4/92 FE344-0/30K

For U.S. Sales Of fice locations, call: 800 821-4643 In California: 800 821-4642

New Zealand: (04) 499 2344 Nordic Countries: +46 (0) 8 623 90 00 PRC: 861-831-5568 Singapor e: 224 3388 Spain: (91) 5551648 Switzerland: (01) 825 71 1 1

Taiwan: 2-514-0567 UK: 0276 20444 Elsewher e in the world, call Corporate Headquarters: 415 960-1300 Inter continental Sales: 415 688-9000

Hong Kong: 852 802 4188 Italy: 039 60551 Japan: (03) 3221-7021 Korea: 822-563-8700 Latin America: 415 688-9464 The Netherlands: 033 501234

Australia: (02) 413 2666 Belgium: +32 2 759 38 1 1 Canada: 416 477-6745 Finland:+358-0-5022700 France: (1) 30 67 50 00 Germany: (0) 89-46 00 8-0

Printed in USA

26 SuperSPARC Microprocessor— May 1992

A

25

References A

[SI 1992] SPARC International, Inc. The SPARC Architecture Manual - Version 8, Prentice-Hall, Englewood Clif fs, New Jersey . 1992.

[SI 1990] SPARC International, Inc. The SPARC MBus Interface Specification, SPARC International, Menlo Park, California, 1990.

[Pattserson 1989] D. A. Patterson, J. L. Hennessy , Computer Architecture: A Quantitative Appr oach, Morgan Kaufmann Publishers, Palo Alto, California, 1989.

[ISSCC 1992] Abu-Nofal, Nanda, et. al, Three Million Transistor Micr oprocessor, 1992 International Solid State Cir cuit Confer ence pr oceedings, IEEE.

[Smith 1982] J. E. Smith and A. R. Pleszkun, Implementing Precise Interrupts in Pipelined Processors, IEEE Transactions on Computers, May 1982, pages 562-573.

[Compcon 1992] G. Blanck, S. Kr euger , The SuperSPARC Microprocessor, Compcon92, IEEE, Los Alamitos, California, 1992.

[Sweazey 1986] P . Sweazey , A. J. Smith, A Class of Compatible Cache-Consistency Protocols and Their Support by the IEEE Future Bus, Proc. 13th International Symposium on Computer Ar chitectur e, Tokyo, Japan, 1986.

[Compcon 1992a] J. H. Chang et. al, A Second Level Cache Controller for a Superscalar SPARC Processor, Compcon92, IEEE, Los Almitas, California, 1992.

24 SuperSPARC Microprocessor— May 1992

5 Features

The SuperCache contr oller pr ovides an asynchr onous interface between the SuperSPARC micr oprocessor and system buses so that the pr ocessor subsystem can run with a higher clock fr equency .

One r ead miss and one write miss can be handled at any given time. That is, when a pr ocessor r ead (or write) access incurs a miss, the contr oller can still allow the pr ocessor to access the external cache for write (or r ead) accesses until and including the occurr ence of a write (or r ead) miss. After the second miss, no mor e write or r ead accesses ar e allowed until one miss is r esolved.

Multiple shar ed write r equests fr om the pr ocessor ar e possible, pr ovided they are addr essed to dif ferent sub-blocks in external cache. In a multipr ocessor system, a write to a shar ed sub-block r equir es mor e cycles due to the cache consistency pr otocol. The ability to handle multiple pending write r equests impr oves the write thr oughput fr om pr ocessor.

Prefetching is supported in or der to r educe ef fective memory latency during sequential accesses. The pr efetch is trigger ed on a pr ocessor burst-r ead access when its next sequential sub-block, bounded by the block boundary , is not in external cache. Only one pr efetch can be outstanding at any given time. The SuperCache contr oller can handle pr efetch and other operations at the same time. The pr efetch mechanism can be disabled.

Block Copy and Block Zer o are supported with str eam har dwar e. A sub-block can be transferr ed from one memory location to another thr ough the str eam data r egister in the contr oller. A stream operation is trigger ed when the sour ce (or the destination) addr ess is loaded into the str eam sour ce (or destination) addr ess register . The SuperCache contr oller can handle str eam operations and other operations at the same time. Str eam operations can only be invoked in the supervisor mode.

The SuperCache contr oller implements an external cache performance monitor with two counters. One keeps track of r eference count and the other keeps track of cache miss count.

Second-Level Cache Controller 23

5

Figure 5-1 Processor -subsystem in MBus Mode

External Second-Level Cache

The SuperSP ARC micr oprocessor has on-chip a 20 Kbyte instr uction cache and a 16 Kbyte data cache. When connected to the SuperCache contr oller, the processor first-level caches work in write-thr ough mode.

