 14, 10/28/92, pg.
4. (Most Significant Bits item.)

Intel Describes P5 Internal Architecture*. Linley Gwennap,
MPR vol. 6 no. 14, 10/28/92, pg. 25. (Feature article.)

Pentium Falls Short of P5's Promises*. Michael Slater,
MPR vol. 6 no. 15, 11/18/92, pg. 3. (Editorial.)

Intel Announces New Interrupt Controller. MPR vol. 6 no.
15, 11/18/92, pg. 5. (Most Significant Bits item.)

Erratum—~P5 Not to Provide 36-Bit Addressing. MPR vol. 6
no. 16, 12/9/92, pg. 4. (Most Significant Bits item.)

Intel Demonstrates Pentium Systems. MPR vol. 6 no. 16,
12/9/92, pg. 4. (Most Significant Bits item.)

Pentium Has Pins—And Now We Know How Many. MPR
vol. 7 no. 1, 1/25/93, pg. 4. (Most Significant Bits item.)

Intel Delays Pentium “Announcement”. MPR vol. 7 no. 2, -
2/15/93, pg. 4. (Most Significant Bits item.)

Pentium Approaches RISC Performance*. Linley Gwennap,
MPR vol. 7 no. 4, 3/29/93, pg. 1. (Cover story.)

Pentium vs. the RISCs*. Michael Slater, MPR vol. 7 no. 4,
3/29/93, pg. 3. (Editorial.)

Intel Reveals Pentium Implementation Details*. Brian
Case, MPR Report vol. 7 no. 4, 3/29/93, pg. 9. (Feature arti-
cle.)

Intel provides PCI Chip Set for Pentium*. Linley Gwennap,
MPR vol. 7 no. 4, 3/29/93, pg. 18. (Feature article.)

Strategic Product Rescheduling*. John Wharton, MPR vol.
7 no. 4, 3/29/93, pg. 28. (Oblique Perspective column.)

Pentium Extends 486 Bus to 64 Bits*. Brian Case, MPR
vol. 7 no. 5, 4/19/93, pg. 10. (Feature article.)

Pentium Chip Sets Poised For Launch*. Mark Thorson and
Michael Slater, MPR vol. 7 no. 5, 4/19/93, pg. 15. (Feature
article.)

Pentium Debuts at $965—Systems Available. MPR vol. 7
no. 7, 5/31/93, pg. 4. (Most Significant Bits item.)

P24T to Ship with “Active” Heat Sink. MPR vol. 7 no. 8,
6/21/93, pg. 5. (Most Significant Bits item.)
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Other Technical
References

32:

33:

34:

35:

36:

37:

38:

39:

40:

41:

42:

43:

44:

45:

46:

47

48:

PC Makers Serve Pentium Before Its Time. Mike Feibus
and Dean McCarron, MPR vol. 7 no. 8, 6/21/93, pg. 18.
(Feature article.)

Understanding Pentium and PCI. MPR vol. 7 no. 9,
7/12/93, pg. 28.

Cyrix Describes Pentium Competitor. Linley Gwennap,
MPR vol. 7 no. 14, 10/25/93, pg. 1. (Cover story.)

PC Market Centers on Growing 486 Family. Michael Slater,
MPR vol. 8 no. 1, 1/24/94, pg. 1. (Cover story.)

IBM, Intel Revise x86 Pact. MPR vol. 8 no. 2, 2/14/94, pg. 5.
(Most Significant Bits item.)

Intel Extends 486, Pentium Families. Linley Gwennap,
MPR vol. 8 no. 3, 3/7/94, pg. 1. (Cover story.)

Workstation Market May Implode. Linley Gwennap, MPR
vol. 8 no. 4, 3/28/94, pg. 3. (Feature article.)

PPC 604 Powers Past Pentium. Linley Gwennap, MPR vol.
8 no. 5, 4/18/94, pg. 1. (Cover story.)

Intel Offers $250 Upgrade Chip. MPR vol. 8 no. 5, 4/18/94,
pg. 4.

Intel Cuts Back on DX4, Pushes Pentium-60. MPR vol. 8
no. 6, 5/9/94, pg. 5.

Competitors Seek to Counter Pentium Push. Michael Slater,
MPR vol. 8 no. 7, 5/30/94, pg. 10. (Feature article.)

Intel Slashes Prices on Pentium, 486 DX2. Linley Gwen-
nap, MPR vol. 8 no. 9, 7/11/94, pg. 13. (Feature article.)

Intel Slashes Pentium, 486 Prices. MPR vol. 8 no. 14,
10/24/94, pg. 4. (Most Significant Bits item.)

Intel to Offer DSP Software for Pentium. MPR vol. 8 no. 15,
11/14/94, pg. 5. (Most Significant Bits item.)

New Pentiums for Notebooks, 486 Upgrades. Michael
Slater, MPR vol. 8 no. 15, 11/14/94, pg. 14. (Feature article.)

Intel Fixes Pentium FPU Bug. MPR vol. 8 no. 16, 12/5/94,
pg. 5. (Most Significant Bits item.)

Aspects of Cache Memory and Instruction Buffer Perfor-
mance. M. D. Hill, U.C. Berkeley, 1987. (Ph.D. disserta-
tion.)
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Optimizing Systems Performance Based on Pentium Pro-
cessors. John Novitsky, Mani Azimi, Raheel Ghaznavi,
IEEE Press/CompCon 93, 2/93, pg. 63. (Detailed analysis of
how cache and main memory system design affect Pentium
system performance.)

Pentium System Architecture. MindShare Press.

Branch Prediction Strategies and Branch Target Buffer
Design. J. Lee and A. J. Smith, IEEE Computer, 1/84, pg. 6.
(Ph.D. dissertation.)

