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Chapter 1

E—— |

Introduction to the MIPS32® 24K® Processor Core Family

The 24K® core from MIPS Technologiesis a high-performance, low-power, 32-bit MIPS®RISC processor core family
intended for custom system-on-silicon applications. The core is designed for semiconductor manufacturing companies,
ASIC developers, and system OEMs who want to rapidly integrate their own custom logic and peripherals with a
high-performance RISC processor. A 24K coreisfully synthesizable to alow maximum flexibility; it ishighly portable
across processes and can easily be integrated into full system-on-silicon designs. This allows developers to focus their
attention on end-user specific characteristics of their product.

The 24K coreisideally positioned to support new products for emerging segments of the digital consumer, network,
systems, and information management markets, enabling new tailored solutions for embedded applications.

The 24K family hasfour members: the MIPS32™ 24K c™ core, the MIPS32™ 24K c Pro™ core, the MIPS32 24K f core,
and the MIPS32™ 24Kf Pro™ core

» The 24Kc 32-bit RISC core for high performance applications

» The 24Kf core adds an |EEE-754 compliant floating point unit

» The 24Kc Pro core offers the CorExtend capability

» The 24Kf Pro core has both the floating point unit and the CorExtend capability

The term 24K core as used in this document, generally refersto all coresin the 24K family. When referring to
characteristics unique to an individual family member, the specific core type will be identified.

OnaZ24K core, instruction and data caches are configurable at 16, 32, or 64 KB in size. Each cacheis organized as4-way
set associative. The data cache features non-blocking load misses. On acache miss, the processor can continue executing
instructions until a dependent instruction is reached. Both caches are virtually indexed and physically tagged. Virtual
indexing allows the cache to be indexed in the same clock in which the address is generated rather than waiting for the
virtual-to-physical address trandlation in the TLB.

The core implements the MIPS32 Release 2 Instruction Set Architecture (ISA) as well as the MIPS16e™ Application
Specific Extension (ASE) for code compression. The MMU of the 24K core may contain a 4-entry instruction TLB
(ITLB), an 8-entry data TLB(DTLB), and a 16-64 dual-entry joint TLB (JTLB) with variable page sizes. Optionally, the
TLB can bereplaced with asimplified fixed mapping translation (FMT) mechanism, for applicationsthat do not require
the full capabilities of a TLB.

The Multiply-Divide Unit (MDU) is fully pipelined and supports a maximum issue rate of one 32x32 multiply
(MUL/MULT/MULTU), multiply-add (MADD/MADDU), or multiply-subtract (M SUB/M SUBU) operation per clock.

The basic Enhanced JTAG (EJTAG) features provide CPU run control with stop, single stepping and re-start, and with
software breakpoints through the SDBBP instruction. Support for connection to an external EJTAG probe through the
Test Access Port (TAP) isalso included. Instruction and data virtual address hardware breakpoints can be optionally
included.

The bus interface implements the Open Core Protocol (OCP), with 64-bit read and write data buses. The bus interface
may operate at the same or alower clock rate than the core itself.

Therest of this chapter provides an overview of the MIPS32 24K processor core and consists of the following sections:
» Section 1.1, "24K®Core Features"
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Chapter 1 Introduction to the MIPS32® 24K® Processor Core Family

e Section 1.2, "24K® Core Block Diagram”

1.1 24K®Core Features
» 8-stagepipeline
» 32-bit Address Paths
* 64-bit Data Paths to Caches
* MIPS32-Compatible Instruction Set
— Multiply-add and multiply-subtract instructions (MADD, MADDU, MSUB, MSUBU)
— Targeted multiply instruction (MUL)
— Zero and one detect instructions (CLZ, CLO)
— Wait instruction (WAIT)
— Conditional move instructions (MOVZ, MOVN)
— Prefetch instruction (PREF)
» MIPS32 Enhanced Architecture (Release 2) Features
— Vectored interrupts and support for an external interrupt controller
— Programmabl e exception vector base
— Atomic interrupt enable/disable
— GPR shadow sets
— Bit field manipulation instructions
» MIPS16e Application Specific Extension
— 16 bit encodings of 32-bit instructions to improve code density
— Special PC-relative instructions for efficient loading of addresses and constants
— Datatype conversion instructions (ZEB, SEB, ZEH, SEH)
— Compact jumps (JRC, JALRC)
— Stack frame set-up and tear down “macro” instructions (SAVE and RESTORE)
» Programmable Cache Sizes
— Individually configurable instruction and data caches
— Sizesof 0, 16, 32, or 64 KB.
— 4-Way set associative
— Up to 4 non-blocking loads
— Supports Write-back with write-all ocation and Write-through without write-allocation
— 256-bit (32-byte) cache line size, doubleword sectored - suitable for standard 64-bit wide single-port SRAM
— Virtually indexed, physically tagged
— Cache line locking support

— Non-blocking prefetches
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» Dataand Instruction ScratchPad RAMs
— addressable up to 1IMB
— 64-bit OCP interfaces for external access
» R4000 Style Privileged Resource Architecture
— Count/compare registers for real-time timer interrupts
— Instruction and data watch registers for software breakpoints
 Standard Memory Management Unit
— 16/32/64 dual-entry MIPS32-style JTLB with variable page sizes
— 4-entry instruction TLB
— 8-entry data TLB
* Optional Memory Management Unit
— Simple Fixed Mapping Trandlation (FMT)
— Address spaces mapped using register bits
* OCP Bus Interface Unit (BIU)
— 32b address and 64b data
— Corefbusratios of 1, 1.5, 2, 2.5, 3, 3.5, 4, and 5 are supported
— Supports bursts of 4x64b
— 4 entry write buffer - handles eviction data, write-through, uncached, and uncached accel erated store data
— Simple Byte enable mode allows easier bridging to other bus standards
— Extensions of front side L2 cache
» CorExtend™ User Defined Instruction capability (24K c Pro and 24Kf Pro)

— Optional support for the CorExtend feature allows users to define and add instructions to the core (as a build-time
option)

— Single or multi-cycle instructions

— Source operations from register, immediate field, or local state

— Destination to aregister or local state

— Interface to multiply-divide unit, allowing sharing of accumulation registers
* Multiply-Divide Unit

— Maximum issue rate of one 32x32 multiply per clock

— Early-in divide control. Minimum 11, maximum 34 clock latency on divide
» Foating Point Unit (24Kf and 24Kf Pro only)

— |EEE-754 compliant floating point unit

— Compliant to MIPS 64b FPU standards

— Supports single and double precision datatypes
» Coprocessor2 Interface

— 64-hit interface to user designed coprocessor
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» Power Control
— No minimum frequency
— Power-down mode (triggered by WAIT instruction)
— Support for software-controlled clock divider
— Support for extensive use of fine-grain clock gating
» EJTAG Debug Support
— CPU control with start, stop and single stepping
— Software breakpoints viathe SDBBP instruction
— Optional hardware breakpoints on virtual addresses; 0 or 4 instruction and O or 2 data breakpoints
— Test Access Port (TAP) facilitates high speed download of application code

— Optional MIPS Trace hardware to enable real-time tracing of executed code

1.2 24K® CoreBlock Diagram

The 24K core contains a number of blocks, as shown in the block diagram in Figure 1-1 on page 5. The major blocks
are asfollows:

» Execution Unit (ALU)

» Multiply-Divide Unit (MDU)

» System Control Coprocessor (CPO)

* Memory Management Unit (MM U)

* Floating Point Unit (FPU) - only in 24Kf
* Cache Controller

* BusInterface Unit (BIU)

* Power Management

* MIPS16e support

* Instruction Cache (I-cache)

 Data Cache (D-cache)

» Enhanced JTAG (EJTAG) Controller

» CorExtend™ User Defined Instructions (UDI)
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1.2 24K® Core Block Diagram

Figure 1-1 shows a block diagram of a 24K core.The MMU can be implemented using either a translation lookaside
buffer or afixed mapping (FMT). Refer to Chapter 4, “Memory Management of the 24K® Core,” on page 66 for more

information.
Figure 1-1 24K ® Processor Core Block Diagram
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1.2.1 Logic Blocks

The following subsections describe the various logic blocks of the 24K processor core.

1.2.1.1 Execution Unit

The core execution unit implements aload-store architecture with single-cycle Arithmetic Logic Unit (ALU) operations
(logical, shift, add, subtract) and an autonomous multiply-divide unit. The core contains thirty-two 32-bit

genera -purpose registers (GPRs) used for scalar integer operations and address calculation. Optionally, one or three
additional register file shadow sets (each containing thirty-two registers) can be added to minimize context switching
overhead during interrupt/exception processing. Theregister file consists of two read portsand onewrite port and isfully
bypassed to minimize operation latency in the pipeline.

The execution unit includes:

» 32-bit adder used for calculating the data address

* Logic for branch determination and branch target address calculation

» Bypass multiplexers used to avoid stalls when executing instruction streams where data-producing instructions are
followed closely by consumers of their results

» Zero/One detect unit for implementing the CLZ and CLO instructions
» ALU for performing bitwise logical operations

* Shifter and Store aligner

* Floating Point Unit Interface

MIPS32® 24K® Processor Core Family Software User’s Manual, Revision 03.05 5
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» Coprocessor2 Interface

1.2.1.2 Multiply/Divide Unit (MDU)

The Multiply/Divide unit performs multiply and divide operations. The MDU consists of a pipelined 32x32 multiplier,
result-accumulation registers (HI and LO), multiply and divide state machines, and all multiplexers and control logic
required to perform these functions. This pipelined MDU supports execution of a multiply or multiply-accumulate
operation every clock cycle. Unlike previous cores, there is no dependence between operand size and issue rate for
multiplies. Divide operations are implemented with asimple 1 bit per clock iterative algorithm and require 35 clock
cyclesin worst case to complete. Early-in to the algorithm detects sign extension of the dividend, if it isactual sizeis
24, 16 or 8 bit. the divider will skip 7, 15 or 23 of the 32 iterations. An attempt to issue a subsequent MDU instruction
while adivide is still active causes a pipeline stall until the divide operation is compl eted.

On Pro Series cores, the MDU accumulator is shared with the CorExtend block. Many CorExtend instruction types can
make use of the HI/L O accumulation registers.

1.2.1.3 System Control Coprocessor (CP0)

In the MIPS architecture, CPO is responsible for the virtual-to-physical address translation, cache protocols, the
exception control system, the processor’s diagnostics capability, operating mode selection (kernel vs. user mode), and
the enabling/disabling of interrupts. Configuration information such as cache size, set associativity, and presence of
build-time options are available by accessing the CPO registers. Refer to Chapter 6, “ CPO Registers of the 24K® Core,”
on page 123 for moreinformation on the CPO registers. Refer to Chapter 10, “EJTAG Debug Support inthe 24K® Core,”
on page 213 for more information on EJTAG debug registers.

1.2.1.4 Memory Management Unit (MMU)

The 24K core contains an MMU that interfaces between the execution unit and the cache controllers, shown in Figure
1-2 on page 7.Although the 24K core implements a 32-bit architecture, the Memory Management Unit (MMU) is
modeled after the MMU found in the 64-bit R4000 family, as defined by the M1PS32 architecture.

By default, the 24K core implementsits MMU based on a Translation Lookaside Buffer (TLB). The TLB consists of
three trand ation buffers. a configurable 16/32/64 dual-entry fully associative Joint TLB (JTLB), a4-entry fully
associative Instruction TLB (ITLB) and a8-entry fully associative data TLB (DTLB). The ITLB and DTLB, aso
referred to as the micro TLBS, are managed by the hardware and are not software visible. The micro TLBs contain
subsets of the JTLB. When translating addresses, the corresponding micro TLB (I or D) is accessed first. If thereis not
amatching entry, the JTLB isused to translate the address and refill themicro TLB. If theentry isnot foundinthe JTLB,
then an exception is taken.

The core optionally implements a FM T-based MMU instead of a TLB-based MMU. The FMT replacesthe ITLB and
DTLB and the JTLB isremoved. The FMT performs a simple translation to get the physical address from the virtua
address. Refer to Chapter 4, “Memory Management of the 24K® Core,” on page 66 for more information on the FMT.