The external cache is a dir ect-mapped, copyback cache. The SuperCache can support up to 1 megabyte of external cache in the MBus configuration. Subblocking is used to r educe the size of the external cache dir ectory inside the SuperCache contr oller. The sub-block size is 32 bytes for the MBus configuration. Four sub-blocks ar e implemented per block. The cache consistency pr otocol is maintained, and data is transferr ed on sub-block basis.

1 Mbyte x 8 or 1 Mbyte x 9 SRAM chips that support pipelined access ar e used for implementing the external cache. During a r ead, ther e are two cycles of latency for latching the addr ess and then latching the data inside the SRAM chips befor e the data is driven to the pr ocessor bus.

External Cache

Processor Bus

MBus

SuperSPARC

SuperCache

22 SuperSPARC Microprocessor— May 1992

5 second-level cache per pr ocessor, the bus bandwidth r equir ement per pr ocessor is greatly r educed due to a much lower miss rate. A given bus can thus support mor e processors.

The SuperCache contr oller [Compcon 1992a] is designed to isolate the CPU and external cache fr om the r est of the system. The pr ocessor can then operate at a faster clock speed than the system.

Bus Support

The SuperCache supports the MBus multipr ocessor bus, a cir cuit-switch bus. It implements a shar ed-write invalidation cache consistency pr otocol. The SuperCache contr oller can handle multiple outstanding operations fr om the SuperSPARC micr oprocessor with its internal FIFOs. It also includes special hardwar e to support Block Copy/Block Zer o, and performance monitoring.

Processor Subsystem

The SuperSP ARC micr oprocessor is connected to SuperCache contr oller and external cache thr ough the pr ocessor bus, which consists of a 72-bit data bus (64-bit data and 8-bit parity), a 36-bit addr ess bus, and the other 25 contr ol/command signals. The pr ocessor bus can support pipelined access to the external cache in burst mode for both r ead and write. In a burst-r ead operation, 32 bytes of data can be str eamed to the pr ocessor in four cycles after the initial two cycles of latency . In a burst-write operation, CPU can write into external cache with a speed of 8 bytes per cycle after the initial thr ee cycles of latency.

A typical pr ocessor subsystem configurations for an MBus based system is shown in Figur e 5-1.

21

Second-Level Cache Controller 5

Introduction

To achieve high performance, the pr ocessor needs a fast clock and a low number of cycles per instr uction (CPI). However , even with a low CPI, memory latency can degrade the performance significantly , especially with superscalar micr oprocessors. Caches ar e used to r educe the impact of long memory latency . With curr ent VLSI technology , a smaller on-chip first-level cache, say 32 Kbytes can be put inside the pr ocessor chip. However , a simple computation r eveals that even with a small first-level cache, the CPI can be degraded significantly . For example, assume a CPU with 0.75 CPI and a 3% cache miss rate, the memory latency 10 cycles away , and the memory r eference rate at 1.33 r eferences per instr uction. In this example, the cache miss penalty is 0.4 CPI, and the degradation to the performance is about 35%. By implementing a lar ge second-level cache, the ef fective memory latency can be reduced due to both a lower miss rate on the second-level cache and the fact that it is much closer to the pr ocessor than the main memory .

Multiple Pr ocessors

Increasing the number of instr uctions per cycle executed by the system can be achieved by having multiple pr ocessors as well as using superscalar pipelines. The degr ee of multipr ocessing depends on the available multipr ocessing bus bandwidth, and the bus bandwidth r equir ement per pr ocessor. With a lar ge

20 SuperSPARC Microprocessor— May 1992

4 Clocking

The SuperSP ARC micr oprocessor and its SuperCache contr oller utilize PLLs to act as zer o-delay clock buf fers, and to r egenerate the clock duty-cycle. The PLL has a common ar chitectur e but takes advantage of the BiCMOS pr ocess to produce excellent performance. The phase and fr equency detector (PFD) uses BiCMOS circuitry to impr ove logical functionality and to r educe the r eset pulses, thus achieving an incr eased operating range. An external capacitor is used to contr ol the voltage contr ol oscillator (VCO). The VCO contr ol is moderated by pr ecision r esistors, r educing pr ocess variability . A five-stage CMOS oscillator with both rising and falling edge contr ol is used to minimize chaotic oscillations. The oscillator is r un at double the clock speed and then divided by two to guarantee a good clock duty cycle. The oscillator (each oscillator on the SuperCache contr oller) is fed with its own isolated power supply , preventing noise fr om other parts of the chip fr om affecting PLL operation. Filtering is placed on the SuperSP ARC modules to pr event system noise fr om affecting the oscillators.

Clock distribution with low skew is achieved by using balanced clock distribution paths up to key points, then using delay-matched local buf fers to regenerate sharp edges. BiCMOS buf fers give low gate-delays into high loads and thus help minimize clock skew acr oss the chip.