Intel Fixes a Pentium FPU Glitch. Electronic Engineering
Times, no. 822, 11/7/94, pg. 1.

Inside Pentium. Nick Stam, PC Magazine, vol. 12 no. 8,
4/27/93, pg. 123. (Intel chip design, Cyrix sidebar, AMD
stdebar, Pipelines, IBM sidebar, RISC competition sidebar.)

Pentium Power. Michael Feibus and Michael Slater, PC
Magazine, vol. 12 no. 8, 4/27/93, pg. 108. (Pentium design,
competitor sidebars.)

Pentium: The 586 You've Been Waiting For?. Michael Fei-
bus and Michael Slater, PC Magazine, vol. 12 no. 8,
4/27/93, pg. 108. (Cover story about Pentium design and
history.) '

Pentium at Home in PC Market. Rebecca Smith, San Jose
Mercury News, 5/9/94, pg. 1.

Will the Pentium Kill the 4862. Gina Smith, PC Computing,
5/93, pg. 116. (Cover story about Pentium features, design,
performance, and system vendors.)

Pentium Arrives. William Gee, Windows Magazine, 6/93,
pg. 115. (Cover Story: Performance, Competitors, Software.)

80x86 Wars. Tom Halfhill, Byte, vol. 19 no. 6, 6/94, pg. 74.
(Cover Story about Intel and its strongest x86 and RISC
competition.)

Pentium Poised to Oust 486. Neal Boudette, PCWeek, vol.
11 no. 26, 7/4/94, pg. 1.

(*Note: Items marked with an asterisk are available in Under-
standing x86 Microprocessors, a collection of article reprints
from Microprocessor Report.)
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NexGen
Microprocessors

13.1

The first non-Intel Pentium-class microprocessor emerged from
a source that some thought was unlikely: perennial startup
NexGen, which labored for eight years to create its first prod-
uct, the Nx586 microprocessor.

The NexGen Nx586
Microprocessor

The NexGen Nx586 is a high-performance fifth-generation pro-
cessor that uses a number of new implementation techniques to
deliver Pentium-class performance. The device was announced
in 1Q94 and began shipping in mid-year. Table 13-1 summa-
rizes the features and capabilities of the Nx586 device.

The Nx586 is partitioned differently than a conventional 486 or
Pentium device. Whereas Pentium folds a complete x86 integer
processor, floating-point unit, and 16 kilobytes of combined
instruction/data cache onto one chip, NexGen chose instead to
relegate the FPU to a separate chip, thereby freeing sufficient
die area to double the cache size and include on-chip control
logic for a second-level cache.

The optional external FPU for the Nx586 was officially
announced in 1Q94 with the designation Nx587, in keeping
with the business model and nomenclature of the 386/387. In
3Q94 the Nx587 was “de-announced.” Omitting the FPU from
the CPU proper lowers the cost of entry-level systems. Since
most programs make little (if any) use of floating-point math,
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Core Design

Product Name

NexGen Nx586

Introduction Date

March 1994

Prognosis

Emerging from a protracted gestation

Device Integration Level

Superpipelined 32-bit IEU, PMMU,
separate 16KB instruction and data caches,
on-chip control logic for an external L2 cache
(Pin-compatible module with onboard FPU planned)

CPU Architecture Level

486 integer instruction set with NexGen SMM
(Future versions will support 486 FPU instructions)

Core Technology NexGen-designed high-performance core
Pinout Custom
Data Bus Width 64 bits (D63..D0)

Physical Addressability

4GB (Address A31..A3)

Data-Transfer Modes

Information not available

Cache Support

16K bytes each |- and D-cache
4-way set associative
Write-through operation only
L2 cache controller supports 256KB or 1MB of
SRAM for unified I/D cache with copy-back protocol

Floating-Point Support

Currently none; replacement part that includes a
high-speed FPU coprocessor planned for 1H95

Operating Voltage

4V (tolerance not available)

Frequency Options

70-, 75-, 84-, or 93-MHz core operation

Clocking Regime

Information not available

Active Power Dissipation

15W @ 4.0V and 93 MHz

Power-Control Features

Static core design, NexGen SMM extensions

Process Technology

0.5-micron 5-layer-metal CMOS

Die Size

14.1 x 14.1 mm (200 mm?2)

Transistor Count

Integer processor: 3.5 million
(Future FPU: approx. 700,000 transistors)

Package Options

463-pin interstitial PGA or multichip module

Table 13-1. NexGen Nx586 CPU feature summary.

these FPU-less systems will be adequate for most users. It also
no doubt simplified the design process somewhat; or at least
deferred for an extra year the tedious task of trying to get all
the FPU algorithms to be perfect.

The Nx586 contains an integer processor, a PMMU, separate
8-Kilobyte instruction and data caches, and a second-level (L.2)
cache controller. The integer processor in turn contains four
largely independent execution units: two integer units, an
address unit, and, in time, the optional floating-point unit (see
Figure 13-1). '

On every clock cycle decode logic can crack a single x86 instruc-
tion and translates it into one or more internal instructions,
which are later executed by the various execution units. These
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Figure 13-1. NexGen Nx586 microarchitecture.

instructions can be executed speculatively and out of order to
increase the potential for parallelism.

Instructions sent to the execution units are predecoded to sim-
plify processing within each execution unit. These instructions
are represented internally by a word approximately 100 bits
wide. (These wide-word instructions are never stored in mem-
ory or transferred to other chips, so their large size does not
cause significant problems.)

NexGen uses the label “RISC86” to describe the internal format
of these internal instruction word, since (according to NexGen)
they correspond to the types of operations performed by a con-
ventional RISC processor. Conventional RISC architectures,
however, must typically pack an operation code, three operand
fields, and possibly a few bits of constant into a single 32-bit
memory word. It would be just as appropriate (but perhaps
somewhat less trendy) to refer to these words as “microcode.”)