Figure 1-2 on page 7 shows how the address transl ation mechanism interacts with cache accesses.
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Figure 1-2 Address Translation During a Cache Access

The fetch unit is responsible for providing instructions to the execution unit. The fetch unit includes:

« control logic for the instruction cache

MIPS16e instruction recoder

* Dynamic branch prediction

— 512 entry bimodal branch history table for predicting conditional branches

— 4 entry return prediction stack for predicting return addresses

 8entry instruction buffer to decouple the fetch and execution pipelines
Interface to Instruction ScratchPad RAM

1.2.1.6 Instruction Cache

Theinstruction cacheis an on-chip memory array of up to 64 KB. The cacheisvirtually indexed and physically tagged,
allowing the virtual-to-physical address translation to occur in parallel with the cache access rather than having to wait
for the physical addresstranslation. The tag holds 20 bits of the physical address, avalid bit, alock bit, and optionally a
parity bit. Thereis a separate 6b array which holds datafor al 4 ways to be used in the Least Recently Used (LRU)

replacement scheme. Some precode information isincluded in the instruction cache dataarray. An additional 6b per pair
of 32binstructionsis used to enable quick detection of branches and jumpsin the fetch unit. If parity isimplemented, a
single hit covers the 6b recode and 8b cover the 64b data.

The core supports instruction cache locking. Cache locking allows critical code to be locked into the cache on a
“per-line” basis, enabling the system designer to maximize the efficiency of the system cache. Cache locking is always
available on al instruction cache entries. Entries can be marked as locked or unlocked (by setting or clearing the lock
bit) on a per-entry basis using the CACHE instruction.
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The LRU array must be bit-writable. The tag and data arrays only need to be word-writable.

1.2.1.7 Load/Store Unit

The Load/Store Unit is responsible for data loads and stores. It includes:
« Data cache control logic

* 4linefill/store buffer

 ScratchPad RAM interface

1.2.1.8 Data Cache

The data cache is an on-chip memory array of up to 64 KB. The cache is virtually indexed and physically tagged,
allowing the virtual-to-physical address trandlation to occur in parallel with the cache access. The tag holds 20 bits of
the physical address, avalid bit, alock bit, and optionally a parity bit. A separate array holds the LRU bits (6b), dirty
bits (4b), and optionally, dirty parity bits (4b) for all 4 ways. The dataarray isoptionally parity protected with 1b per 8b
of data.

In addition to instruction cachelocking, all coresalso support adatacachelocking mechanismidentical totheinstruction
cache, with critical data segmentsto be locked into the cache on a“ per-ling” basis. The locked contents cannot be
selected for replacement on a cache miss, but can be updated on a store hit.

Cachelocking is always available on all data cache entries. Entries can be marked as locked or unlocked on a per-entry
basis using the CACHE instruction.

The physical data cache memory must be byte writable to support sub-word store operations. The LRU/dirty bit array
must be bit-writable.

1.2.1.9 BusInterface Unit (BIU)

The Bus Interface Unit (BIU) controls the external interface signals. Additionally, it contains the implementation of a
collapsing write buffer. This buffer is used to merge Write-Through transactions as well as gathering multiple writes
together from dirty line evictions and uncached accel erated stores. The write buffer consists of 4 32B entries.

1.2.1.10 Power Management

The core offers anumber of power management features, including low-power design, active power management, and
power-down modes of operation. The coreis astatic design that supportsa WAIT instruction designed to signal the rest
of the device that execution and clocking should be halted, hence reducing system power consumption during idle
periods.

The core provides two mechanisms for system-level, low-power support:

* Register-controlled power management

* Instruction-controlled power management

In register-controlled power management mode the core provides three bits in the CPO Status register for software

control of the power management function and allows interrupts to be serviced even when the core isin power-down
mode. | ninstruction-controlled power-down mode execution of the WAIT instruction is used to invoke low-power mode.

Refer to Chapter 9, “Power Management in the 24K® Core,” on page 211 for more information on power management.
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1.2 24K® Core Block Diagram

1.2.1.11 MIPS16e™ Application Specific Extension

The 24K core includes support for the MIPS16e ASE. This ASE improves code density through the use of 16-hit
encodings of MIPS32 instructions plus some M1PS16e-specific instructions. PC relative loads allow quick access to
constants. Save/Restore macro instructions provide for single instruction stack frame setup/teardown for efficient
subroutine entry/exit. Sign- and zero-extend instructions improve handling of 8bit and 16bit datatypes.

A decompressor converts the MIPS16e 16-bit instructions fetched from the instruction cache or externa interface back
into 32-bit instructions for execution by the core.

1.2.1.12 EJTAG Debug

All cores provide basic EJTAG support with debug mode, run control, single step and software breakpoint instruction

(SDBBP) aspart of the core. These features allow for the basic software debug of user and kernel code. A TAP controller
isalso included, enabling communication between an EJTAG probe and the CPU through adedicated port. Thisprovides
the possibility for debugging without debug code in the application, and for download of application code to the system.

An optional EJTAG feature is hardware breakpoints. A 24K core may have four instruction breakpoints and two data
breakpoints, or no breakpoints. The hardware instruction breakpoints can be configured to generate a debug exception
when an instruction is executed anywhere in the virtual address space. Bit mask and Address Space |dentifier (ASID)
values may apply in the address compare. These breakpointsare not limited to codein RAM likethe softwareinstruction
breakpoint (SDBBP). The data breakpoints can be configured to generate a debug exception on a data transaction. The
datatransaction may be qualified with both virtual address, datavalue, size and | oad/store transaction type. Bit mask and
ASID values may apply in the address compare, and byte mask may apply in the value compare.

Another optional debug featureis support for MIPS Trace that enabl esreal-time tracing capability. Thetraceinformation
can be stored to either an on-chip trace memory or an off-chip trace probe. The trace of program flow is highly flexible
and can include the instruction program counter aswell as data addresses and dataval ues. The trace features can provide
a powerful software debugging mechanism.

Refer to Chapter 10, “EJTAG Debug Support in the 24K® Core,” on page 213 for more information on the EJTAG
features.

1.2.1.13 CorExtend™ User Defined | nstructions

This optional module contains support for CorExtend user defined instructions. These instructions must be defined at
build-time for the 24K core. The CorExtend feature is a capability of the 24K c Pro and 24Kf Pro cores. This feature
makes 16 instructions in the opcode map available for customer usage, and each instruction can have single or
multi-cyclelatency. A CorExtend instruction can operate on any one or two general-purpose registers or immediate data
contained within the instruction, and can write the result of each instruction back to ageneral purpose register or alocal
register. Implementation details for CorExtend can be found in the 24K™ Pro Series™ CorExtend™ Implementor’s
Guide (MD00348)

Refer to Section 12-5, "MIPS32 SPECIAL 2 Encoding of Function Field" for a specification of the opcode map available
for user defined instructions.
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2.1 Pipeline Stages

Chapter 2

Pipeline of the 24K® Core

The 24K® processor core implements a 8-stage pipeline. The pipeline allows the processor to achieve high frequency
while minimizing device complexity, reducing both cost and power consumption. This chapter contains the following
sections:

» Section 2.1, "Pipeline Stages"

* Section 2.2, "Instruction Fetch"

* Section 2.3, "Load Store Unit"
 Section 2.4, "MDU Pipeline"

* Section 2.5, "Skewed ALU"

* Section 2.6, "Interlock Handling"

* Section 2.7, "Instruction Interlocks"
* Section 2.8, "Hazards"

2.1 Pipeline Stages

The pipeline consists of eight stages:
¢ |F - Instruction fetch First

IS - Instruction fetch Second

* RF - Register File

* AG - Address Generation

* EX - EXecute

MS - Memory Second

* ER - Exception Resolution
WB - WriteBack

Three additional stages are conditionally added to the fetch pipeline when executing MI1PS16e code. The stages IR, 1K
and IT are added after the | S stage. It is generally bypassed while executing 32-bit code.

A 24K core implements a bypass mechanism that allows the result of an operation to be sent directly to the instruction
that needs it without having to write the result to the register and then read it back.

Figure 2-1 on page 12 shows the basic pipeline organization. The various parts of the pipeline are described in more
detail in this chapter.
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Chapter 2 Pipeline of the 24K® Core

Figure 2-1 24K ™ Core Pipeline Stages

2.1.1 IF Stage: Instruction Fetch First
* |-cache tag/data arrays accessed
 Branch History Table accessed
 ITLB address translation performed
» EJTAG break/watch compares done

2.1.2 1S- Instruction Fetch Second
* Detect I-cache hit
» Way select
* MIPS32 Branch prediction

2.1.3 IR - Instruction Recode
* MIPS16 recode
* MIPS16 branch prediction

* Stageis bypassed when executing MIPS32 code

2.1.4 IK - Instruction Kill

* Kill MIPS16 instructions (due to branches as an example)

/ / / / / / / /
IF IS IR/K/NT RF AG EX MS ER wB
I-cache Array| 32b mode | MIPS16e
)Access, ITLB| branch recode and
Lookup gr?d'ft’ Hit t()jr_atnc_h ¢ Register File Data Execution Instruction |Register File
esi?éc\;vay preblcféelr:s n Access, instn| Address | and branch completion, Write
' u decode Generation | resolution exception
processing,
write setup
D-cache |hit detection,
Array way select,
Access, load align
DTLB
IFU ALU LSU

» Stage is bypassed when executing MIPS32 code
12 MIPS32® 24K® Processor Core Family Software User’'s Manual, Revision 03.05

Copyright © 2004,2005 MIPS Technologies Inc. All rights reserved.



2.2 Instruction Fetch

215 IT - Instruction Fetch Third
* Stageis bypassed when executing MIPS32 code and the instruction buffer is empty
* Instruction Buffer

 Branch target calculation

2.1.6 RF - Register File Access
» Register File access
* Instruction decoding/dispatch logic

* Bypass muxes

2.1.7 AG - Address Generation
» D-cache Address Generation

* bypass muxes

2.1.8 EX - Execute/Memory Access
» skewed ALU
« DTLB
» Start DCache access

» Branch Resolution

2.1.9 MS- Memory Access Second
» Complete DCache access
» DCache hit detection
» Way select mux
» Load dign

2.1.10 ER- Exception Resolution
* Instruction completion
* Register file write setup

» Exception processing

2.1.11 WB - Writeback

 Register file writeback occurs on rising edge of this cycle

2.2 Instruction Fetch

The IFU is responsible for supplying instructions to the execution units and handling the results of all control transfer
instructions (branches, jumps, etc.). The IFU operation encompasses three pipe stages: |F (I nstruction fetch First), IS
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Chapter 2 Pipeline of the 24K® Core

(Instruction fetch Second), and IT (I nstruction fetch Third). The instruction cache tags and data are accessed in IF, and
the hit determination and thefirst part of the 32-bit mode target calculationisdonein IS. Thel T stage handlesMIPS16e
recoding. The remainder of the 32-bit mode target calculation aswell asinstruction buffering to the ALU isdonein the
IT stage, but can be bypassed during 32-bit mode if theinstruction buffer is empty. Thisinstruction buffering decouples
the IFU from the rest of the pipeline, allowing fetches to proceed even if the processor execution is stalled for some
reason. The fetch pipeline and cache bandwidth is 64 bits, supplying up to two instructions per cycle in MIPS32 mode,
which alows the IFU to get ahead of the ALU and shields the execution pipeline from some IFU miss penalties.

Figure 2-2 shows the general datapath of the IFU along with major structures.

- ; Early
|-cache Data = L

precode :
.| Fill buffers

IF | IS | I
| |
C | $data . |
M Watch/EJTAG exception - =C-1
| |
1 fill buf !
[ | |
= I I
) compare !
I-cache Tag , \ :
I |
| = |
PC I PA x |
L TLB i 5 |
| |
BIU ! !
i | 71bdatax5 |
1 |
|
|
|
|

! to mux
M 16 target calc.

|
|
|
|
v 1
|
BHT -/Target calc. !
\_ .
T
+2/4/8 L I hit/miss
. uential !
new PC _S_eq ______ re 1| (é) :
— I I index | Way
ol I — WS Array o b
: : M 16 target : tolflll uffer
| e - —— :
I resume PC | I new fetch PC |
: fill/cacheop — | toITLBetc. :
I I I
| = | |
: : : S T
|
| ZIALU | B peage 1Ofill buffer
, index/low PC | 2 ! T =
= 1
t | bl 1
' | OBIU| Lo S
Figure 2-2 1FU Block Diagram
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2.2 Instruction Fetch

Thefollowing diagramsillustrate the timing of various|FU operations. The simplest of theseisthe sequential fetch path,
in which the next fetch PC isincremented by 8 bytesin parallel with the cache lookup. If each fetch hits in the cache,
the IFU can provide two instructions per cycleand will quickly fill up theinstruction buffer, after which it will stall based
on abuffer full signal.