19

Implementation 4

Process

The SuperSP ARC micr oprocessor and SuperCache contr oller ar e manufactur ed using the T exas Instr uments Epic2b pr ocess. This is a BiCMOS pr ocess with a 0.8 μ minimum featur e size. It has thr ee layers of metal which, with a salicided silicon layer , enables four -layer inter connect. A local inter connect system is used within the RAMs to yield a small RAM cell, enabling the lar ge cache sizes. Pr ecision implanted r esistors ar e available, and used for such functions as sense-amp biasing, phased locked loop (PLL) contr ol, and output switching time contr ol. Laser pr ogrammable fuses enable higher yield thr ough cir cuit redundancy .

The epitaxial ar chitectur e of the pr ocess has buried high-conductivity wells (both P and N) on a low-conductivity substrate. This contrasts with the highconductivity substrate found in most CMOS pr ocesses. Ther e are two advantages to this constr uction. The obvious one is a gr eater level of latchup protection. Another important benefit is the ability to electrically isolate power supplies on the chip (a high-conductivity substrate would short them). This featur e is especially important to pr event noise-induced thr eshold shifts in the input cir cuits, and to allow stable PLL operation. Electr ostatic dischar ge (ESD) protection is pr ovided using a combined NPN-MOS str uctur e to achieve greater than 4 KV pr otection. All I/O pins have ESD pr otection cir cuits, and ther e are also pr otection str uctur es across and between power supply domains.

18 SuperSPARC Microprocessor— May 1992

3 The MBus interface uses a copyback, write allocate pr otocol. The on-chip stor e buffer is used as a copyback buf fer, enabling new data to be br ought on the chip befor e modified old data is transferr ed to memory . This copyback buf fer is kept coher ent as well. The SuperSP ARC pr ocessor r esponds to snoop transactions at cycle “A+3”, or thr ee cycles after the addr ess is received.

MBus supports a range of err or and r etry r esponses to handle dif ferent system requir ements. The relinquish and retry protocol enables bus deadlock cases to be resolved, as well as enabling disconnect/r econnect transactions to enable efficient transfers to slow peripheral devices.

External Cache Interface

The interface to an optional, second-level cache has been optimized for high bandwidth burst transfer of data between the CPU and the second-level cache. The pr ocessor may send a new addr ess to the cache RAM and cache contr oller every cycle with no idle cycles, unless the bus dir ection must be changed. The interface pr ovides 64 bidir ectional data lines, and a 36-bit physical addr ess bus. All transfers ar e fully pipelined.

The transfer rate is contr olled by the cache contr oller, allowing for a variety of different RAM configurations. Normal operation is for a fully r egister ed SRAM, as described in the next section. The pr ocessor drives the SRAM addr ess inputs and output-enable dir ectly (as well as SRAM write-enable signals) when dir ected to do so by the cache contr oller.

Overlapped r ead and write cycles ar e supported by this packet-switched interface. In particular , any number of r eads may occur while a write-miss is in progress. Conversely , any number of writes may occur while a r ead miss is in progress. Write-burst transactions ar e also supported, r equiring only a single “tag check” transaction for any number of queued stor es within a single cache line.

In this bus mode, the consistency mechanism is invalidation. The external cache must include a copy of all information in the internal cache (inclusion). Full byte-parity support is pr ovided by the interface. The pr ocessor both checks and generates parity when enabled.

Microarchitecture 17

3 Bus Operation

The interface to an optional, second-level cache has been optimized for high bandwidth burst transfers of data between the CPU and cache. The pr ocessor may send a new addr ess to the cache RAM and cache contr oller every processor cycle with no idle cycles, except when the bus dir ection must be changed. The transfer rate is contr olled by the external cache contr oller, allowing for a variety of dif ferent RAM configurations and cache speeds.

The SuperCache Contr oller implements a one Mbyte, dir ect-mapped SRAMbased cache. It supports a 128 byte line size, with 32 byte subblocks, and obtains a 99% hit rate in SPEC‘92 benchmarks. Block-zer o and Block-copy operations ar e supported in har dwar e. The cache tag array is implemented with 33 Kbytes of RAM, on the SuperCache contr oller chip. The cache’s data array is made fr om eight, 128 Kbytes x 9 fully r egister ed SRAMs, which support pipelined accesses and parity . A copyback, MOESI interface is maintained to the memory system.

The CPU is isolated fr om the system bus in two very important ways by the SuperCache contr oller, beyond simply pr oviding fast data transfers. First, it allows the pr ocessor to r un asynchr onously to the system bus, fr eeing the CPU’s accesses, it gr eatly r educes the SuperSP ARC micr oprocessor ’s memory bandwidth needs. This allows a substantial number of pr ocessors to be connected in a single machine.

The SuperSP ARC micr oprocessor implements write-thr ough coher ency when an external cache is pr esent, writing all stor e data dir ectly to the external cache. In addition to simplifying the cache contr oller ’s coherency har dwar e, this also avoids write-miss penalties normally incurr ed in copyback caches. In this configuration, the stor e buffer holds up to 8 buf fered writes, both cachable and noncachable.