Many x86 instructions convert directly to a single RISC86
instruction. All register-to-register ALU operations, for exam-
ple, have RISC86 counterparts. Because RISC86 uses a load-
store model, however, many x86 instructions that access mem-
ory require two or three RISC86 instructions. For example, the
x86 instruction:
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ADD mem, CX
translates into three RISC86 instructions:

LOAD R2,R1
ADD R2,R3
STORE R1,R2

where the physical register numbers are assigned by the
decoder to map the x86 registers appropriately.

Iterative x86 string instructions translate into an indefinitely
long sequence of internal instructions. The decoder issues
RISCS86 instructions as fast as possible; when the core detects
the termination condition, remaining iterations are invalidated.

The Nx586 goes to great lengths to maintain this rate of one
instruction per cycle, regardless of data dependencies, cache
misses, branches, resource conflicts, and other events that
cause glitches in most other processors.

To further exploit the parallelism of the RISC86 instructions, a
14-entry queue precedes each of the function units. If RISC86
instructions cannot immediately execute due to dependencies or
resource conflicts, they simply wait in the queues; other instruc-
tions in the queues continue to execute in other function units.

The queues prevent the instruction decoder from stalling when
a function unit is busy, as it can simply issue RISC86 instruc-
tions into the queues. If the instruction at the front of a queue
cannot be executed for any reason, however, that function unit
stalls. This problem will completely tie up one unit while the
others continue. The dual integer units provide some redun-
dancy; if one stalls, the other can continue processing (non
dependent) integer operations.

The Nx586 allows up to 14 RISC86 instructions to be pending at
any one time; NexGen says that there are often 8 or more
instructions in process, and that it is not unusual to reach the
limit of 14. One effect of the queues is that instructions can be
executed out of order, though they are always issued and retired
in order. The CPU tags each instruction with a sequence num-

‘ber. The tags help ensure that instructions with dependencies

are executed in the proper order. The use of register renaming
reduces the number of dependencies, increasing parallelism in
the instruction stream.
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Like most microprocessors with multiple pipelines, the Nx586
execution units are not symmetrical. The primary unit can han-
dle all RISC86 integer operations, including multiply and
divide, while the second integer unit performs only simple
(single-cycle) operations. The decoder has a load-balancing algo-
rithm to allocate instructions that could be sent to either inte-
ger unit.

RISC86 load and store instructions are routed to the address
unit, which calculates the target address and performs transla-
tion and validation according to the x86 standard. Since there is
a single address unit, only one RISC86 load or store instruction
can be executed on each cycle. The chip contains a 32-entry uni-
fied TLB for virtual address translation.

The Nx586 uses an instruction prefetch buffer to solve the prob-
lems of variable length and alignment inherent in x86 code.
Unlike Pentium’s cache, which contains special logic to fetch up
to 31 consecutive unaligned bytes, the Nx586 instruction cache
delivers instructions in groups of 8 aligned bytes. The prefetch
buffer holds up to three groups of 24 bytes each, prefetching
along the sequential path and two predicted paths. On each
cycle, the Nx586 decoder can fetch up to 8 unaligned bytes from
the prefetch buffer. It can also fetch directly from the cache but
is restricted to aligned accesses of 8 bytes.

One of the bottlenecks of the x86 architecture is that it defines
only eight general-purpose registers. The Nx586 uses register
renaming to ameliorate this bottleneck, and implements 22
physical registers. At any given time eight of these are mapped
onto the eight logical registers of the x86 architecture. This
technique, called register renaming, can circumvent register
conflicts common in x86 programs. Register renaming also used
in the Cyrix “M1,” AMD “K5,” and Intel “P6.”

Proper handling of exceptions can be complex in an out-of-order
machine. The Nx586 always retires instructions in order, even
if their results were generated out of order. Exceptions are han-
dled when the excepting instruction is retired; the results of all
successive (unretired) instructions are nullified. Register
renaming simplifies this process. Values in the physical regis-
ters are not overwritten until the instruction that generated
them is retired; intermediate values are kept in other physical
registers. Nullifying instructions is simply a matter of updating
the register mapping.
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Is it Superscalar Yet?

Cache Logic

Although out-of-order execution does not require additional
overhead for the general-purpose registers, the Nx586 must
keep multiple copies of special registers, such as the flags and
segment registers, to correctly handle exceptions.

Memory writes are queued in an eight-entry write-reservation
station and are not executed until the write instruction is
retired, ensuring that the cache/memory system always sees in-
order, nonspeculative writes. Reads can take data directly from
the reservation station, bypassing the first- and second-level
caches.

The unusual design of the Nx586 core makes the part difficult
to categorize. Because one x86 instruction can turn into two or
more RISC86 instructions, the decoder can issue multiple
RISCS86 instructions per cycle, one to each function unit. The
function units are designed to work in parallel, at times execut-
ing multiple RISC86 instructions in a single cycle.

NexGen describes the Nx586 design as “superscalar,” pointing
to the fact that all four execution units may sometimes be exe-
cuting different RISC86/microcode operations. A more conven-
tional definition of the word “superscalar,” however, relates to a
processor’s ability to fetch, decode, issue, execute, and retire
more than one instruction during every clock cycle. At the x86
macroinstruction level, the Nx586 can actually decode and
issue, at most, one x86 instruction per cycle, so the part falls
short of this definition.

From the standpoint of x86 instructions, then, the Nx586 may
best be described as a scalar processor with a very deep pipeline
(superpipelined, if you will), and FIFO “slip-joints” between the
stages. In NexGen’s defense, the Nx586 design does appear to
be able to sustain execution rates very close to one new x86
macroinstruction nearly every cycle (one IPC)—approximately
the same as a dual-pipeline superscalar Pentium device.