IF 1S |IT
Two inst/cycle e s i )
pc+8k IF[I1S | IT
IF|I1s|IT
pC+8 IF|I1s|IT
IF IS |IT

Figure 2-3 Timing of 32-bit Mode Sequential Fetches

Another common situation is a control transfer instruction (branch/jump). The calculation of the target for 32-bit mode
instructions starts in the IS stage, but does not complete until the I T stage. For a predicted taken path this means that if
the delay dlot of that branch isin the same fetch bundle, there will be a2 cycle bubble since the sequential fetches will
not be used. If the delay slot isin the next fetch bundle, there will be a 1 cycle bubble.

branch | 1 | 1s | 1T predicted taken
delay slot | IF | IS | IT
PC+8 k IF
killed
IF
PC+8 IF
killed
IF
(> IF|I1S| 1T
target
IF|I1S|IT

Figure 2-4 Timing of 32-bit Mode Branch Taken Path

For conditional branches, the control transfer is most likely speculative, based upon the branch history table. The
resolution of this branch by the ALU will be calculated in the EX stage and will be used by the IFU in the M S stage,
resulting in a several-cycle fetch bubble. The following figure illustrates one possibility assuming the instruction buffer
is empty and the delay slot isin the same fetch bundle.
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16

branch IF | IS | RF| AG| EX| MS|. predicted taken (wrong)

delaydot | | | 1s | IT | RF| AG

PC+8 IF( IS | IT | RF )
killed
IF) IS | IT | IT
targe'(<> IF | IS | IT )
killed
IF | IS | IT
redirect IF | IS | RF | AG

Figure 2-5 Fetch Timing of 32-bit Mode Branch Mispredict

Thedelay slot and the I T stage bypass |essen the impact of amispredict on the execution pipeline, though. Assuming no
stalls, the ALU sees afour-cycle bubble;

*** | RF| AG| EX|MS [ER |WB branch (mispredicted)
+ v | RF| AG \Ex MS |ER |wB | delay slot
/ (bubble)
/ (bubble)
(bubble)
(bubble)
iIf | 1s|RF| ... ITBypassed
redirect
IF [ 1S |IT

Figure 2-6 Execution Timing of 32-bit M ode Branch Mispredict

2.2.1 Branch History Table

A branch history table (BHT) will be accessed in parallel with the cacheinthe|F stage. Thistableisa512-entry bimodal
predictor. Thetableisindexed with bits 11:3 of the VA and each entry containsatwo bit saturating counter that indicates
whether abranch istaken or not. Theindexing is down to bit 3 because in 32b code there can only be one branch every
64b because of the branch delay slot. In MIPS16e code, the smaller instructions and lack of delay slots meansthat up to
4 branches can exist within a 64b fetch bundle and will share the same BHT entry. However, in typical code, the branch
density islower than in 32b code and keeping the same 64b indexing maintains reasonable prediction accuracy.

Unlike some previous MIPS processor, the 24K core usesthe BHT to predict branch likely instructions. Architecturally,

these are specified to only be used when a branch is taken > 95% of the time. However, the default settings of many

compilers use these even when that is not the case. The delay slot characteristics (the delay slot is only executed if the
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2.2 Instruction Fetch

branch is taken) allow a useful instruction to be placed in the delay slot instead of a NOP. When used in this fashion,
dynamic prediction is much more accurate than statically predicting a branch likely as taken.

Unconditional branches (BEQ r0, r0 and BGEZAL r0) are detected by the precode logic and will be statically predicted
taken, bypassing the BHT.

The ALU verifies the correctness of the prediction when the branch reaches the EX stage. In the case of a mispredict,
the instructions on the mispredicted path will be killed and the fetch will be redirected to the correct instruction. This
will cause a4 cycle bubble in the pipeline.

2.2.1.1 Branch Target Calculation

Branch target calculation isdonein the IT stage. This alleviates a critical timing path in the IFU and removes the need
for replicating the branch target logic on all 4 ways of the cache. In the case of ataken branch, the following two fetches
will bekilled (only oneif thedelay slot isinthefollowing fetch). Thisadded cycleisgenerally covered by theinstruction
buffer. A string of taken brancheswill slowly drain theinstruction buffer asonly two instructions are fetched every three
cycles.

2.2.2 Return Prediction Stack

Thereturn prediction stack (RPS) is asimple stack to hold return addresses. Every timeaJAL, JALR ra, or BGEZAL
is seen, the link addressis pushed onto the stack. When aJR rais executed, alink address is popped off of the stack. If
calling convention is maintained and the stack doesn’t overflow, thiswill have very high prediction accuracy. The RPS
contains 4 entries.

The ALU will verify the correctness of the prediction in the EX stage. If the prediction was wrong, the fetch will be
redirected in the M S stage and there will be a4 cycle bubble from the misprediction.

JR that don’t use raare not predicted. The IFU will stall until the ALU reads the register file. The timing on thiswill be
the same as for areturn mispredict.

223 ITLB

The IFU relies on asmall subset of TLB entries stored locally in afour-entry ITLB to trandg ate the PC into a physical
address for tag comparison. The ITLB stores mappings for 4KB or 1IMB pages or subpages (i.e. if the JTLB pageis
64K B, only the 4KB subpage containing the desired virtual address will be mapped into the ITLB). The ITLB access
occursin parallel with the primary cache lookup. If thereisamissin the ITLB, the BIU must look up the entry in the
main JTLB.

A missin the ITLB will be detected in the IF stage, and the IFU will stall in the IS stage. The virtual address and the
miss indication will be sent to the BIU during IF, allowing the JTLB to start alookup in the next cycle. The latency of
the JTL B lookup can beimpacted by several factors. The JTLB can bebusy processingaDTLB missor aTLB operation,
delaying the start of the JTLB lookup. Also, the JTLB access time depends on how it isimplemented. An SRAM-based
PFN array will take an extra cycle over aflop-based version, yielding a3 cyclelatency instead of 2. Oncethe JTLB data
isreturned, the IFU will resume directly in the IS stage.

The cacheability attributes can be reduced to one bit (uncached/cached). An ITLB entry will also record the associated
JTLB entry, sothat for aJTLB write, the ITLB caninvalidateitscopy if present. The I TLB usesatrue LRU replacement
algorithm.
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ITLB Miss Handling
2-3 cycle stall.

IF s IS* st | IS

I I I I
ITLB |Pipe Stallsy, PTEread-1or2 Pipe

lookup - JTLB  cycles depending on = restarts
detected | begins | | | translated

|
I
I
miss |Iookup laTLB impIémentation' with |
I
address
I I I I I
|

Figure2-7 Timing of an ITLB Miss

2.2.4 CacheMissTiming

A missin the instruction cache will be detected in the IS stage. The IFU will allocate one of the entriesin the fill buffer
and send thetrandated physical address and the missindication to the BIU during the next cycle. The IFU will then enter
anidle state and, assuming no redirect event, will replay the | F stage once the datareturnsfrom the BIU. Prior to writing
into the cache, the IFU precodes the instructions with some additional information about branches/jumpsthat help speed
up fetch unit processing of those instructions. Precoding the instructions and the write into thefill buffer will happenin
the cycle the BIU returns the data, and in the following | F stage the data can be bypassed from the fill buffer. Thus, the
IFU portion of the cache miss penalty isnormally 4 cycles. Thetotal miss penalty could range from aminimum of 10-12
cyclesfor an L2 hit to 50 or more for an access to main memory.

N-cycle wait
IF | 1s s pre| IF | IS
IF | IS code| IF | IS
A cache fill data
miss (critical portion)
signalled
to BIU from BIU

Figure 2-8 Timing of a Cache Miss

2.25 MIPSlee™

The IFU isresponsible for recoding MIPS16e instructions. Before the MIPS16e instruction is sent to the ALU, it is
recoded into a 32b instruction. Some additional stateis used for the MIPS16e instructions that do not have a direct
counterpart in the MIPS32 instruction set (such as PC-relative loads and adds). This recoding step is handled in an
additional pipeline stage that is only active when executing M1 PS16e code.

Each cycle, the recode logic processes 32b of the instruction stream and puts 1-2 instructions in the fetch buffer. Most
instructions can be generated two at atime, but there are two exceptions. JAL (X) instructions are 32b. When the JAL (X)
isin the 32b fetch window, it will be recoded in one cycle. If the JAL (X) startsin the middle of afetch window, the first
instruction will be recoded in the first cycle and the fetch window will be shifted so the JAL (X) can be recoded in the
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2.3 Load Store Unit

second cycle. EXTENDs are handled the same way - the EXTEND and the instruction it is extending are only recoded
when they are in the fetch window together.

Table 2-1 Recode bandwidth

First 16b Second 16b 32b Instns gener ated
16binstn 16binstn 2
Extend 16 instn 1
16b instn Extend/JAL (X) 1
JAL(X) 1

2.3 Load Store Unit

The Load Store Unit (LSU) is responsible for loads and stores. This primarily includes the data cache control logic.
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Figure 2-9 L SU Pipeline
2.3.1 DTLB

The data cache access beginsin the AG stage. The ALU generatesthe virtual addressin thisstage. In parallel, the source
operands are passed to the LSU and the 8 entry DTLB is accessed. If thereisamissinthe DTLB, the LSU will stall and
give the addressto the BIU to lookup in the JTLB. If thereisahit in the JTLB, the page information will be returned to
the LSU and the access will continue.

20
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2.3 Load Store Unit

DTLB Miss Handling

2-3 cycle stall.

AG OEX* P EX* 1 EX* EX I
I I I I I
DTLB |Pipe Stallsy PTE read - 1 or 2 Pipe |

lookup - =~ Address ' cycles depending on  restarts
miss | sentto 1JTLB impIémentation' with |
detected | JTLB for | | | translated |
| lookup | | | address |
|

Figure2-10 DTLB Misstiming

The DTLB will only store mappings either for 4K or 1M pages or subpages of alarger JTLB entry. A DTLB entry will
also record the associated JTL B entry, so that for aJTLB write, the DTLB can invalidate its copy if present. The DTLB
uses apseudo-L RU replacement algorithm. If the Fixed Mapping MMU isused instead of aTLB, the addresstrand ation
will be donein the EX stage and there will never bea DTLB miss.

2.3.2 Data Cache Access

The data cache accessisdone during the EX stage. Thetag and dataarrays are accessed and the values are saved in flops
for useinthe MSstage. In parallel with the array lookup (in EX), the physical addressis used to do an early tag compare
on entriesin the Fill Store Buffer (FSB) and Store Buffer (SB).

The SB isasingle entry buffer that is used to stage store data into the other structures. It is fully bypass-able, allowing
aload immediately after astore to the same address to execute without stalls. From the SB, the store datawill move into
the FSB if the store hitsin the cache or it is an allocating miss. The store data is then written into the cache
opportunistically.

During the M S stage, the data cache tags are compared to the physical address to determine whether areference hit in
the cache or naot. If thereisahit, the way select (WS) array will be written to mark the most recently used way, and load
datawill be bypassed back to the ALU. On acache miss, an FSB entry is allocated to hold thefill dataasit returns from
the BIU. The WS array is read and the replacement way is determined. If the line selected for replacement is dirty, an
evictionwill begin and the dirty datawill be written back to memory. A load misswill also allocate an entry in the Load
Queue (LDQ). This buffer is used to hold the aligned load data while it is being staged back into the ALU.

The core portion of aload missis shown in Figure 2-11. It takes one cycleto get from the L SU through the BIU and out
onto the OCP bus. It takes at least 1 cycle for the datato be returned. Then 2 more cycles are required to get the data
back to the ALU.
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1 2
MS P P i)
[l (] [ [l
[ [ || [ to pipe
load [ 0 [
miss || [l ocp [ [
a/: | L, » ‘oo ||
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to BIU : :_’ Qel?gue; > B||U LlDQ
(] [ ] (]

Figure 2-11 Cache Miss Timing

2.3.3 Outstanding misses

The 24K corefeatures non-blocking D-cache misses. In the cases where the following instructions are not dependent on
the load data, the core can continue executing instructions while the missis being processed. The core can handle
multiple outstanding misses.

» Upto 4 independent cache lines - thisincludes lines requested for loads, stores, and prefetches. Multiple requeststo
the same line can be merged.

» Upto4load misses- Up to 4 separate |oads can be outstanding. The loads can be to different cache lines or multiple
loads can be to the same cache line.

2.3.4 Uncached Accesses

Uncached accesses are handled pretty similarly to cached ones. The cacheability of the reference is not known until the
address trandlation is completed in the EX stage, so the cache accessis performed anyway. On an uncached reference,

amisswill beforced. Uncached loadswill request the exact amount of datarequired and allocate an FSB and LDQ entry.
Uncached |oads are non-blocking just like cached misses. Uncached stores will be sent to the BIU.

To the LSU, uncached accelerated stores ook the same as uncached stores. They are handled differently in the BIU
though. The BIU will attempt to gather uncached accelerated stores and do a bursted write to improve bus efficiency.

2.4 MDU Pipeine

22

The autonomous multiply/divide unit (MDU) has a separate pipeline for multiply and divide operations. This pipeline
operates in parallel with the integer unit (ALU) pipeline and does not stall when the ALU pipeline stalls. Thisallows
multi-cycle MDU operations, such as adivide, to be partially masked by system stalls and/or other integer unit
instructions.