Direct MBus Interface Operation

The SPARC memory bus (MBus) is a 64-bit multiplexed bus pr otocol designed for inter connecting a number of pr ocessors in a small system (typically a single board unipr ocessor or multipr ocessor system). The consistency pr otocol provides for modified, owned, exclusive, shar ed, and invalid states (the MOESI protocol [Sweazey 1986]). The SuperSP ARC micr oprocessor dir ect MBus interface fully supports this pr otocol. A basic MBus cachable memory r eference transfers 32 bytes of data.

16 SuperSPARC Microprocessor— May 1992

3 This or ganization enables the caches to be accessed in parallel with the MMU, since no additional physical addr ess bits ar e requir ed to index into each cache array. The remaining physical addr ess bits arrive later fr om the MMU, and ar e used to select the pr oper set and determine a hit or miss. This or ganization is shown in Figur e 3-4.

The cache tags ar e single ported, but ar e shar ed in time to allow for noninterfering memory consistency snoop operations. The cache arrays ar e also time shar ed, allowing for simultaneous r ead and fill operations.

Figure 3-4 Cache/MMU Or ganization

Virtual Address Adder

64-Entry Fully Associative TLB

Instruction Virtual Address

from PC Logic

Set 0

Set 1

Set 2

Set 0

Set 3

Set 1

Set 2

Set 3

Set 4

DCache Tag & compare

Data to

Integer Unit

Instruction

to Queue

Clock

ICache Tag & Compare

Microarchitecture 15

3 Cache and MMU Operation

The SuperSP ARC pr ocessor has multi-way associative caches to pr ovide high cache hit rates. Multiple code blocks and data str uctur es can easily r eside together in the on-chip caches. Both caches use a pseudo least r ecently used (LRU) replacement algorithm. The 20-Kbyte instr uction cache is five-way setassociative; the 16-Kbyte data cache is four -way set-associative. As a r esult, each set for both caches contains 4 Kbytes, which matches the minimum MMU page size. T able 3-4 shows some of the parameters of the instr uction and data caches.

This or ganization also enables the caches to be fully physically addr essed, without compr omising performance. Since the caches can be addr essed entir ely with page-index addr ess bits, which ar e unaf fected by virtual-physical addr ess translations, they can be accessed in parallel with the MMU. The r emaining physical addr ess bits arrive later fr om the MMU, and ar e used to select the proper set and determine a hit or miss for each cache.

Physical caches gr eatly simplify cache coher ency for multipr ocessing (MP) systems. Since both the pr ocessor and memory consistency snoop operations use physical addr esses, both can be accomplished with common tags. Antialiasing softwar e restrictions and excessive cache flushing, common pr oblems with virtual cache machines, ar e eliminated. Mor eover, SuperSPARC tags may be accessed twice per cycle for the pr ocessor and memory snoop operations, avoiding the traditional performance impacts of har dwar e cache coher ency.

Table3-4 Instr uction and Data Cache Parameters

Parameter Instruction Cache Data Cache

Organization 20 Kbyte five-way set associative

16 Kbyte four -way setassociative

Page size 4 Kbytes 4 Kbytes

Line size 64-bit (32-bit subblock size) 32-bit

Access 128-bit wide fetch path 64-bit r/w data path

Hit rate (SPEC 92) 98% 90%

Replacement Pseudo LRU Pseudo LRU

14 SuperSPARC Microprocessor— May 1992

3 performed in this stage by using the multiplier over multiple cycles. The second stage performs normalization and IEEE rounding. Subnormal outputs are correctly handled in this stage without softwar e intervention.

Performance

Table 3-3 assumes normal floating point operands and r esults. The additional penalty for subnormal numbers is nil for F ADDER operations, and no mor e than five cycles for FMUL TIPLIER operations.

Memory Hierarchy

Superscalar performance can only be maintained if the integer unit can be supplied with the appr opriate instr uctions and data; this is done by the memory hierar chy. The (20 Kbytes) on-chip instr uction cache, fetches up to four instr uctions per cycle without memory wait states. It plus the 16 Kbyte onchip data cache (which can handle one 64-bit load or stor e in each cycle) minimize pipeline bubbles. Memory management and pr otection is pr ovided by an on-chip SP ARC Refer ence MMU. It pr ovides physical addr esses for both caches, enabling them to support har dwar e cache consistency . In low-cost systems, these caches interact dir ectly with the SP ARCstatio n^™ 10 system memory bus (Mbus). However , for high-end unipr ocessor and multipr ocessor systems, the SuperSP ARC pr ocessor also supports a lar ge (1 Megabyte) secondlevel, external cache.