The Nx586 contains 16 Kilobytes each of instruction and data
cache, twice the collective size of Pentium’s combined cache.
Each of NexGen’s caches are four-way set-associative, further
increasing the hit rate compared with Pentium’s two-way
caches. Each is physically indexed and tagged.

Two cache accesses can occur during each cycle. Because the
Nx586 has only one address unit, the second cache access is
used for snooping or for moving data to and from the L2 cache
or the system bus. Many processors block the cache when these

~
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events occur, stalling CPU accesses, but the Nx586 can handle
them without slowing instruction execution.

The built-in L2 cache controller connects to an external L2
cache constructed of standard asynchronous SRAMs. Only two
configurations are supported: 256Kbytes or 1Mbyte, both using
eight x8 SRAMs. The L2 cache is unified (instructions and data)
and, like the L1 caches, is four-way set-associative. The control-
ler allows two cycles to access the external cache, requiring
15-ns SRAMs at 70 or 75 MHz, and 12-ns SRAMs at 84 and
93 MHz.

The tags are stored in the same chips as the cache data, reduc-
ing the amount of memory available for data by 6%. A cache
access requires two cycles to read the tags, then two cycles to
read each quad word of data (4-2-2-2 access timing pattern).
Reading the tags in series with the data simplifies the imple-
mentation of a set-associative cache, since the correct set is
determined before the data is read; otherwise, the chip would
have to support a 256-bit SRAM interface to read all four sets at
once.

NexGen’s set-associative design should have a higher hit rate
than a direct-mapped cache of the same size for a Pentium chip.
Another advantage of the NexGen design is that it can maintain
the same access pattern at higher frequencies because the cache
bus is clocked at a different speed than the system bus.

The on-chip caches use a write-through protocol, taking advan-
tage of the direct path to the L2 cache. The external cache uses
a write-back design to reduce traffic on the system bus. Writes
are sent to both the data and instruction caches to support self-
modifying code.

According to NexGen a 93-MHz Nx586 should perform about as
well as a 100-MHz Pentium with a 66-MHz system bus. The
Pentium device would likely transfer a new word of data only
every other bus cycle, equivalent to every third CPU cycle,
whereas the Nx586 can perform cache transfers every to the
CPU clock. Even so, the NexGen part in this example would
require 12-nsec SRAMs, whereas the Pentium could get by with
15-nsec parts.

It’s difficult to pin down exactly how long it takes the Nx586 to
execute an instruction. The decoder can issue nearly all instruc-
tions in a single cycle, but execution may be delayed, depending
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(2) ADD R1,R2

(b) LOAD R2,[R3]
ADD R1,R2

(c) ADD R1,R2

(d) BR target
<target>

(e) COMP,= R1,R2
BR target
<target>

condition resolved

[

from BPC

correct path

Figure 13-2. NexGen Nx586 execution pipeline timing.

on interactions in the RISC86 core. Even basic pipeline concepts
are difficult to apply to this design.

Figure 13-2 shows the execution timing of several types of
instructions. The first few pipeline stages are the same for most
instructions. During the first stage, an instruction is fetched
from either the instruction prefetch buffer or the instruction
cache. This stage will stall for two cycles if the prefetch buffer is
empty and the requested instruction stretches across an eight-
byte boundary, but this situation occurs infrequently.

Once the x86 instruction is fetched, it takes two cycles to decode
and translate it into a RISC86 instruction sequence. A third
cycle allows these instructions to transit to the function units.
This is mainly a vestige of NexGen’s original eight-chip design.

Here things start to get sticky. The simplest case is a register-
to-register integer calculation (see line a of Figure 13-2).
Assuming that the queues are empty, it can be executed in a
single cycle and retired in two cycles. The scoreboard and the
register map are updated on the final cycle.

Memory-to-register calculations are translated into two RISC86
instructions (see Figure 13-2 line b):

LOAD R2,R3
ADD R1,R2
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The LOAD is sent to the address unit, while the ADD goes to
one of the integer units. Again assuming that the queues are
empty, the LOAD begins processing immediately, but the ADD
stalls until the LOAD completes. This stall ties up one integer
unit, but the other integer unit (and the FPU) could process
subsequent instructions during that period. The LOAD itself
takes three cycles: two to generate, verify, and translate the
address, and one to access the data cache.

In practice, however, several RISC86 instructions usually are
queued at any given time. In this situation, one or more delay
cycles may be inserted into the execution of a particular RISC86
instruction (see Figure 13-2 line c¢). Because the core can exe-
cute multiple instructions per cycle, these delays usually are
not reflected in the apparent execution of the x86 instruction
stream.

When the Nx586 encounters a branch, it predicts the outcome
and begins to execute subsequent instructions. This is called
speculative execution, since these instructions may be incorrect
if the branch condition is mispredicted. The Nx586 can specula-
tively execute beyond two predicted branches; in most cases, the
first branch condition will be resolved by the time a third
branch is encountered.

To reduce taken-branch penalties, NexGen has implemented a
96-entry branch prediction cache (BPC). The company has not
released details on the structure of the Nx586 BPC. However,
NexGen has received a patent (number 5,230,068) that
describes a BPC that contains the first 24 instruction bytes at
each target address, along with the target address itself. This
design is similar to the branch target cache in AMD’s 29000 but
is different from Pentium’s, which contains only target
addresses. ‘

The BPC described in the patent is indexed by the address of
the branch instruction, so it could be checked during the IF
stage. Twenty-four instruction bytes would be enough to bridge
the gap until the instruction cache begins responding, even for
most misses to the L2 cache.