The MDU consists of a 32x32 booth recoded multiplier array, separate carry-lookahead adders for multiply and divide,
result/accumulation registers (HI and LO), multiply and divide state machines, and all necessary multiplexers and
control logic.

The MDU supports execution of a multiply operation every clock cycle. Divide operations are implemented with a
simple 1 bit per clock iterative algorithm with an early in detection of sign extension on the dividend (rs). An attempt to
issue asubsegquent MDU instruction which would accessthe HI or LO register before the divide compl etes causes adelay
in starting the subsequent MDU instruction. Some concurrency is enabled by the separate adders for the multiply and
divide data paths. The MDU instruction may start executing once the divide is ensured of writing to the HI and LO
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2.4 MDU Pipeline

registers before the MDU instruction will accessthem. A MUL instruction, which does not accessthe HI or LO register,
may start executing anytime relative to a previous divide instruction.

Table 2-2 lists the delays (number of cycles until aresult is available) for multiply and divide instructions. The delays
arelisted in terms of pipeline clocks. In thistable ‘delay’ refers to the number of cycles the CPU must stall the second

instruction to wait for the result of the first instruction.

Table 2-2 MDU Instruction Delays

) Instruction Sequence
Size of Operand Delay
1st Instruction(™ 1st Instruction 2nd I nstruction Clocks
MULT/MULTU, MADD/MADDU,
32 hit MADD/MADDU, or MSUB/MSUBU, or 0
MSUB/MSUBU MFHI/MFLO
32 bit MUL Integer operation!™! 4
8 bit DIVU MFHI/MFLO 7
16 bit DIVU MFHI/MFLO 15
24 bit DIVU MFHI/MFLO 23
32 bit DIVU MFHI/MFLO 31
8 bit DIV MFHI/MFLO 92
16 bit DIV MFHI/MFLO 1712
24 bit DIV MFHI/MFLO 25(2
32 bit DIV MFHI/MFLO 334
any MFHI/MFLO Integer operation(! 4
any MTHI/MTLO At 1
any MTHI/MTLO MFHI/MFLO 0
Note: [1] Integer Operation refersto any integer instruction that uses the result of a previous MDU operation.
Note: [2] If both operands are positive, then the two Sign Adjust stages are bypassed. Delay isthen the sameasfor DIVU.

In Table 2-2 adelay of zero means that the first and second instructions can be issued back to back in the code without
the MDU causing any stallsin the ALU pipeline. A delay of one means that if issued back to back, the ALU pipeline

will be stalled for one cycle.
Table 2-3 Multiply Instruction (updating HI/LO) Repeat Rates

Instruction Sequence
Repeat
1st Instruction 2nd Instruction Rate
MULT/MULTU, MADD/MADDU,
MADD/MADDU, MSUB/MSUBU 1
MSUB/MSUBU
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The repeat rate of 1 for MULT/MULTU/MADD/MADDU/MSUB/MSUBU to MADD/MADDU/MSUB/MSUBU are

achieved by feeding the result of the M3y, stage for the first instruction back into the M3y, stage for the second
instruction.

Table 2-4 MUL Repeat Rates

Instruction Sequence
Repeat
1st Instruction 2nd Instruction Rate
MUL MUL (no data dependency) 1-3112

Note: [1] Thereisno data dependency between first and second MUL . Otherwise, the repeat rate
isthe same asfor MUL to integer operationsin Table 2-2

Note: [2] MULSs can beissued at the maximum rate of 3 every 5 cycles. Three can beissued back
to back, but afourth one would stall.

2.4.1 Multiply Pipeline Stages

The multiply operation beginsin By py stage, which would be the EX stage in the integer pipeline. The booth recoding
function occurs at this time. The multiply calculation requires three clocks and occursin the M1y py, M2ypy, and
M3\ipuy Stages. The carry-lookahead-add (CLA) function occurs at the end of the M3),p Stage. Inthe Ay py Stage, the
result is selected from the multiply data path, HI register, and LO register to be returned to the ALU for the MFHI,
MFLO, and MUL instructions. If the MDU instruction is not one of these, the result is selected to be written into the
HI/LO registersinstead. The result is ready to be read from the HI/LO registersin the Wy, Stage.

The following figuresillustrate a multiply (accumulate) instruction and the interaction with the main integer pipeline.
These figures are applicable to MUL, MULT, MULTU, MADD, MADDU, MSUB, and MSUBU instructions

RF AG BMDU MlMDU MZMDU MSMDU AMDU WMDU

(EX)

Figure 2-12 Multiply Pipeline

RE | AG | EX ,\'Result bypass

RF AG BMDU MlMDU MZMDU MSMDU AMDU WMDU

Figure 2-13 Multiply With Dependency From ALU
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2.4 MDU Pipeline

RF AG EX MS ,\'Result bypass

RF | AG | EX" |Byous MLuouM2uouM3uou| Avou | Wiou

* - MUL enters EX stage but stalls because data is
not ready

Figure 2-14 Multiply With Dependency From Load Hit

RF | AG | EX | MS |ER" |... LER

4

RF | AG EX | EX | 4. |Bwou MLyouM2umpu|M3uou| Aoy | Wiou

/

/
Result bi/pass

Figure 2-15 Multiply With Dependency From Load Miss

The following figure shows the results of the GPR targeted MUL instruction being bypassed to alater instruction.
Independent instructions can execute while the multiply is happening. If a dependent instruction is found, it will stall
until the result is available. When the MUL completes, it will arbitrate for accessto the write port of the register file. If
the integer pipe is busy with other instructions, the MDU pipeline will stall until the result can be written.

If the MUL target is being used as the base address for aload or store instruction, it needs to be bypassed by the AG
stage, so one extra cycle will be required.

MUt RF | AG |Byou MluouM2uou [M3ypu| Awou Result bypass

RF | AG |EX" | MS | ER | wB

RF | AG | EX |MS"| ER || wB

RF [ AG | EX | MS [|ER WB

RF [ AG [ EX [IMS | ER wB

Earliest dependent ALU instn RF | aAc | ex | Ms | ER WB

Earliest dependent load/store base RE | ac | EX | Ms | ER WB
address

Figure2-16 MUL bypassing result to integer instructions
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2.4.2 Divide Operations

Divide operations are implemented using a simple non-restoring division algorithm. This algorithm works only for
positive operands, hence the first cycle of the My, Stage is used to negate the rs operand (RS Adjust) if needed. Note
that this cycleis spent even if the adjustment is not necessary. In cycle 2, the first add/subtract iteration is executed. In
cycle 3 an early-in detection is performed. The adjusted rs operand is detected to be zero extended on the upper most 8,
16 or 24 hits. If thisisthe case the following 7, 15 or 23 cycles of the add/subtract iterations are skipped. During the next
maximum 31 cycles (4-34), the remaining iterative add/subtract loop is executed.

Theremainder adjust (Rem Adjust) cycleisrequired if the remainder was negative. Note that this cycle is spent even if
the remainder was positive. A sign adjust is performed on the quotient and/or remainder if necessary. The sign adjust
stages are skipped if both operands are positive.

Figure 2-17 on page 26, Figure 2-18 on page 26, Figure 2-19 on page 26 and Figure 2-20 on page 27 show the worst
case latencies for 8, 16, 24 and 32 bit divide operations, respectively. The worst case repeat rate is either 14, 22, 30 or
38 cycles (two less if the sign adjust stage is skipped).

Clock

Clock 1 2 3 4-18 19 20 21 22
I{— IDLE Stage >| €~ DIV1Stage -»| € ERLY Stage p»| - DIV Stages > € RMD Stage | €~ SGN Stage | € SGN2 Stage -)»| 4 IDLE Stage —}l
| RS Adjust | Add/Subtract | Early In | Add/Subtrace | Rem. Adjust | Sign Adjust 1 | Sign Adjust 2 | Result Ready |
Figure 2-18 MDU Pipeline Flow During a 16-bit Divide (DIV) Operation
Clock 1 2 3 4-26 27 28 29 30
|4— IDLE Stage 9|4 DIV1Stage | ERLY Stage | DIV Stages >/ €~ RMD Stage )>| €~ SGN Stage | €~ SGN2 Stage |- IDLE Stage —>|
| RS Adjust | Add/Subtract | Early In | Add/Subtrace | Rem. Adjust | Sign Adjust 1 | Sign Adjust 2 | Result Ready |
Figure 2-19 MDU Pipeline Flow During a 24-bit Divide (DIV) Operation
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1

|<— IDLE Stage >

2

<« DIV1Stage P

3

<« ERLY Stage P

4-10

<4 DIV Stages P

1

<4 RMD Stage P

I

12

<4 SGN Stage

13

4 SGN2 Stage P

14

<« |DLE Stage —>|

| RSAdjust

| Add/Subtract |

Early In |

Add/Subtrace |

Rem. Adjust | Sign Adjust 1 | Sign Adjust 2 |

Result Ready |

Figure 2-17 MDU Pipeline Flow During a 8-bit Divide (DIV) Operation
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Clock 1 2 3 4-34 35 36 37 38
l{— IDLE Stage > | DIV1Stage | € ERLY Stage )| € DIV Stages | € RMD Stage )| € SGN Stage | € SGN2 Stage > 4 IDLE Stage —}l

[ I S N S A B

| RS Adjust | Add/Subtract | Early In | Add/Subtrace | Rem. Adjust | Sign Adjust 1 | Sign Adjust 2 | Result Ready |

Figure 2-20 M DU Pipeline Flow During a 32-bit Divide (DIV) Operation

2.5 Skewed ALU

The 24K core has askewed ALU. Thisisreferring to the fact that the ALU islocated in the EX stage instead of the AG
stage. This allows the load to use delay to be two cycles, the same asit wasin the shorter 4KE pipeline. Software
optimized for that pipeline can run without incurring additional stalls. Of course, this does not come for free- an ALU
instruction generating the base address for aload or store will have an additional cycle stall. Independent of the ALU
location, pointer chasing loads (Ioads generating the base address for following loads) will seethefull 3 cycles of cache
accesstime.

Thisisshown in Figure 2-21. The earliest an ALU consumer of load data can issue istwo cycles after the load. The
earliest aload/store consumer can issue is three cycles after the load.

The bypass of datafrom the ALU is shown in Figure 2-22. For back to back ALU instructions, the result is bypassed
from the EX stage to the AG stage. For an ALU bypassing to the base address register of aload or store, the bypassing
isfrom the EX stage to the RF stage and the load cannot issue until two cycles after the ALU instruction. Note that the
dataregister for astoreis not used in the AG stage and a dependency there will look like the ALU to ALU bypass.

One Cycle | One Cycle | One Cycle | One Cycle |One Cycle |One Cycle

Load Instruction —p RF AG EX MS ER
\ Data bypass from M$ to AG/RF
- RF AG / EX MS ER
A
ALU Consumer of Load Data _ RF \ AG EX MS
i

Load/Store Consumer of Load Data RF AG EX

\ 4

Figure 2-21 L oad Data Bypass
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One Cycle | One Cycle | One Cycle |One Cycle |One Cycle |One Cycle

ALU Instruction —p RF AG EX MS ER

k Data bypass from EX to AG/RF

ALU Consumer of ALU Data —»p RF AG ‘ EX MS ER

1

Load/Store Consumer of ALU Data —»p RF AG EX MS

Figure 2-22 ALU Data Bypass

2.6 Interlock Handling

Smooth pipeline flow is interrupted when cache misses occur or when data dependencies are detected. Interruptions
handled entirely in hardware, such as cache misses, are referred to asinterlocks. At each cycle, interlock conditions are
checked for all active instructions.

Table 2-5 lists the types of pipeline interlocks for the 24K processor core.

Table 2-5 Pipeline I nterlocks

Interlock Type Sources Slip Stage
Dest. register for any instruction in
previous cycle
GPR dependency - |oad/store address AG

Dest. register for loadsMFCx/MDU
instnsin previous 2 cycles

MDU busy Previous MDU operation not completed AG
Dest. register for loadMFCx/MDU
GPR dependency instnsin previous cycle EX
Destination GPR dependency Outstanding GPR write to same register MS
L oad/Store address missin microTLB

LSU MS

Load Queue Full

LWL/LWR miss
Blocking load miss ER

Other load misses with non-blocking
loads disabled

In general, MIPS processors support two types of hardware interlocks:
« Stalls, which are resolved by halting the pipeline
« Slips, which allow one part of the pipeline to advance while ancther part of the pipelineis held static

In the 24K processor core, al interlocks are handled as slips.
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2.7 Instruction Interlocks

Most instructions can be issued at arate of one per clock cycle. In order to adhere to the sequential programming model,
theissue of an instruction must sometimes be delayed. This to ensure that the result of aprior instruction is available.
Table 2-6 details the instruction interactions that prevent an instruction from advancing in the processor pipeline.