Table3-3 Execution T imes

Operation

Throughput (Cycles)

Latency (Cycles)

FADDER operations 1 1

Multiply 1 3

Divide (single pr ecision) 4 6

Divide (double pr ecision) 7 9

Squar e root (single pr ecision) 6 8

Squar e root (double pr ecision) 10 12

Integer multiply 4 4

Integer divide 18 18

Microarchitecture 13

3 Forwar ding paths ar e provided to chain the r esult of one FPOP to sour ce operands of a subsequent FPOP without stalling for a floating-point r egister write. Similarly , an FPEVENT LOAD can forwar d data to FPOP sour ce operands and an FPOP r esult can forwar d data to an FPEVENT ST ORE.

All floating-point instr uctions start in or der and complete in or der. They ar e executed in one of the two independent units: the F ADDER or the FMULTIPLIER. These instr uctions ar e held in a first-in-first-out (FIFO) queue that holds up to four entries. Each entry can hold a 32-bit FPOP instr uction and a 32-bit FPOP addr ess.

The floating point r egister file is made of 32 r egisters of 32 bits each. It is organized as 16 double wor ds (64-bit wide) to optimize double-pr ecision performance. Each wor d can be accessed separately , however . The register files can be accessed thr ough thr ee read and two write ports, used as follows: two r ead ports for the FPOP operands, one r ead port for storing FPEVENT s, one write port for the FPOP r esult, and one write port for loading FPEVENT s. Each port can sink or sour ce a double-pr ecision operand.

A floating-point exception r emains pending until another floating-point operation or FPEVENT is r equested by the integer unit. It will be r eported to the subsequent floating-point instr uction at that time.

Floating-Point Adder

The FADDER performs the following operations: addition, subtraction, format conversions, comparison, absolute value, and negation. It fully supports subnormal numbers, either as operands or as r esults, without any speed penalty . The ALU consists of two pipeline stages, mantissa addition and normalization/r ounding. The Adder is fully pipelined. It can begin a single or double-pr ecision add every cycle.

Floating-Point Multiplier

The FMULTIPLIER performs multiplication, division, squar e root, integer multiplication, and integer division. Subnormal numbers ar e fully supported in the har dwar e; ther e are no unfinished operations. The multiplier is fully pipelined. It can begin a double- or single-pr ecision multiply every cycle. Division and squar e root ar e non-pipelined. Like the F ADDER, the FMULTIPLIER is composed of two stages. Squar e root and division ar e

12 SuperSPARC Microprocessor— May 1992

3 Floating-Point Unit

The floating-point unit (FPU) is a pipelined floating-point pr ocessor that conforms to ANSI/IEEE 754-1985 and SP ARC V8 floating point ar chitectur e specifications. It consists of a floating-point contr oller (FPC) and two independent pipelines: the F ADDER and the FMUL TIPLIER. The FPU can operate both on single- and double-pr ecision floating point numbers, normal or subnormal. It performs integer multiply and integer divide instr uctions as well.

Floating-Point Contr oller

The floating point contr oller (FPC) is tightly coupled to the integer pipeline and is capable of executing a floating-point memory event and a floating-point operation in the same cycle. The FPC implements the interface between the integer pipeline and the floating-point cor e. It contains a r egister file and a floating-point queue, and handles all floating-point exceptions.

There are two types of floating-point instr uctions: floating point operations (FPOPs) and floating-point events (FPEVENT s). The FPOPs consist of floatingpoint operations like add, multiply , convert and so on. FPEVENT’s ar e executed by the FPU but do not enter the FPU queue. They include load/stor e to floating-point r egisters, load/stor e to floating-point status r egister , store floating-point queue, integer multiply , and integer divide.

The FPU pipeline is shown in T able 3-2

All floating point instr uctions ar e issued by the integer unit in the E0 stage of the IU pipeline. Once issued, the floating-point instr uctions pr oceed thr ough the FPU pipeline. The floating-point pipeline stalls the integer pipeline in a few situations: the floating-point queue will become full after several long latency floating-point arithmetic instr uctions ar e encounter ed in close pr oximity, or when an FPEVENT occurs that is dependent on an FPOP r esult.

Table3-2 Floating-Point Pipeline

FRD FM/FA FN/FR FWB

Decode and Read Execute multi ply or add Normalization and rounding

Write back to FP register file

Microarchitecture 11

3

Figure 3-3 Untaken Conditional Branch

When a CTI is taken, all sequential path instr uctions (gr ouped together with the delay instr uction) ar e invalidated. When a CTI is untaken, sequential path instr uctions r emain valid and the tar get instr uctions fetched ar e discar ded. This scheme never intr oduces a pipeline bubble for either branch path. The PCs and pr e-fetch PCs for both directions of branch paths ar e precomputed. One pair is selected. The SuperSP ARC branch implementation can execute untaken branches somewhat mor e efficiently than taken branches. Due to normal code scheduling r estrictions, this dif ference in peak performance between taken and untaken branches will be less pr onounced.