Line d of Figure 13-2 shows a branch predicted to be taken. By
the end of the D1 phase, the target address has been calculated
from the instruction. This address is then used to start an
instruction fetch by assuming that the target is on the same vir-
tual page as the previous address. The virtual target address is
translated by the address unit in parallel with the fetch, and
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Floating-Point Unit

the fetch is restarted if the translation indicates that the target
is on a different page.

In the meantime, it takes four cycles to transmit the address to
the instruction cache and begin receiving data. This seems
absurdly long for an on-chip access, but most of these cycles are
a legacy from the old multichip design; an extra cycle is also
required to update the scoreboard. In total, there are five cycles
during which sequential x86 instructions could have been
decoded and issued and many more RISC86 instructions could
have been executed; these instructions must all be invalidated.

Line e of Figure 13-2 shows the pipeline timing of a conditional
branch instruction, divided into a compare instruction followed
by a branch. As the branch itself is handled by the BPC as
described above, the compare is dispatched to one of the integer
units for evaluation. If the queues are empty, as in the figure,
five cycles are lost if the result of the compare indicates that the
branch was mispredicted. If the queues are not empty, 19 or
more cycles can be lost before the misprediction is detected.
These penalties give the Nx586 the appearance of a very deep
pipeline.

The Nx586 uses the same two-bit Smith and Lee algorithm
used by Pentium to predict branches. According to the patent,
each BPC entry contains two prediction bits. If a branch misses
the BPC, an additional 2,048-entry, two-bit-wide branch history
table is checked, increasing the prediction accuracy over
Pentium’s 256-entry branch target buffer.

Although these two structures will correctly predict most condi-
tional branches, they are less effective for RET instructions.
Returns are hard to handle because the target address can
change on each iteration. The Nx586 includes a return address
stack, NexGen claims, that handles up to eight subroutine calls.
The combination of these three structures should push the pre-
diction success rate above 90% on most code, compensating for
the significant penalties that can occur when the Nx586 mispre-
dicts a branch.

An upcoming version of the Nx586 will includes an FPU chip to
handle all floating-point operations. The FPU will receive
instructions from the decoder at the same time and in much the
same way as the other three function units. The FPU should
execute double-precision adds and multiplies in just two cycles,
one fewer than Pentium; Table 13-2 shows the latencies for var-
ious math operations.
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. NexGen Nx586
Intel Pentium with FPU

latency 3 2

FP Add (DP)
throughput 1 2
latency 3 2

FP Multiply (DP)
throughput 2 2
latency 39 40

FP Divide (DP)
throughput 39 40

Table 13-2. NexGen FPU instruction execution times.

Current plans are for the existing integer processor to be com-
bined with an FPU die within a pin-compatible multichip mod-
ule to be introduced in 1H95. End users will be able to upgrade
existing systems for support floating-point operations by remov-
ing the original integer processor from its socket and inserting a
two-chip module. One disadvantage to this approach is that
expanding an Nx586 system to include an FPU requires remov-
ing the CPU from its socket and discarding it (or perhaps
returning it to a vendor for credit).

Even though NexGen’s plans now call for combining the two die
onto a single multichip module, the module still includes a hun-
dred or so “no connect” pins that previously been reserved for
the FPU interface. As a result, the integer-only device and the
upcoming multichip module each require a 463-pin PGA that
likely costs twice as much as a Pentium 296-pin PGA.

NexGen did not implement Pentium’s parallel FXCH feature
and thus chose not to pipeline the FPU, since most code
requires an FXCH between each math operation. Pentium’s
ability to issue an FXCH along with a math operation may bal-
ance out the performance advantage of the faster adds and
multiplies.

NexGen chose an unusual partitioning of the system-bus design
as well. Instead of a standard 486 or Pentium bus, the Nx586
connects to the system via its own proprietary 64-bit NexBus.
NexGen currently offers a single product which connects to the
main-memory, ISA, and VL-buses. An external 82C206 is
required for standard system logic such as interrupts and tim-
ers. The company is developing a second device that provides a
PCI interface and integrates the 82C206 functions.

A second dedicated 64-bit bus connects to an external SRAM
cache. At the chip level, a third dedicated 64-bit bus connects
the device to the external FPU, as shown in Figure 13-3.
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Figure 13-3. NexGen Nx586 system partitioning.

A
16-bit ISA Bus (8 MHz)

The dedicated cache bus eliminates bus conflicts with memory
and I/O traffic and, in future versions, will allow the cache bus
to run at the CPU frequency while the system bus stays at a
more reasonable speed.

All caches and the write buffer maintain coherency with other
data in the system, using a MESI cache-coherency protocol.
(Chapter 12 contains an introduction to the MESI standard.)
This protocol allows other caches (typically other processors) to
coexist in the system. The Nx586 snoops all transactions on the
NexBus; if a read snoop hits in any of its caches, it aborts the
bus transaction and writes the dirty data back to main memory.
Because of the double-speed L1 caches, most snoop transactions

are transparent to the processor. '

NexGen says the Nx586 can deliver about 7% more perfor-
mance than Pentium on integer code at the same clock fre-
quency, so a 93-MHz Nx586 is purportedly comparable in
throughput to a 100-MHz Pentium. At this writing, NexGen has
not released SPEC benchmark ratings for its parts.

The NexGen processor should have somewhat better cache per-
formance than Pentium due to its larger on-chip caches and set-

- associative L2 cache, compensating for the extra penalty cycle

on L2 accesses. The NexBus interface adds overhead to memory
accesses, however, so Pentium may hold the edge on programs
with inherently high cache-miss rates. In the absence of inde-
pendent benchmark data, it appears that the two chips could
well offer similar performance on many applications.
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NexGen hopes to further extend the Nx586 family with a future
“686” design intended to deliver two to four times the perfor-
mance of the Nx586. Although the company has not discussed
details of this future product, the Nx586 architecture could be
extended with a second decode unit and additional function
units.