Table 2-6 Instruction I nterlocks

Instruction Interlocks
Issue Delay (in
First Instruction Second I nstruction Clock Cycles) Slip Stage
ALU Consumer of load data 1 EX stage
LB/LBU/LH/LHU/LL/LW/L
WL/LWR L oad/Store consumer for
base address register 2 AG stage
ALU consumer of destination
register 2 EX stage
MFCO
L oad/store consumer for base
address 3 AG stage
MULTx/MADDx/MSUBXx MFLO/MFHI 0
ALU Consumer of target data 4 EX stage
MUL/MFHI/MFLO
L oad/Store consumer of
target data for base address 5 AG stage
MULT/MUL/MADD/MSUB
MULTx/MADDx/MSUBXx MTHI/MTLO/DIV 0 EX stage
MUL/MULTx/MADDx/
DIV MSUBX/MTHI/MTLO/ See Table 2-2 EX stage
MFHI/MFLO/DIV
TLBWRITLBWI L oad/Store/PREF/CACHE/ 2 EX stage
TLBR COPOop 1 EX stage
2.8 Hazards

In general, the 24K core ensures that instructions are executed following a fully sequential program model. Each
instruction in the program sees the results of the previous instruction. There are some deviations to this model. These
deviations are referred to as hazards.

Prior to Release 2 of the MIPS32™ Architecture, hazards (primarily CPO hazards) were relegated to

implementati on-dependent cycle-based solutions, primarily based on the SSNOP instruction. This has been an
insufficient and error-prone practice that must be addressed with a firm compact between hardware and software. As
such, new instructions have been added to Release 2 of the architecture which act as explicit barriers that eliminate
hazards. To the extent that it was possible to do so, the new instructions have been added in such away that they are
backward-compatible with existing MIPS processors.

MIPS32® 24K® Processor Core Family Software User’s Manual, Revision 03.05 29

Copyright © 2004,2005 MIPS Technologies Inc. All rights reserved.



Chapter 2 Pipeline of the 24K® Core

2.8.1 Typesof Hazards
With one exception, all hazards were eliminated in Release 1 of the Architecture for unprivileged software. The
exception occurs when unprivileged software writes a new instruction sequence and then wishes to jump to it. Such an
operation remained a hazard, and is addressed by the capabilities of Release 2.

In privileged software, there are two different types of hazards: execution hazards and instruction hazards. Both are
defined below.

2.8.1.1 Execution Hazards

Execution hazards are those created by the execution of oneinstruction, and seen by the execution of another instruction.
Table 2-7 lists execution hazards.

Table 2-7 Execution Hazards

Producer - Consumer Hazard On Spacing
(Instructions)
TLBP, TLBR TLB entry 2
TLBWR, TLBWI -
Load/store using new TLB entry TLB entry 3
MTCO - Load/store affected by new state VV\\//;thLHcl) 2
any cp0
MTCO - MFCO register 2
MTCO - EI/DI Status 2
MTCO - RDHWR $3 Count 2
MTCO N gc:;rocr instruction execution depends on the new value of Statusay 5
UScu
EPC
MTCO - ERET DEPC 2
ErrorEPC
MTCO - ERET Status 2
El, DI - Interrupted instruction Status;g 2
MTCO - Interrupted instruction Status 2
o . Statusgr
MTCO - User-defined instruction (only for Pro core) Statusey, 4
MTCO - Interrupted Instruction Causep 2
EntryHi,
EntryL o0,
TLBR - MFCO EntryLol. 2
PageMask
TLBP - MFCO Index 2
TLBR
MTCO - TLBWI EntryHi 2
TLBWR
TLBP .
MTCO - Load/store affected by new state EntryHiasip 2
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Table 2-7 Execution Hazards

Producer - Consumer Hazard On Spacing
(Instructions)
TLBWI EntryLoO
MTCO ~  TLBWR EntryLol 2
TLBWI
MTCO - TLBWR Index 2
RDPGPR
MTCO - WRPGPR SRSCtlpsg 1
Compare
MTCO —  Instruction not seeing a Timer Interrupt C‘fggrast?ntgaetr 4t
Interrupt
. Any other
MTCO - Instruction affected by change CPO register 2

1. Thisisthe minimum vaue. Actual valueis system-dependent sinceit is afunction of the sequential logic between the S_TimerInt output and the external
logic which feeds SI_TimerInt back into one of the SI_Int inputs, or afunction of the method for handling SI_TimerInt in an external interrupt controller.

2.8.1.2 Instruction Hazards

Instruction hazards are those created by the execution of one instruction, and seen by the instruction fetch of another
instruction. Table 2-8 listsinstruction hazards. Because thefetch unit is decoupled from the execution unit, these hazards
arerather large. The use of a hazard barrier instruction is highly recommended for reliable clearing of instruction

hazards.
Table 2-8 Instruction Hazards
Producer - Consumer Hazard Spacing
On (Instructions)

TLBWR, TLBWI - Instruction fetch using new TLB entry TLB entry 10

Instruction fetch seeing the new value including:

1. change to ERL followed by an instruction fetch from the useg
MTCO - segment and Status 10

2. changeto ERL or EXL followed by a Watch exception
MTCO - Instruction fetch seeing the new value EntryHiagp 10
MTCO - Instruction fetch seeing the new value V\/\\//gttgﬁré 10
wﬁt{gﬁfgﬂ?ﬂ? - Instruction fetch seeing the new instruction stream gn?ﬁrg 10
Instructionstream . . . : Cache System-depend
write via store - Instruction fetch seeing the new instruction stream entries entk

1. Thisvalue depends on how long it takes for the store value to propagate through the system.

2.8.2 Instruction Listing

Table 2-9 lists the instructions designed to eliminate hazards. See the document titled MIPS32™ Architecture for
Programmers Volume I1: The MIPS32 Instruction Set (MD00084) for a more detailed description of these instructions.
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Table 2-9 Hazard Instruction Listing

Mnemonic Function
EHB Clear execution hazard
ERET Clears both execution and instruction hazards

JALR.HB Clears both execution and instruction hazards

JR.HB Clears both execution and instruction hazards

SYNCI Synchronize caches after instruction stream write

2.8.2.1 Instruction Encoding

The EHB instruction is encoded using a variant of the NOP/SSNOP encoding. This encoding was chosen for
compatibility with the Release 1 SSNOP instruction, such that existing software may be modified to be compatible with
both Release 1 and Release 2 implementations. See the EHB instruction description for additional information.

The JALR.HB and JR.HB instructions are encoding using bit 10 of the hint field of the JALR and JR instructions. These
encodings were chosen for compatibility with existing M1PS implementations, including many which pre-date the
MIPS32 architecture. Because a pipeline flush clears hazards on most early implementations, the JALR.HB or JR.HB
instructions can beincluded in existing software for backward and forward compatibility. Seethe JALR.HB and JR.HB
instructions for additional information.

The SYNCI instruction is encoded using a new encoding of the REGIMM opcode. This encoding was chosen because
it causes a Reserved Instruction exception on all Release 1 implementations. As such, kernel software running on
processors that don’t implement Release 2 can emulate the function using the CACHE instruction.

2.8.3 Eliminating Hazards

The Spacing column shown in Table 2-7 and Table 2-8 indicates the number of unrelated instructions (such as NOPs or
SSNOPs) that, prior to the capabilities of Release 2, would need to be placed between the producer and consumer of the
hazard in order to ensure that the effects of the first instruction are seen by the second instruction. Entriesin the table
that are listed as 0 are traditional MIPS hazards which are not hazards on the 24K core.

With the hazard elimination instructions availablein Release 2, the preferred method to eliminate hazardsisto place one
of the instructions listed in Table 2-9 between the producer and consumer of the hazard. Execution hazards can be
removed by usingthe EHB, JALR.HB, or JR.HB instructions. Instruction hazards can be removed by usingthe JALR.HB
or JR.HB instructions, in conjunction with the SYNCI instruction.
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3.1 Features Overview

Chapter 3
Floating-Point Unit of the 24Kf™ Core

This chapter describes the MIPS64® Floating-Point Unit (FPU) included in the 24Kf core. This chapter contains the
following sections:

 Section 3.1, "Features Overview"

* Section 3.2, "Enabling the Floating-Point Coprocessor"
* Section 3.3, "Data Formats'

* Section 3.4, "Floating-Point General Registers"

* Section 3.5, "Floating-Point Control Registers’

* Section 3.6, "Instruction Overview"

 Section 3.7, "Exceptions"

* Section 3.8, "Pipeline and Performance"

3.1 Features Overview

The FPU is provided via Coprocessor 1. Together with its dedicated system software, the FPU fully complies with the
ANSI/IEEE Standard 754-1985, |EEE Standard for Binary Floating-Point Arithmetic. The MIPS architecture supports
the recommendations of |EEE Standard 754, and the coprocessor implements a precise exception model. The key
features of the FPU are listed below:

* Full 64-bit operation is implemented in both the register file and functional units.

» A 32-bit Floating-Point Control Register controls the operation of the FPU, and monitors condition codes and
exception conditions.

* Likethe main processor core, Coprocessor 1 is programmed and operated using a Load/Store instruction set. The
processor core communicates with Coprocessor 1 using a dedicated coprocessor interface. The FPU functions as an
autonomous unit. The hardware is completely interlocked such that, when writing software, the programmer does not
have to worry about inserting delay slots after loads and between dependent instructions.

» Additional arithmetic operations not specified by |IEEE Standard 754 (for example, reciprocal and reciprocal square
root) are specified by the MIPS architecture and are implemented by the FPU. In order to achieve low latency counts,
these instructions satisfy more relaxed precision requirements.

» The MIPS architecture further specifies compound multiply-add instructions. These instructions meet the IEEE
accuracy specification where the result is numerically identical to an equivalent computation using multiply, add,
subtract, or negate instructions.

Figure 3-1 depicts a block diagram of the FPU.
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Register File
I EEE AR N
Bypass “7 Control |«—rz—s!
|
r |
r— - ---*---wr-w-r---w----ﬂl :
I
I Div/Sqrt Mul ;ct’:g ! I Processor
: ; | | Core
| v 1 Coprocessor I
I : Interface :
: | |
| Add | |
I J( I I
U U U 4 L - - - -

Figure 3-1 FPU Block Diagram

The MIPS architecture is designed such that a combination of hardware and software can be used to implement the
architecture. The 24K core FPU can operate on numbers within a specific range (in general, the IEEE normalized
numbers), but it relies on a software handler to operate on numbers not handled by the FPU hardware (in general, the

| EEE denormalized numbers). Supported number ranges for different instructions are described later in this chapter. A
fast Flush To Zero mode is provided to optimize performance for cases where |EEE denormalized operands and results
are not supported by hardware. The fast Flush to Zero modeis enabled through the CP1 FCSR register; use of thismode
is recommended for best performance.

3.1.1 |IEEE Standard 754

The |EEE Standard 754-1985, IEEE Standard for Binary Floating-Point Arithmetic, isreferred to in this chapter as
“|1EEE Standard 754" . |EEE Standard 754 defines the following:

* Floating-point data types
* The basic arithmetic, comparison, and conversion operations

* A computational model
|EEE Standard 754 does not define specific processing resources nor does it define an instruction set.

For more information about this standard, see the IEEE web pageat http: //stdsbbs.ieee.org/.

3.2 Enabling the Floating-Point Coprocessor

Coprocessor 1 isenabled through the CU1 bit in the CPO Status register. When Coprocessor 1 isnot enabled, any attempt
to execute a floating-point instruction causes a Coprocessor Unusable exception.

3.3 Data Formats

The FPU provides both floating-point and fixed-point data types, which are described below:
» Thesingle- and double-precision floating-point data types are those specified by |EEE Standard 754.
 The fixed-point types are signed integers provided by the CPU architecture.
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3.3.1 Floating-Point Formats

The FPU provides the following two floating-point formats:

» a32-hit single-precision floating point (type S, shown in Figure 3-2)

» a64-bit double-precision floating point (type D, shown in Figure 3-3)

The floating-point data types represent numeric values as well as the following special entities:

* Two infinities, +eo and -eo
* Signaling non-numbers (SNaNs)
* Quiet non-numbers (QNaNs)

« Numbers of the form: (-1)® 2 by.by by..by, 1, where:

—s=0orl

— E = any integer between E_min and E_max, inclusive

— by =0or 1 (the high bit, by, isto theleft of the binary point)

— p isthe signed-magnitude precision

The single and doubl e floating-point data types are composed of three fiel ds—sign, exponent, fraction—whose sizesare

listed in Table 3-1.