Exception Strategy

The SuperSP ARC pr ocessor implements a pr ecise exception model [Smith 1982]. At any given time ther e can be up to 9 instr uctions in the integer unit (IU) pipeline and 4 mor e in the floating point queue. Exceptions and the instr uction that caused them pr opagate thr ough the IU pipeline. They ar e resolved in the execute stage befor e their r esults can modify visible state in the register file, contr ol registers, or memory model.

CLOCK 1 2 3 4 5 6 7

discover branch fetch delay group S1 fetch T1 resolve branch f1 f0 d0 d1 e0 e1 wb d2

f0 f1 d0 d1 d2 e0 e1 wb

d0 d1 d2 e0 e1 wb

d0 d1 d2 e0 e1 wb

CMP BNE DI S1 T1-> S2 T2-> S3

C1=S4 FT

S5

SA+

TA

decode seq

fetch SA+

10 SuperSPARC Microprocessor— May 1992

3 Branch Strategy

Two instr uction queues exist: one for untaken branches (sequential instr uctions) and one for taken branches (tar get instr uctions). Both queues can be filled because four instr uctions can be fetched per cycle while only a maximum of thr ee can be executed. In figur es 3-2 and 3-3, tar get instr uctions are referred to by T1, T2, and so on, sequential instr uctions ar e denoted as S1, S2. The delay instr uction is DI; C1 r efers to the certainty instr uction str eam.

To speed execution, the SuperSP ARC pr ocessor can gr oup an integer -compar e instr uction with a dependent conditional branch. Figur e 3-2 shows the pipelined execution of a simple, taken, conditional branch.

Figure 3-2 Taken Conditional Branch

The pr ocessor statically pr edicts that all branches ar e taken. When a contr ol transfer instr uction (CTI) r elative to the pr ogram counter (PC) is issued, its delay instr uction is fetched concurr ently. During D1, the tar get addr ess is computed. As the branch enters D2, the tar get instr uction str eam is fetched. The fetch completes as the delay instr uction advances to D1 and the branch (and compar e) enter E0. The compar e computes new integer condition codes in E0 and the branch dir ection is r esolved. Figur e 3-3 shows the pipelined execution of a simple, untaken conditional branch.

CLOCK 1 2 3 4 5 6 7

discover branch fetch delay group S1 fetch T1 resolve branch f1 f0 d0 d1 e0 e1 wb d2 f0 f1 d0 d1 d2 e0 e1 wb

d0 d1 d2 e0 e1 wb

d0 d1 d2 e0 e1 wb

CMP BNE DI S1 T1 T2 C1= T3 T4

FT FTA+ squash S1

TA+ decode T1

fetch T3

Microarchitecture 9

3 The floating-point (FP) pipeline is tightly coupled to the integer pipeline. An operation may be started every cycle; latency of most FP operations is thr ee cycles. In the E0 phase, one FP arithmetic instr uction is selected for execution and its operands ar e read during E1. T wo stages of execution latency ar e requir ed for the double-pr ecision FP adder and FP multiplier . The first cycle of the adder examines exponents, aligns mantissas, and pr oduces a r esult. The first cycle of the multiplier computes and adds partial pr oducts. Independent second stages r ound and normalize the r esult of the r espective units. Forwar ding paths ar e provided to chain r esults of one FP operation into the sour ce of a subsequent operation.

Instruction Issue Strategy

Three candidate instr uctions fr om the selected instr uction pr e-fetch queue ar e presented to instr uction gr ouping logic (D0). Opcodes ar e decoded and intra/inter group dependencies ar e evaluated. Up to four dif ferent instr uction groups can be actively pr ocessed in each machine cycle. Certain instr uctions (for example, save, r estor e, integer multiply/divide, contr ol registers, and addr ess space identifier (ASI) memory r eferences) always ar e executed as a single instr uction gr oup to simplify the implementation. SuperSP ARC can issue and execute thr ee instr uctions every cycle subject to the following highlevel constraints (per gr oup):

• Maximum of two integer r esults • Maximum of one data memory r eference • Maximum of one floating point arithmetic instr uction • Terminate gr oup after each contr ol transfer

The SuperSP ARC micr oprocessor maintains its performance in the pr esence of data dependencies, which ar e prevalent in r eal applications by supporting:

• Cascades — dependent instr uctions in the same gr oup • Forwar ding — dependent instr uctions in consecutive gr oups

ALU results can be forwar ded or cascaded to a following ALU, stor e, branch, or addr ess instr uction. Load r esults can be forwar ded to an ALU instr uction.

8 SuperSPARC Microprocessor— May 1992

3

The operation of the pipeline is illustrated by the execution of a load instr uction with a forwar ding path in Figur e 3-1. The pipeline stages ar e detailed in T able 3-1.