The Nx586 is currently manufactured for NexGen by IBM in its
five-layer-metal 0.5-micron CMOS process. The device mea-
sures 14.1 x 14.1 mm (200 mm?2), halfway between Intel’s
0.8-micron and 0.6-micron Pentia. Yet another redesign will
(NexGen hopes) shrink the layout to an area smaller than the
0.6-micron Pentium, but even if the two products had similar
die areas, the Nx586’s 0.5-micron process technology would
likely make the Nx586 more expensive to build. The Nx586 also
uses a more costly package.

Commentary

NexGen originally planned to build high-performance multipro-
cessor systems but abandoned this effort to focus on completing
and marketing its processor chip set. Without shipping a prod-
uct, the company has raised $90 million from a long list of back-
ers including ASCII Corp., Compagq, Olivetti, and noted venture
capital firm Kleiner, Perkins, Caufield, and Byers.

NexGen and its investors should be congratulated for persever-
ing on the long road to shipment of its first product and for
delivering that product at a competitive price/performance
point (see Table 13-3). The company’s initial goal, however, had
been to deliver x86 performance two or more times greater than
Intel parts. These goals no doubt faded with time; even by
NexGen’s evaluation, its fastest 93-MHz parts are currently no
faster than the 100-MHz Pentia that Intel has been shipping in
volume for many months.

(A NexGen spokesman claims that some of the press reports
cited in Table 13-3 were erroneous to begin with. “So what if
‘press reports’ said the company planned something that didn’t
happen.” he countered. ““Press reports’ also claim aliens abduct
humans!”)

To establish itself in the market NexGen must meet certain cri-
teria. Like all new x86 vendors, the company must first demon-
strate uncompromising compatibility with x86 software. One
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Date

Event or Announcement

1986

NexGen founded.

19088

Company begins development of superscalar multichip x86 processors for
use in systemns intended to reach the market in 1989.
Nick Tredennick, company cofounder and contributor to this Report, resigns.

4/89

NexGen reveals plans to build 386-compatible processor for internal use only,
with no plans to sell chips to other system vendors. NexGen design to use
seven custom chips plus standard SRAM cache. Costs likely to exceed 486-
based systems; company to depend on higher performance than Intel-based
systems. Design delays postpone shipments to 1990.

3/80

Compagq invests in NexGen. NexGen promises to deliver double the perfor-
mance of a 486. NexGen says it has always planned to work with system part-
ners. Early investor Olivetti, which helped with system-level design and had
planned to market a chip-set based system, adopts 486 due to NexGen's
scheduling delays.

10/90

Thampy Thomas, company president, reveals a few details of its 386/486
architecture multichip processor at Microprocessor Forum. He claims the last
chip is already in fab, so company soon expects to know how well its years of
effort—and tens of millions of dollars—have paid off.

1/91

Atiqg Raza appointed CEO.

10/91

8-chip design in 1.2p CMOS validates RISC86 microarchitecture.

3/92

Design work begins on a three-chip implementation to use 0.5u technology.

4/92

Three-chip design repartitioned to require just two chips.

5/92

NexGen exhausts initial capital and receives $1.75 million bridge loan from
Kleiner Perkins, ASCII Corp., and Olivetti. Seeks to raise additional $15-$30
million in private-placement offering.

System shipments planned for second half of 1992, to be priced from $7,000.
Prototype successfully tested for compatibility by an independent testing lab,
VeriTest. Runs various DOS and protected-mode Windows 3.0 applications.
While the company will initially focus on selling complete systems based on
the 8-chip set, the 3-chip set will be sold to other system vendors.

NexGen expects the initial 8-chip set to run at 33 MHz and deliver

25 SPECmarks, twice that of a 486 at the same clock rate. Three-chip version
expected to deliver 60 SPECmarks at 66 MHz.

8/92

Press reports say NexGen planning to market two-chip design in Japan
through a joint venture with investor ASCII Corp. The company closes a new
round of financing from private investors. Total investment in the company is
rumored to approach $50 million.

10/92

Eight-chip system implementation efforts discontinued.

10/93

Taiwan sources report samples of NexGen's 586 microprocessor have been
delivered to computer makers there. NexGen declines comment. NexGen has,
to date, spent five years and $60 million developing its x86-compatible proces-
sor. Design is said to be bug-free. .

3/94

NexGen delivers samples of Nx586 chips built by IBM in five-layer-metal 0.5u
CMOS process. The Nx586 is predicted to ship in 2Q94 with the Nx587 FPU
version scheduled to ship by 2Q95.

6/94

IBM contracts to build Nx586 and FPU chips on 0.5 fab line.

8/94

System repartitioned to combine IEU and FPU chips into a single multichip
module. Nx587 discontinued as a separate product. New product-numbering
scheme introduced in which parts are given a numeric suffix 7% higher than
actual maximum rated frequency, to indicate expected system performance
levels compared to Pentium. Chip redesign initiated to further reduce die size.

Table 13-3. NexGen announcement chronology.
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advantage of the product’s long development cycle is that the
company has spent literally years testing its design with a wide
variety of applications; it claims that the current version is fully
compatible, but only time will tell. Cyrix and IBM have shown
that independently designed new chips can be compatible with
Intel’s, priming the market for other competitors.

NexGen must also demonstrate an ability to deliver an ade-
quate supply of parts. As Intel floods the market with tens of
millions of Pentium chips per year, system vendors’ unit
demands will increase, raising the bar for NexGen.