Table 3-1 Par ameter s of Floating-Point Data Types

Parameter Single Double

Bits of mantissa precision, p 24 53
Maximum exponent, E_max +127 +1023
Minimum exponent, E_min -126 -1022
Exponent bias +127 +1023
Bitsin exponent field, e 8 11
Representation of by integer bit hidden hidden
Bitsin fraction field, f 23 52

Total format width in bits 32 64
Magnitude of largest representable number 3.4028234664e+38 1.7976931349e+308
Magnitude of smallest normalized representable number 1.1754943508e-38 2.2250738585e-308

Layouts of these three fields are shown in Figures 3-2 and 3-3 below. Thefields are:

e 1-bitsign, s
* Biased exponent, e= E + bias

* Binary fraction, f=.by by..b, 1 (the by bit is hidden; it is not recorded)
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31 30 23 22 0
| S | Exponent Fraction |
1 8 23

Figure 3-2 Single-Precision Floating-Point Format (S)

63 62 52 51 0
| S| Exponent Fraction
1 11 52

Figure 3-3 Double-Precision Floating-Point Format (D)

Values are encoded in the specified format using the unbiased exponent, fraction, and sign valueslisted in Table 3-2. The
high-order bit of the Fraction field, identified as by, is also important for NaNs.

Table 3-2 Value of Single or Double Floating-Point Data Type Encoding

Typical Single Typical Double
UnbiasedE | f |[s| b ValueV Type of Value Bit Pattern® Bit Pattern?®
1 SNaN Signaling NaN Ox7EEEEEEE OxX7EE£EfEff FEfEEEEE
E max+1 #0
0 QNaN Quiet NaN Ox7fbffEfE Ox7E£7fEff fEfEEEEE
1 - o0 Minusinfinity 0x££800000 0xf££00000 00000000
E_max+1 0
0 + o0 Plusinfinity 0x7£800000 0x7££00000 00000000
; ; 0x80800000 0x80100000 00000000
1 - @Hah mi%%tle\r/e normalized through through
E_max OxfETEEEEE Oxffefffff fEELFEEEE
to
E_min E - ) 0x00800000 0x00100000 00000000
0 + (251 Positive normalized number through through
0x7E7£EEEE Ox7fefffff fEFFEfff
1 - (2BMM)0.f) Negative denormalized 0xB07EFfEf 0xB00Fffff FEFEFFEf
number
E min-1 #0
E_min Positive denormalized
+ !
0 (2 )(0.f) number 0x007£f£fE OxQ0ffffff fEfEfFEf
1 -0 Negative zero 0x80000000 0x80000000 00000000
E min-1 0
0 +0 positive zero 0x00000000 0x00000000 00000000

1. The “Typical” nature of the bit patterns for the NaN and denormalized values reflects the fact that the sign might have either value (NaN) and that the
fraction field might have any non-zero value (both). As such, the bit patterns shown are one value in a class of potential values that represent these
special values.

3.3.1.1 Normalized and Denor malized Numbers

For single and double data types, each representable nonzero numerical value has just one encoding; numbers are kept
in normalized form. The high-order bit of the p-bit mantissa, which lies to the left of the binary point, is“hidden,” and
not recorded in the Fraction field. The encoding rules permit the val ue of thisbit to be determined by looking at the value
of the exponent. When the unbiased exponent isin the range E_min to E_max, inclusive, the number is normalized and
the hidden bit must be 1. If the numeric value cannot be normalized because the exponent would be less than E_min,
then the representation is denormalized, the encoded number has an exponent of E_min — 1, and the hidden bit has the
value 0. Plus and minus zero are special cases that are not regarded as denormalized values.
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3.3.1.2 Reserved Operand Values—Infinity and NaN

A floating-point operation can signal IEEE exception conditions, such as those caused by uninitialized variables,
violations of mathematical rules, or results that cannot be represented. If a program does not trap |EEE exception
conditions, a computation that encounters any of these conditions proceeds without trapping but generates a result
indicating that an exceptional condition arose during the computation. To permit this case, each floating-point format
defines representations (listed in Table 3-2) for plusinfinity (+e), minusinfinity (-e), quiet non-numbers (QNaN), and
signaling non-numbers (SNaN).

3.3.1.3 Infinity and Beyond

Infinity represents a number with magnitude too large to be represented in the given format; it represents a magnitude
overflow during acomputation. A correctly signed « is generated asthe default result in division by zero operationsand
some cases of overflow as described in Section 3.7.2, "Exception Conditions".

Once created as a default result, - can become an operand in a subsequent operation. Theinfinities areinterpreted such
that - < (every finite number) < +e. Arithmetic with « isthe limiting case of real arithmetic with operands of
arbitrarily large magnitude, when such limits exist. In these cases, arithmetic on « is regarded as exact, and exception
conditions do not arise. The out-of-range indication represented by  is propagated through subsequent computations.
For some cases, there is no meaningful limiting casein real arithmetic for operands of «. These casesraise the Invalid
Operation exception condition as described in Section 3.7.2.1, "Invalid Operation Exception”.

3.3.1.4 Signalling Non-Number (SNaN)

SNaN operands cause an Invalid Operation exception for arithmetic operations. SNaNs are useful valuesto put in
uninitialized variables. An SNaN is never produced as aresult value.

|EEE Standard 754 states that “Whether copying a signaling NaN without a change of format signals the Invalid
Operation exception is the implementor’s option.” The MIPS architecture makes the formatted operand move
instructions (MOV.fmt, MOV T.fmt, MOV E.fmt, MOV N.fmt, MOV Z.fmt) non-arithmetic; they do not signal |EEE 754
exceptions.

3.3.1.5 Quiet Non-Number (QNaN)

QNaNs provide retrospective diagnostic information inherited from invalid or unavailable data and results. Propagation
of the diagnostic information requires information contained in a QNaN to be preserved through arithmetic operations
and floating-point format conversions.

QNaN operands do not cause arithmetic operationsto signal an exception. When afl oating-point result isto be delivered,
a QNaN operand causes an arithmetic operation to supply a QNaN result. When possible, this QNaN result is one! of
the operand QNaN values. QNaNs do have effects similar to SNaNs on operations that do not deliver a floating-point
result—specifically, comparisons. (For more information, see the detailed description of the floating-point compare
instruction, C.cond.fmt.).

When certain invalid operations not involving QNaN operands are performed but do not trap (because the trap is not
enabled), anew QNaN valueis created. Table 3-3 showsthe QNaN value generated when no input operand QNaN value
can be copied. The values listed for the fixed-point formats are the values supplied to satisfy |EEE Standard 754 when
aQNaN or infinite floating-point value is converted to fixed point. Thereis no other feature of the architecture that
detects or makes use of these “integer QNaN” values.

11n case of one or more QNaN operands, a QNaN is propagated from one of the operands according to the following priority: 1: fs,
2: ft, 3: fr.
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Table 3-3 Value Supplied When a New Quiet NaN is Created

Format New QNaN value

Single floating point 0x7fbf ffff

Doublefloating point | 0x7££7 ffff ffff ffff

Word fixed point 0x7fff £fff

Longword fixed point | 0x7£ff ffff ffff ffff

3.3.2 Fixed-Point Formats

The FPU provides two fixed-point data types:

» a32-bit Word fixed point (type W), shown in Figure 3-4

» a64-hit Longword fixed point (type L), shown in Figure 3-5

The fixed-point values are held in 2's complement format, which is used for signed integers in the CPU. Unsigned

fixed-point data types are not provided by the architecture; application software can synthesize computations for
unsigned integers from the existing instructions and data types.

31 0

Integer |
32

Figure 3-4 Word Fixed-Point Format (W)

63 0
Integer
64

Figure 3-5 L ongword Fixed-Point Format (L)

3.4 Floating-Point General Registers

This section describes the organi zation and use of the Floating-Point general Registers (FPRs). The FPU isa64b FPU,
but a32b register mode for backwards compatibility is also supported. The FR bit in the CPO Status register determines
which mode is sel ected:

» When the FR hit isa 1, the 64b register model is selected, which defines 32 64-bit registers with all formats
supported in aregister.

» When the FR hit isa 0, the 32b register model is selected, which defines 32 32-hbit registers with D-format values
stored in even-odd pairs of registers; thus the register file can also be viewed as having 16 64-hit registers.

These registerstransfer binary data between the FPU and the system, and are also used to hold formatted FPU operand
values.
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3.4.1 FPRsand Formatted Operand L ayout

FPU instructions that operate on formatted operand val ues specify the Floating-Point Register (FPR) that holds the
value. Operands that are only 32 bits wide (W and Sformats) use only half the space in an FPR.

Figures 3-6 and 3-7 show the FPR organization and the way that operand datais stored in them.

63 32 31 0
Reg 0 Undefined/Unused Data Word

Figure 3-6 Single Floating-Point or Word Fixed-Point Operand in an FPR

63 0
Reg 0 Data Doubleword/L ongword

Figure 3-7 Double Floating-Point or Longword Fixed-Point Operand in an FPR

3.4.2 Formats of ValuesUsed in FP Registers

Unlike the CPU, the FPU neither interprets the binary encoding of source operands nor produces a binary encoding of
results for every operation. The value held in afloating-point operand register (FPR) has aformat, or type, and it can be
used only by instructions that operate on that format. The format of avalue is either uninterpreted, unknown, or one of
the valid numeric formats: single or double floating point, and word or long fixed point.

Thevaluein an FPR is always set when a value is written to the register as follows:

» When adata transfer instruction writes binary datainto an FPR (aload), the FPR receives abinary value that is
uninter preted.

» A computational or FP register move instruction that produces a result of type fmt puts a value of type fmt into the
result register.

When an FPR with an uninterpreted value is used as a source operand by an instruction that requires a value of format
fmt, the binary contents are interpreted as an encoded value in format fmt, and the value in the FPR changes to avalue
of format fmt. The binary contents cannot be reinterpreted in a different format.

If an FPR contains a value of format fmt, a computational instruction must not use the FPR as a source operand of a
different format. If this case occurs, the value in the register becomes unknown, and the result of the instruction is also
avalue that is unknown. Using an FPR containing an unknown value as a source operand produces a result that has an
unknown value.

The format of the value in the FPR is unchanged when it isread by a data transfer instruction (a store). A datatransfer
instruction produces abinary encoding of the value contained inthe FPR. If thevaluein the FPR isunknown, the encoded
binary value produced by the operation is not defined.

The state diagram in Figure 3-8 illustrates the manner in which the formatted value in an FPR is set and changed.
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Rslt unknown

Load
Store

Value
uninterpreted
(binary
encoding)

Rslt A

SrcB
(interpret)

Src A
(interpret)

Value in
Format

Value in
Format
A

Rslt
unknown

unknown

Src A
Src B
Store Load

-

A, B: Example formats

Load: Destination of LWC1, LDC1, or MTC1 instructions.

Store: Source operand of SWC1, SDC1, or MFC1 instructions.

Src fmt: Source operand of computational instruction expecting format “fmt.”
Rslt fmt: Result of computational instruction producing value of format “fmt.”

Figure 3-8 Effect of FPU Operations on the Format of ValuesHeld in FPRs

3.4.3 Binary Data Transfers (32-Bit and 64-Bit)

The data transfer instructions move words and doublewords between the FPU FPRs and the remainder of the system.
The operations of the word and doubleword load and move-to instructions are shown in Figure 3-9 and Figure 3-10,

respectively.

The store and move-from instructions operate in reverse, reading data from the location that the corresponding load or
move-to instruction had written.

MIPS32® 24K® Processor Core Family Software User’'s Manual, Revision 03.05

Copyright © 2004,2005 MIPS Technologies Inc. All rights reserved.