Figure 3-1 Pipelined Execution of Load with Forwar ding

D2 Read Rfile for ALU operands Add LD/ST addr ess registers to form ef fective addr ess

E0 1st stage of ALU D cache RAM access D cache TLB lookup FP instr uction dispatch

E1 2nd stage of ALU D cache match detect Load data available Resolve exceptions

WB Write back into the Rfile Retire stor e into the stor e buffer

Table3-1 Pipeline stages (Continued)

Stage Activity

clock

aluop

aluop

load

aluop f1 f0 d0 d1 e0 e1 wb d2 f0 f1 d0 d1 d2 e0 e1 wb

f0 f1 d0 d1 d2 e0 e1 wb

f0 f1 d0 d1 d2 e0 e1 wb

RDA

RDA RDM ADDR

RDA

GRP

GRP

GRP

GRP

EXEC

MEM

7

Microarchitecture 3

Integer Unit

This section describe the operation of the integer pipeline arithmetic logic units (ALUs), and strategies to deal with branches and exceptions.

Pipeline Organization

The SuperSP ARC pr ocessor [ISSCC 1992], [Compcon 1992] uses a four -cycle integer pipeline. Each cycle has two-phases. The first cycle (F0, F1) fetches up to four instr uctions fr om the first-level instr uction cache into an instr uction queue. Ther e are thr ee phases of decode (D0, D1, D2), two stages of execution (EO, EI) and a writeback stage (WB).

Table3-1 Pipeline stages

Stage Activity

F0 I-cache ram access I-cache TLB lookup

F1 I-cache match detect 4 instr uctions sent to the iqueue

D0 Issue 1,2 or 3 instr uctions Select register file indices for LD/ST addr ess registers

D1 Read Rfile for LD/ST addr ess registers Resour ce allocation for ALU instr uctions Evaluate branch tar get addr ess

6 SuperSPARC Microprocessor— May 1992

2

Design Philosophy 5

2

Figure 2-1 Functional Block Diagram

IU File

Scheduler

group

Exception Handler

Instruction Queue Prefetch

Instruction Cache

Shared MMU

Write Bufer

Data Cache

Cache Coherent Bus Interface Unit

36 64

128

iptags dptags

Address Data

FADD FRND

FMUL FNORM

FP File

fp queue fcontrol

Resource Allocation Forwarding Control

ALU Shifter

4 SuperSPARC Microprocessor— May 1992

2 Design Criteria

Superscalar

Known bottlenecks to issuing multiple instr uctions include contr ol dependencies, data dependencies, the number of ports to pr ocessor r egisters, the number of ports to the memory hierar chy, and the number of floating point pipelines. Our own studies suggest that many applications can benefit fr om a processor that issues thr ee instr uctions per cycle.

Design Choices

The above instr uction mix pr esents many challenges for a thr ee-scalar design executing code at the peak rate. Integer applications will access data memory every cycle, pr ocess branches every two cycles, and update memory every three cycles. Floating-point applications will access data memory , and execute floating point and integer arithmetic instr uctions every cycle. T o mitigate these expected performance challenges, the following ar chitectural decisions wer e made:

• On-chip caches • A wide instr uction fetch (128 bits) • Extensive forwar ding paths • Overlapped memory access with floating point dispatch • Write buf fer to decouple the pr ocessor fr om stor e completion

Figur e 2-1 shows the functional blocks of the micr oprocessor.

Table2-1 Instr uction Mix for Integer and Floating Point Applications

Instruction Class Integer Floating Point

Integer Arithmetic 50% 25%

FP Arithmetic 0% 30%

Loads 17% 25%

Stores 8% 15%

Branches 25% 5%

3

Design Philosophy 2

Compute-bound execution rate is a pr oduct of thr ee factors: the number of compiler -generated instr uctions in an execution trace (NI), the sustained rate of instr uctions completed per cycle (IPC), and the clock rate made possible by the underlying integrated cir cuit technology [Patterson 1989].

High performance r equir es advances on all thr ee fronts. All designs will benefit fr om better compilers and high clock rate. However , cost-effective systems cannot r ely exclusively on high clock rate designs. T o benefit fr om economies of scale, mainstr eam (rather than exotic) technology must be used. SuperSPARC-based systems pr ovide high performance at moderate clock rates by optimizing the IPC. This pr esents design challenges for managing the processor pipeline and memory hierar chy. Average memory access time must be reduced and the number of instr uctions issued per cycle must rise; a superscalar ar chitectur e is requir ed.