Finally, the startup must weather the inevitable legal chal-
lenges from Intel. Since NexGen uses IBM as a fab, it can
deploy the same patent-laundering defense that Cyrix has used.
But even if NexGen were unable to hide behind IBM’s patent
portfolio, the company says it could still sell the Nx586 because
its design and microcode were developed independently and do
not (NexGen says) violate any Intel patents. Maybe so; the com--
pany’s reluctance to discuss the Nx586’s address-translation
mechanism indicates some nervousness over the notorious 338
patent and other memory-management issues.

At this writing, the issues of compatibility and the availability
of the PCI interface must still be resolved. Even then, NexGen
must maintain a price/performance advantage over Intel. The
lack of an on-chip FPU and the higher manufacturing cost of
NexGen’s chip will put it at a disadvantage if Intel continues to
cut Pentium prices aggressively. If Intel falters, however,
NexGen will be first in line to fill the gap.

For More Information...

Additional technical information on NexGen product plans may
be found in the following publications:

1: NexGen Nx586 Family Enters Volume Production With
P100, P90, P80, and P75 Processors Press Kit. NexGen,
9/19/94.

2: NexGen Prepares to Launch Systems. MPR vol. 2 no. 7,
7/88, pg. 2. (Most Significant Bits item.)

3: NexGen Aims to Beat 486 Performance*. MPR vol. 3 no. 4,
4/89, pg. 6. (Feature article.)
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Other Periodicals

10:

11:

12:

13:

14.

Compagq Investment in NexGen Revealed. MPR vol. 4 no. 5,
3/21/90, pg. 5. (Most Significant Bits item.)

It Doesn't Have to be RISC to be Good. Thampy Thomas,

- MPR vol. 4 no. 11, 6/20/90, pg. 3. (Viewpoint.)

NexGen Presents Superscalar 386 Approach*. MPR vol. 4
no. 20, 11/7/90, pg. 6. (Feature article.)

NexGen Seeking New Funding. MPR vol. 6 no. 7, 5/27/92,
pg. 4. (Most Significant Bits item.) :

NexGen Developing Two-Chip P5 Competitor. MPR vol. 6
no. 11, 8/19/92, pg. 5. (Most Significant Bits item.)

NexGen Quietly Samples 586, At Last. MPR vol. 7 no. 14,
10/25/93, pg. 4.

PC Market Centers on Growing 486 Family. Michael Slater,
MPR vol. 8 no. 1, 1/24/94, pg. 1. (Cover story.)

NexGen Enters Market with 66-MHz Nx586. Linley Gwen-
nap, MPR vol. 8 no. 4, 3/28/94, pg. 12. (Feature article.)

NexGen, IBM Finally Come to Terms. MPR vol. 8 no. 8,
6/20/94, pg. 5. (Most Significant Bits item.)

NexGen Pushes 586 to 93 MHz. MPR vol. 8 no. 13, 10/3/94,
pg. 4. (Most Significant Bits item.)

80x86 Wars. Tom Halfhill, Byte, vol. 19 no. 6, 6/94, pg. 74.
(Cover Story about Intel and its strongest x86 and RISC
competition.)

(*Note: Items marked with an asterisk are available in Under-
standing x86 Microprocessors, a collection of article reprints
from Microprocessor Report.)

The Complete x86



REQUEST FOR MORE INFORMATION

MicroDesign Resources Technical Library

Just check the appropriate boxes below, fill in the bottom of the form, and fax to 707.823.0504. You'll receive
detailed information on the following Technical Library reports:

(J THE COMPLETE x86—The Definitive Guide to 386, 486,
and Pentium-Class Microprocessors

The resource for the most up-to-date, detailed information and
analysis on every 386, 486, and Pentium-class chip made today.
Edited by John Wharton, this 750+ page report outlines the
history of x86, profiles the manufacturers, provides chip-by-chip
reviews and comparisons, predicts future plans, and puts it all in
perspective. PRICE $2,695.00*

(1 RISC ON THE DESKTOP—A Comprehensive Analysis of
RISC Microprocessors for PCs, Workstations, and Servers

This report addresses the technological issues for each processor in the context of the com-
petition. You'll learn about the market strategy behind each architecture, and the manu-
facturers’ prospects. You'll get a complete review of each chip’s microarchitecture, cache
design, system interface, and performance. Edited by Linley Gwennap of Microprocessor
Report. PRICE $2,695.00*

D NEW DRAM TECHNOLOGIES—A Comprehensive Analysis of the New Architectures

This one-of-a-kind resource is designed to give you a giant head start in your analysis when choosing between wide DRAMs,
extended data-out DRAMs, enhanced DRAMSs, cached DRAMs, and Rambus DRAMs. Written by Steven Przybylski, Ph.D., the
report delivers an expert analysis of system-level implications, side-by-side architecture comparisons and a historical
perspective. PRICE $2,695.00*

() HIGH-PERFORMANCE EMBEDDED MICROPROCESSORS

Embedded microprocessors are the most pervasive, highest-volume CPUs in the world today, and the
fastest-growing part of the microprocessor market. This report covers all the high-performance,
32-bit embedded microprocessors from the top down, and from every angle. Edited by James L.
Tarley of Microprocessor Report, it also includes an analysis of the features that mean success or defeat
in the competitive embedded arena. PRICE TBD

(U BUYERS GUIDE TO DSP PROCESSORS

This guide provides key insights into each processor’s strengths and weaknesses, as well as
complete sets of tables to directly compare sets of processors for particular features or perfor-
mance metrics. Written by DSP consultants, Berkeley Design Technology, this report evaluates
processor performance based on BDT’s own benchmarks. PRICE $2,450.00%*

*Discounts available to Microprocessor Report subscribers; substantial discounts
for additional copies to same site.