3.5 Floating-Point Control Registers

Reg 0
Reg 1

Reg 0
Reg 1

Reg 0
Reg 1

Reg 0
Reg 1

Reg O
Reg 1

Reg O
Reg 1

FRBIT=1 FRBIT=0
63 0 63 0
Initial value 1 I Reg 0 Initial value 1 .
Initial value 2 I Reg 2 Initial value 2 I
l Lwcl £0, O0(x0) / MTC1l £0,rO j
63 0 63 0
Undefined/Unused | Data word (0) ' Reg 0 | Undefined/Unused | Data word (0) I
Initial value 2 I Reg 2 Initial value 2 I
Lwcl £1, 4(x0) / MTCl f1,r4 1
63 0 63 0
Undefined/Unused Data word (0) . Reg 0 Data word (4) | Data word (0) I
Undefined/Unused Data word (4) I Reg 2 Initial value 2 I
Figure 3-9 FPU Word L oad and Move-to Operations
FRBIT=1 FRBIT=0
63 0 63 0
Initial value 1 Reg 0 Initial value 1
Initial value 2 Reg 2 Initial value 2
. _______________________________________________| T
l LDC1 £0, 0(r0) l
63 0 63 0
Data doubleword (0) Reg 0 Data doubleword (0)
Initial value 2 Reg 2 Initial value 2
T I
1 LDC1 £1, 8(r0)
63 0
Data doubleword (0)
(Illegal when FR BIT = 0)
Data doubleword (8)

Figure 3-10 FPU Doubleword L oad and M ove-to Operations

3.5 Floating-Point Control Registers

The FPU Control Registers (FCRs) identify and control the FPU. The five FPU control registers are 32 bitswide: FIR,
FCCR, FEXR, FENR, FCSR. Three of these registers, FCCR, FEXR, and FENR, select subsets of the floating-point
Control/Status register, the FCSR. These registers are also denoted Coprocessor 1 (CP1) control registers.
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CP1 control registers are summarized in Table 3-4 and are described individually in the following subsections of this
chapter. Each register’s description includes the read/write properties and the reset state of each field.

Table 3-4 Coprocessor 1 Register Summary

Register Number Register Name Function
0 FIR Floating-Point Implementation register. Contains information that identifies the FPU.
25 FCCR Floating-Point Condition Codes register.
26 FEXR Floating-Point Exceptions register.
28 FENR Floating-Point Enables register.
31 FCSR Floating-Point Control and Status register.

Table 3-5 defines the notation used for the read/write properties of the register bit fields.
Table 3-5 Read/Write Properties

Read/Write
Notation Hardware I nterpretation Software I nterpretation
R/W All bitsin thisfield are readable and writable by software and potentially by hardware.
Hardware updates of thisfield are visible by software reads. Software updates of thisfield are visible by hardware
reads.
If the reset state of thisfield is“Undefined,” either software or hardware must initialize the value before the first read
returns a predictable value. This definition should not be confused with the formal definition of UNDEFINED
behavior.
R Thisfield is either static or is updated only by hardware. | A field to which the value written by softwareisignored
o by hardware. Software may write any value to thisfield
If the Reset State of thisfield is either “0” or “Preset”, without affecting hardware behavior. Software reads of
hardwareinitializesthisfield to zero or to theappropriate | thisfield return the last value updated by hardware.
state, respectively, on powerup.
o . If the Reset State of thisfield is“Undefined,” software
If the Reset State of thisfield is“Undefined”, hardware | reads of thisfield result in an UNPREDICTABLE value
updatesthisfield only under those conditionsspecifiedin | except after ahardware update done under the conditions
the description of the field. specified in the description of the field.
0 Hardware does not update this field. Hardware can The value software writes to this field must be zero.
assume a zero value. Software writes of non-zero values to this field might
result in UNDEFINED behavior of the hardware.
Software reads of thisfield return zero aslong as all
previous software writes are zero.
If the Reset State of thisfield is“Undefined,” software
must write this field with zero before it is guaranteed to
read as zero.
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3.5 Floating-Point Control Registers

3.5.1 Floating-Point Implementation Register (FIR, CP1 Control Register 0)

The Floating-Point Implementation Register (FIR) isa32-bit read-only register that containsinformation identifying the
capabilities of the FPU, the Floating-Point processor identification, and the revision level of the FPU. Figure 3-11 shows
the format of the FIR; Table 3-6 describesthe FIR bit fields.

31| 30| 29| 28| 27| 26| 25

24

23

22

21

20

19

18

17

1

()

15| 14| 13| 12| 11| 10| 9 | 8

7|6|5|4|3|2|1|0

0

FC

0

F64

L

w

3D

PS

D

S

ProcessorID

Revision

Figure 3-11 FIR Format

Table 3-6 FIR Bit Field Descriptions

Fields

Name

Bits

Description

Read/
Write Reset State

FC

24

Indicates that full convert ranges are implemented:

0: Full convert ranges not implemented
1: Full convert ranges implemented

Thisbit isalways 1 to indicate that full convert ranges are
implemented. This means that all numbers can be
converted to another type by the FPU (If FSbhitin FCSRis
not set Unimplemented Operation exception can still
happen on denormal operands though).

R 1

F64

22

Indicates that thisis a 64-bit FPU:

0: Not a 64-bit FPU
1: A 64-bit FPU.

Thisbit isalways 1 to indicate that thisis a 64-bit FPU.

21

Indicates that the long fixed point (L) data type and
instructions are implemented:

0: Long type not implemented
1: Long implemented

Thisbit isalways 1 to indicate that long fixed point data
types are implemented.

20

Indicates that the word fixed point (W) data type and
instructions are implemented:

0: Word type not implemented
1: Word implemented

Thisbit isalways 1 to indicate that word fixed point data
types are implemented.

3D

19

Indicates that the MIPS-3D ASE isimplemented:

0: MIPS-3D not implemented
1: MIPS-3D implemented

Thisbit isaways 0 to indicate that MIPS-3D is not
implemented.
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Table 3-6 FIR Bit Field Descriptions

Fields
Read/

Name Bits Description Write Reset State

PS 18 Indicates that the paired-single (PS) floating-point data R 0
type and instructions are implemented:

0: PS floating-point not implemented
1. PS floating-point implemented

This bit isaways 0 to indicate that paired-single
floating-point data types are not implemented.

D 17 Indicates that the double-precision (D) floating-point data R 1
type and instructions are implemented:

0: D floating-point not implemented
1: D floating-point implemented

Thisbit isaways 1 to indicate that double-precision
floating-point data types are implemented.

S 16 Indicates that the single-precision (S) floating-point data R 1
type and instructions are implemented:

0: Sfloating-point not implemented
1: Sfloating-point implemented

Thisbit isalways 1 to indicate that single-precision
floating-point data types are implemented.

Processor 15:8 | dentifies the fl oating-point processor. This value matches R 0x93
ID the corresponding field of the CPO PRId register.

Revision 7.0 Specifiesthe revision number of the FPU. Thisfield allows R Hardwired
software to distinguish between one revision and another
of the same floating-point processor type. Thisvalue

matches the corresponding field of the CPO PRId register.

0 31:25, 23 | These bits must be written as zeros; they return zeros on 0 0
reads.

3.5.2 Floating-Point Condition Codes Register (FCCR, CP1 Control Register 25)

The Floating-Point Condition Codes Register (FCCR) isan alternative way to read and write the fl oating-point condition
code valuesthat also appear in the FCSR. Unlike the FCSR, all eight FCC bits are contiguousin the FCCR. Figure 3-12
shows the format of the FCCR; Table 3-7 describes the FCCR bit fields.

31| 3o| 29| 28| 27| 26| 25| 24| 23| 22| 21| 20| 19| 18| 17| 16| 15| 14| 13| 12| 11| 1o| 9 | 8 7| 6| 5| 4| 3| 2| 1| 0
0 FCC

Figure 3-12 FCCR Format

Table 3-7 FCCR Bit Field Descriptions

Fields
Read/
Name Bits Description Write | Reset State
FCC 7:0 Floating-point condition code. Refer to the description R/W Undefined
of thisfield in Section 3.5.5, "Floating-Point Control
and Status Register (FCSR, CP1 Control Register 31)".
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Table 3-7 FCCR Bit Field Descriptions

Fields
Read/
Name Bits Description Write | Reset State
0 318 These bits must be written as zeros; they return zeroson 0 0
reads.

3.5.3 Floating-Point Exceptions Register (FEXR, CP1 Control Register 26)

The Floating-Point Exceptions Register (FEXR) is an alternative way to read and write the Cause and Flags fields that

also appear in the FCSR. Figure 3-13 shows the format of the FEXR; Table 3-8 describes the FEXR hit fields.

31| 30| 29] 28| 27| 26| 25| 24| 23| 22] 21| 20] 19| 18] 17| 16[ 15| 14 13| 12] 11 10| 9| 8| 7| 6| 5] 4| 3| 2] 1]0
0 Cause 0 Flags 0
E|v|z|o|u] v|z[o[u]i
Figure 3-13 FEXR Format
Table 3-8 FEXR Bit Field Descriptions
Fields
Read/
Name Bits Description Write Reset State
Cause 17:12 Cause hits. Refer to the description of thisfield in Section R/W Undefined
3.5.5, "Floating-Point Control and Status Register (FCSR,
CP1 Control Register 31)".
Flags 6:2 Flag bits. Refer to the description of thisfield in Section R/W Undefined
3.5.5, "Floating-Point Control and Status Register (FCSR,
CP1 Control Register 31)".
0 31:18, These bits must be written as zeros; they return zeros on 0 0
11:7,1:0 | reads.
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3.5.4 Floating-Point Enables Register (FENR, CP1 Control Register 28)

The Floating-Point Enables Register (FENR) is an alternative way to read and write the Enables, FS, and RM fields that
also appear in the FCSR. Figure 3-14 shows the format of the FENR; Table 3-9 describes the FENR bit fields.

31|30|29| 28| 27| 26| 25| 24| 23| 22| 21| 20| 19| 18| 17|16|15|14|13| 12 11| 1o| 9 | 8 | 7

6|5|4|3 2 1|o

0 Enables 0 FS| RM
viz|o|ull
Figure 3-14 FENR For mat
Table 3-9 FENR Bit Field Descriptions
Fields
Read/
Name Bits Description Write | Reset State
Enables 11:7 Enablebits. Refer to the description of thisfieldin Section R/W Undefined
3.5.5, "Floating-Point Control and Status Register (FCSR,
CP1 Control Register 31)".
FS 2 Flush to Zero bit. Refer to the description of thisfield in R/W Undefined
Section 3.5.5, "Floating-Point Control and Status Register
(FCSR, CP1 Control Register 31)".
RM 1:0 Rounding mode. Refer to the description of thisfield in R/W Undefined
Section 3.5.5, "Floating-Point Control and Status Regi ster
(FCSR, CP1 Control Register 31)".
0 31:12, These bits must be written as zeros; they return zeros on 0 0
6:3 reads.

3.5.5 Floating-Point Control and Status Register (FCSR, CP1 Control Register 31)

The 32-bit Floating-Point Control and Status Register (FCSR) controlsthe operation of the FPU and showsthefollowing

status information

* selects the default rounding mode for FPU arithmetic operations

* selectively enables traps of FPU exception conditions

* controls some denormalized number handling options

* reports any | EEE exceptions that arose during the most recently executed instruction

* reports any | EEE exceptions that cumulatively arose in completed instructions

* indicates the condition code result of FP compare instructions

Accessto the FCSRis not privileged; it can be read or written by any program that has access to the FPU (viathe
coprocessor enables in the Status register). Figure 3-15 shows the format of the FCSR; Table 3-10 describes the FCSR

bit fields.
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31 | 3o| 29| 28| 27| 26| 25

23 22|21 2o| 19| 18 l7|16| 15| 14| 13| 12 11| 10| 9| 8| 7

6]5]4]

3|2 1|o

FCC

FS

FCC|FOFN 0 Cause Enables

Flags

RM

7|6|5|4|3|2|1

0 E|v|z|o|u|| v|z|o|u||

v]z[o]

u||

Figure 3-15 FCSR Format

Table 3-10 FCSR Bit Field Descriptions

Fields

Name Bit

Description

Read/

Write Reset State

FCC 31:25,
23

Floating-point condition codes. These hits record the
result of floating-point compares and are tested for
floating-point conditional branches and conditional
moves. The FCC hit to useis specified in the compare,
branch, or conditional move instruction. For backward
compatibility with previous MIPS |SAs, the FCC bitsare
separated into two non-contiguous fields.

R/W

Undefined

FS 24

Flush to Zero (FS). Refer to Section 3.5.6, "Operation of
the FS/FO/FN Bits' for more details on this bit.

Undefined

FO 22

Flush Override (FO). Refer to Section 3.5.6, "Operation
of the FS/FO/FN Bits" for more details on this bit.

R/W

Undefined

FN 21

Flush to Nearest (FN). Refer to Section 3.5.6, "Operation
of the FS/FO/FN Bits' for more details on this bit.

Undefined

Cause 17:12

Cause hits. These hits indicate the exception conditions
that arise during execution of an FPU arithmetic
instruction. A bit is set to 1 when the corresponding
exception condition arises during the execution of an
instruction; otherwise, it is cleared to 0. By reading the
registers, the exception condition caused by the preceding
FPU arithmetic instruction can be determined.

Refer to Table 3-11 for the meaning of each cause bit.

Undefined

Enables 117

Enable bits. These bits control whether or not atrap is
taken when an | EEE exception condition occursfor any of
the five conditions. The trap occurs when both an enable
bit and its corresponding cause bit are set either during an
FPU arithmetic operation or by moving avalue to the
FCSR or one of its alternative representations. Note that
Cause bit E (CauseE) has no corresponding enable bit; the
MIPS architecture defines non-IEEE Unimplemented
Operation exceptions as always enabled.