2 SuperSPARC Microprocessor— May 1992

1

1

Introduction to the SuperSPARC Microprocessor 1

The SuperSP ARC^™ microprocessor is a highly integrated superscalar SP ARC^® microprocessor, fully compatible with the SP ARC version 8 ar chitectur e [SI 1992]. This paper pr ovides an overview of its ar chitectur e, internal operation, and capabilities. The pr ocessor contains on a single chip an integer unit, a doubleprecision floating-point unit, fully consistent instr uction and data caches, and a SPARC Refer ence Memory Management Unit. In addition, a dual-mode bus interface is included that supports either the SP ARC standar d (MBus) [SI 1990] or an interface optimized for connection to a companion second-level cache contr oller chip. The chip, with an optional second-level cache contr oller, is targeted at a wide range of systems fr om unipr ocessor desktop machines to multipr ocessing file and compute servers.

Both the micr oprocessor (3.1 million transistors) and the second-level cache contr oller (2.2 million transistors) ar e fabricated with T exas Instr uments’ Epic2b pr ocess: a 0.8 micr on, thr ee-layer metal, BiCMOS pr ocess. These integrated cir cuits have die sizes of 16x16mm and 14x14mm r espectively .

This paper discusses the design strategy to pr oduce a micr oprocessor suitable for a range of systems and the r equir ed trade-of fs befor e focusing on the main functional blocks. Specifically , the operation of the integer pipeline, the floating point unit, and memory hierar chy ar e discussed. A chapter is devoted to the design and operation of the second-level cache contr oller.

iv SuperSPARC Microprocessor— May 1992

Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

Memory Hierar chy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

Cache and MMU Operation . . . . . . . . . . . . . . . . . . . . . . . . . . 15

Bus Operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

Direct MBus Interface Operation . . . . . . . . . . . . . . . . . . . . . . 17

External Cache Interface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

4. Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

Clocking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

5. Second-Level Cache Controller . . . . . . . . . . . . . . . . . . . . . . . . . 21

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

Multiple Pr ocessors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

Bus Support . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

Processor Subsystem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

External Second-Level Cache . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

Featur es . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

A. References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

iii

Contents

1. Introduction to the SuperSP ARC Microprocessor . . . . . . . . . 1

2. Design Philosophy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

Design Criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

Superscalar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

Design Choices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

3. Microarchitecture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

Integer Unit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

Pipeline Or ganization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

Instr uction Issue Strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

Branch Strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

Exception Strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

Floating-Point Unit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

Floating-Point Contr oller . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

Floating-Point Adder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

Floating-Point Multiplier . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

Please Recycle

© 1992 Sun Micr osystems, Inc.—Printed in the United States of America. 2550 Garcia Avenue, Mountain V iew, California 94043-1 100 U.S.A

All rights r eserved. This pr oduct and r elated documentation is pr otected by copyright and distributed under licenses r estricting its use, copying, distribution and decompilation. No part of this pr oduct or r elated documentation may be r eproduced in any form by any means without prior written authorization of Sun and its licensors, if any .

Portions of this pr oduct may be derived fr om the UNIX® and Berkeley 4.3 BSD systems, licensed fr om UNIX Systems Laboratories, Inc. and the University of California, respectively . Third party font softwar e in this pr oduct is pr otected by copyright and licensed fr om Sun’s Font Suppliers.

RESTRICTED RIGHTS LEGEND: Use, duplication, or disclosur e by the government is subject to r estrictions as set forth in subparagraph (c)(1)(ii) of the Rights in T echnical Data and Computer Softwar e clause at DF ARS 252.227-7013 and FAR 52.227-19.

The pr oduct described in this manual may be pr otected by one or mor e U.S. patents, foreign patents, or pending applications.

TRADEMARKS Sun, Sun Micr osystems, the Sun logo, ar e trademarks or r egister ed trademarks of Sun Microsystems, Inc. UNIX and OPEN LOOK ar e register ed trademarks of UNIX System Laboratories, Inc. All other pr oduct names mentioned her ein ar e the trademarks of their respective owners.

All SPARC trademarks, including the SCD Compliant Logo, ar e trademarks or r egister ed trademarks of SP ARC International, Inc. SP ARCstation, SP ARCserver , SPARCengine, SPARCworks, and SP ARCompiler ar e licensed exclusively to Sun Micr osystems, Inc. Products bearing SP ARC trademarks ar e based upon an ar chitectur e developed by Sun Microsystems, Inc.

The OPEN LOOK^® and Sun^™ Graphical User Interfaces wer e developed by Sun Microsystems, Inc. for its users and licensees. Sun acknowledges the pioneering ef forts of Xerox in resear ching and developing the concept of visual or graphical user interfaces for the computer industry . Sun holds a non-exclusive license fr om Xerox to the Xer ox Graphical User Interface, which license also covers Sun’s licensees who implement OPEN LOOK GUIs and otherwise comply with Sun’s written license agr eements.

X Window System is a trademark and pr oduct of the Massachusetts Institute of Technology .

2550 Garcia Avenue Mountain V iew, CA 94043 U.S.A.

The SuperSPARC^™ Microprocessor

Technical White Paper