**Additional copy discount available.

Please send the brochures on the reports I've checked to:
Name Title
Company
MICRODESIGN
R o nce.] Addsess
874 Gravenstein Hwy. So. City State Zip
Sebastopol, CA 95472 .
707.824.4001 Phone () Fax( ) Email

FAX THIS FORM TO: 707.823.0504

RRT 20






EMBEDDE

REQUEST FOR MORE INFORMATION

MicroDesign Resources Technical Library

Just check the appropriate boxes below, fill in the bottom of the form, and fax to 707.823.0504. You’ll receive
detailed information on the following Technical Library reports:

D THE COMPLETE x86—The Definitive Guide to 386, 486,
and Pentium-Class Microprocessors

The resource for the most up-to-date, detailed information and
analysis on every 386, 486, and Pentium-class chip made today. el
Edited by John Wharton, this 750+ page report outlines the i ' I
history of x86, profiles the manufacturers, provides chip-by-chip - v
reviews and comparisons, predicts future plans, and puts it all in
perspective. PRICE $2,695.00*

(J RISC ON THE DESKTOP—A Comprehensive Analysis of
RISC Microprocessors for PCs, Workstations, and Servers

This report addresses the technological issues for each processor in the context of the com-
petition. You'll learn about the market strategy behind each architecture, and the manu-
facturers’ prospects. You'll get a complete review of each chip’s microarchitecture, cache
design, system interface, and performance. Edited by Linley Gwennap of Microprocessor
Report. PRICE $2,695.00*

D NEW DRAM TECHNOLOGIES—A Comprehensive Analysis of the New Architectures

This one-of-a-kind resource is designed to give you a giant head start in your analysis when choosing between wide DRAMs,
extended data-out DRAMs, enhanced DRAMs, cached DRAMs, and Rambus DRAMs. Written by Steven Przybylski, Ph.D., the
report delivers an expert analysis of system-level implications, side-by-side architecture comparisons and a historical
perspective. PRICE $2,695.00%

() HIGH-PERFORMANCE EMBEDDED MICROPROCESSORS

h V(E
- ERY‘ORMA}\ -
H\fMKCROPROCESSORS Embedded microprocessors are the most pervasive, highest-volume CPUs in the world today, and the

fastest-growing part of the microprocessor market. This report covers all the high-performance,
32-bit embedded microprocessors from the top down, and from every angle. Edited by James L.
Turley of Microprocessor Report, it also includes an analysis of the features that mean success or defeat
in the competitive embedded arena. PRICE TBD

HIG

D BUYERS GUIDE TO DSP PROCESSORS

This guide provides key insights into each processors strengths and weaknesses, as well as
complete sets of tables to directly compare sets of processors for particular features or perfor-
mance metrics. Written by DSP consultants, Berkeley Design Technology, this report evaluates
processor performance based on BDTs own benchmarks. PRICE $2,450.00%*

*Discounts available to Microprocessor Report subscribers; substantial discounts
for additional copies to same site.

**Additional copy discount available.

Please send the brochures on the reports I've checked to:
Name Title
Company
MICRODESIGN
CEXXTXTE Addres
874 Gravenstein Hwy. So. City State Zip
Sebastopol, CA 95472 .
707.824.4001 Phone( ) Fax( ) Email

FAX THIS FORM TO: 707.823.0504

RRT 20






REQUEST FOR MORE INFORMATION

MicroDesign Resources Technical Library

Just check the appropriate boxes below, fill in the bottom of the form, and fax to 707.823.0504. You’'ll receive
detailed information on the following Technical Library reports:

() THE COMPLETE x86—The Definitive Guide to 386, 486,
and Pentium-Class Microprocessors

The resource for the most up-to-date, detailed information and
analysis on every 386, 486, and Pentium-class chip made today.
Edited by John Wharton, this 750+ page report outlines the
history of x86, profiles the manufacturers, provides chip-by-chip
reviews and comparisons, predicts future plans, and puts it all in
perspective. PRICE $2,695.00*

Edined by Johne Wiharion

(U RISC ON THE DESKTOP—A Comprehensive Analysis of
RISC Microprocessors for PCs, Workstations, and Servers

This report addresses the technological issues for each processor in the context of the com-
petition. You'll learn about the market strategy behind each architecture, and the manu-
facturers’ prospects. You'll get a complete review of each chip’s microarchitecture, cache
design, system interface, and performance. Edited by Linley Gwennap of Microprocessor
Report. PRICE $2,695.00*

(U NEW DRAM TECHNOLOGIES—A Comprehensive Analysis of the New Architectures

This one-of-a-kind resource is designed to give you a giant head start in your analysis when choosing between wide DRAMs,
extended data-out DRAMs, enhanced DRAMs, cached DRAMs, and Rambus DRAMs. Written by Steven Przybylski, Ph.D., the
report delivers an expert analysis of system-level implications, side-by-side architecture comparisons and a historical
perspective. PRICE $2,695.00*

] HIGH-PERFORMANCE EMBEDDED MICROPROCESSORS

Embedded microprocessors are the most pervasive, highest-volume CPUs in the world today, and the
fastest-growing part of the microprocessor market. This report covers all the high-performance,
32-bit embedded microprocessors from the top down, and from every angle. Edited by James L.
Turley of Microprocessor Report, it also includes an analysis of the features that mean success or defeat
in the competitive embedded arena. PRICE TBD

D BUYERS GUIDE TO DSP PROCESSORS

This guide provides key insights into each processor’s strengths and weaknesses, as well as
complete sets of tables to directly compare sets of processors for particular features or perfor-
mance metrics. Written by DSP consultants, Berkeley Design Technology, this report evaluates
processor performance based on BDTs own benchmarks. PRICE $2,450.00%*

*Discounts available to Microprocessor Report subscribers; substantial discounts
for additional copies to same site.

**Additional copy discount available.
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