Refer to Table 3-11 for the meaning of each enable bit.

Undefined

Flags 6:2

Flag bits. This field shows any exception conditions that
have occurred for completed instructions since the flag
was last reset by software.

When an FPU arithmetic operation raises an |IEEE
exception condition that does not resultin a
Floating-Point Exception (the enable bit was off), the
corresponding bit(s) in the Flags field are set, while the
others remain unchanged. Arithmetic operations that
result in a Floating-Point Exception (the enable bit was
on) do not update the Flags field.

Hardware never resets thisfield; software must explicitly
reset thisfield.

Refer to Table 3-11 for the meaning of each flag bit.

Undefined
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Table 3-10 FCSR Bit Field Descriptions (Continued)

Fields
Read/
Name Bit Description Write | Reset State
RM 1.0 Rounding mode. This field indicates the rounding mode R/W
used for most floating-point operations (some operations
use a specific rounding mode).
Refer to Table 3-12 for the encoding of thisfield.
0 20:18 These bits must be written as zeros; they return zeros on 0
reads.
Table 3-11 Cause, Enables, and Flags Definitions
Bit Name Bit Meaning
Unimplemented Operation (this bit exists only in the Cause field).
\% Invalid Operations
Z Divide by Zero
(0] Overflow
U Underflow
| Inexact
Table 3-12 Rounding M ode Definitions
RM Field
Encoding Meaning
0 RN - Round to Nearest
Rounds the result to the nearest representable value. When two representable values are equally near,
the result is rounded to the value whose least significant bit is zero (even).
1 RZ - Round Toward Zero
Rounds the result to the value closest to but not greater in magnitude than the result.
2 RP - Round Towards Plus Infinity
Rounds the result to the value closest to but not less than the result.
3 RM - Round Towards Minus Infinity
Rounds the result to the value closest to but not greater than the result.

3.5.6 Operation of

TheFS, FO, and FN bitsin the CP1 FCSR register control handling of denormalized operands and tiny results (i.e.
nonzero result between +25-M M), whereby the FPU can handle these cases right away instead of relying on the much
dower software handler. Thetrade-off isaloss of IEEE compliance and accuracy (except for use of the FO bit), because
aminimal normalized or zero result is provided by the FPU instead of the more accurate denormalized result that a

the FS'FO/FN Bits

software handler would give. The benefit is a significantly improved performance and precision.
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Use of the FS, FO, and FN bits affects handling of denormalized floating-point numbers and tiny results for the
instructions listed below:

ADD, CEIL, CVT, DIV, FLOOR, MADD, MSUB, MUL, NMADD, NMSUB,
RECIP, ROUND, RSQRT, SQRT, TRUNC, SUB, ABS, C.cond, and NEG*

FO bit: MADD, MSUB, NMADD, and NMSUB

1. For ABS, C.cond, and NEG, denormal input operands or tiny results doe not result in Unimplemented excep-
tions when FS = 0. Flushing to zero nonetheless is implemented when FS = 1 such that these operations re-
turn the same result as an equivalent sequence of arithmetic FPU operations.

FSand FN hit:

Instructions not listed above do not cause Unimplemented Operation exceptions on denormalized numbersin operands
or results.

Figure 3-16 depicts how the FS, FO, and FN bits control handling of denormalized numbers. For instructions that are
not multiply or add types (such as DIV), only the FS and FN bits apply.

Operand values Intermediate Multiply-Add result Final result

FS applies FS/FO applies FS/FN applies
) L L
T Multipl EER Addition AR
L i o N

A

Figure 3-16 FS/FO/FN Bits I nfluence on Multiply and Addition Results

3.5.6.1 Flush To Zero Bit

When the Flush To Zero (FS) bit is set, denormal input operands are flushed to zero. Tiny results are flushed to either
zero or the applied format’s smallest normalized number (MinNorm) depending on the rounding mode settings. Table
3-13 lists the flushing behavior for tiny results..

Table 3-13 Zero Flushing for Tiny Results

Rounding M ode Negative Tiny Result | Positive Tiny Result
RN (RM=0) -0 +0
RZ(RM=1) -0 +0
RP (RM=2) -0 +MinNorm
RM (RM=3) -MinNorm +0

The flushing of resultsis based on an intermediate result computed by rounding the mantissa using an unbounded
exponent range; that is, tiny numbers are not normalized into the supported exponent range by shifting in leading zeros
prior to rounding.

Handling of denormalized operand values and tiny results depends on the FS bit setting as shown in Table 3-14.
Table 3-14 Handling of Denor malized Operand Values and Tiny Results Based on FS Bit Setting

FSBit Handling of Denormalized Operand Values
0 An Unimplemented Operation exception is taken.
1 Instead of causing an Unimplemented Operation exception, operands are flushed to zero,
and tiny results are forced to zero or MinNorm.
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3.5.6.2 Flush Override Bit

When the Flush Override (FO) bit is set, atiny intermediate result of any multiply-add type instruction is not flushed
according to the FS bit. The intermediate result is maintained in an internal normalized format to improve accuracy. FO
only appliesto the intermediate result of a multiply-add type instruction.

Handling of tiny intermediate results depends on the FO and FS bits as shown in Table 3-15.
Table 3-15 Handling of Tiny Intermediate Result Based on the FO and FS Bit Settings

FO Bit FSBit Handling of Tiny Result Values

0 0 An Unimplemented Operation exception is taken.

0 1 The intermediate result is forced to the value that would have been delivered for an
untrapped underflow (see Table 3-32) instead of causing an Unimplemented Operation
exception.

1 Don't care | Theintermediate result iskept in aninternal format, which can be perceived as having the
usual mantissa precision but with unlimited exponent precision and without forcing to a
specific value or taking an exception.

3.5.6.3 Flush to Nearest

When the Flush to Nearest (FN) bit is set and the rounding mode is Round to Nearest (RN), atiny final result is flushed
to zero or MinNorm. If atiny number is strictly below MinNorm/2, the result is flushed to zero; otherwise, it is flushed
to MinNorm (see Figure 3-17). The flushed result has the same sign as the result prior to flushing. Note that the FN bit

takes precedence over the FS hit.
-MinNorm/2 MinNorm/2
| |
| |
<—| |—>
_> 4—
-MinNorm 0 MinNorm

I I
I I
I I
I I
| | | | | >
I I
I I

Figure 3-17 Flushing to Nearest when Rounding M odeis Round to Nearest

For all rounding modes other than Round to Nearest (RN), setting the FN bit causes fina resultsto be flushed to zero or
MinNorm asif the FS bit was set.

Handling of tiny final results depends on the FN and FS bits as shown in Table 3-16.
Table 3-16 Handling of Tiny Final Result Based on FN and FS Bit Settings

FN Bit FSBit Handling of Tiny Result Values

0 0 An Unimplemented Operation exception is taken.

0 1 Final result isforced to the value that would have been delivered for an untrapped underflow
(see Table 3-32) rather than causing an Unimplemented Operation exception.

1 Don't care | Final result isrounded to either zero or 25-M" (MinNorm), whichever is closest when in
Round to Nearest (RN) rounding mode. For other rounding modes, afinal result isgiven as
if FSwasset to 1.
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3.5.6.4 Recommended FS/IFO/FN Settings

Table 3-17 summarizes the recommended FS/FO/FN settings.
Table 3-17 Recommended FS/FO/FN Settings

FSBit | FOBit | FN Bit Remarks
| EEE-compliant mode. Low performance on denormal operands and tiny
0 0 0
results.
1 0 0 Regular embedded applications. High performance on denormal operands
and tiny results.
1 1 1 Highest accuracy and performance configuration.1

1. Note that in this mode, MADD might return a different result other than the equivalent MUL and ADD operation sequence.

3.5.7 FCSR Cause Bit Update Flow

3.5.7.1 ExceptionsTriggered by CTC1

Regardless of the targeted control register, the CTC1 instruction causes the Enables and Cause fields of the FCSR to be
inspected in order to determine if an exception is to be thrown.

3.5.7.2 Generic Flow

Computations are performed in two steps:

1. Compute rounded mantissa with unbound exponent range.

2. Flushto default result if the result from Step #1 above is overflow or tiny (no flushing happens on denorms for
instructions supporting denorm results, such as MOV).

The Causefield isupdated after each of these two steps. Any enabled exceptions detected in these two steps cause atrap,
and no further updates to the Cause field are done by subsequent steps.

Step #1 can set cause hits |, U, O, Z, V, and E. E has priority over V; V has priority over Z; and Z has priority over U
and O. Thuswhen E, V, or Z is set in Step #1, no other cause bits can be set. However, note that | and V both can be set
if adenormal operand was flushed (FS=1). I, U, and O can be set alone or in pairs (1U or 10). U and O never can be set
simultaneously in Step #1. U and O are set if the computed unbounded exponent is outside the exponent range supported
by the normalized |EEE format.

Step #2 can set | if adefault result is generated.

3.5.7.3 Multiply-Add Flow

For multiply-add type instructions, the computation is extended with two more steps:
1. Compute rounded mantissa with unbound exponent range for the multiply.
2. Flushto default result if the result from Step #1 is overflow or tiny (no flushing happens on tiny resultsif FO = 1).
3. Compute rounded mantissa with unbounded exponent range for the add.
4. Flushto default result if the result from Step #3 is overflow or tiny.
The Cause field is updated after each of these four steps. Any enabled exceptions detected in these four steps cause a
trap, and no further updates to the Cause field are done by subsequent steps.
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Step #1 and Step #3 can set a cause bit as described for Step #1 in Section 3.5.7.2, "Generic Flow".
Step #2 and Step #4 can set | if adefault result is generated.

Although U and O can never both be set in Step #1 or Step #3, both U and O might be set after the multiply-add has
executed in Step #3 because U might be set in Step #1 and O might be set in Step #3.

3.5.7.4 Cause Update Flow for Input Operands

Denormal input operands to Step #1 or Step #3 always set Cause bit | when FS = 1. For example, SNaN+DeNorm set |
(and V) provided that Step #3 was reached (in case of a multiply-add type instruction).

Conditions directly related to the input operand (for example, I/E set due to DeNorm, V set due to SNaN and QNaN
propagation) are detected in the step where the operand islogically used. For example, for multiply-add type
instructions, exceptional conditions caused by the input operand fr are detected in Step #3.

3.5.7.5 Cause Update Flow for Unimplemented Operations

Note that Cause bit E is special; it clears any Cause updates done in previous steps. For example, if Step #3 caused E to
be set, any I, U, or O Cause update done in Step #1 or Step #2 is cleared. Only E is set in the Cause field when an
Unimplemented Operation trap is taken.

3.6 Instruction Overview

The functional groups into which the FPU instructions are divided are described in the following subsections:
» Section 3.6.1, "Data Transfer Instructions’

 Section 3.6.2, "Arithmetic Instructions’

* Section 3.6.3, "Conversion Instructions'

* Section 3.6.4, "Formatted Operand-Value Move Instructions"

* Section 3.6.5, "Conditional Branch Instructions’

* Section 3.6.6, "Miscellaneous Instructions’

The instructions are described in detail in Chapter 12, “24K® Processor Core Instructions,” on page 291, including
descriptions of supported formats (fmt).

3.6.1 Data Transfer Instructions

The FPU has two separate register sets. coprocessor general registers (FPRs) and coprocessor control registers (FCRS).
The FPU has aload/store architecture; all computations are done on data held in coprocessor general registers. The
control registers are used to control FPU operation. Datais transferred between registers and the rest of the system with
dedicated load, store, and move instructions. The transferred datais treated as unformatted binary data; no format
conversions are performed, and therefore no | EEE floating-point exceptions can occur.
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Table 3-18 lists the supported transfer operations.
Table 3-18 FPU Data Transfer Instructions

Transfer Direction Data Transferred
FPU general register > Memory Word/doubleword |oad/store
FPU general register > CPU generad register Word move
FPU control register > CPU generd register Word move

3.6.1.1 Data Alignment in L oads, Stores, and M oves

All coprocessor loads and stores operate on naturally aligned dataitems. An attempt to load or store to an address that
isnot naturally aligned for the data item causes an Address Error exception. Regardless of byte ordering (the
endianness), the address of aword or doubleword is the smallest byte address in the object. For a big-endian machine,
thisis the most-significant byte; for alittle-endian machine, thisis the least-significant byte.

3.6.1.2 Addressing Used in Data Transfer Instructions

The FPU hasloads and stores using the same regi ster+offset addressing asthat used by the CPU. Moreover, for the FPU
only, there are load and store instructions using register+register addressing.

Tables 3-19 through 3-20 list the FPU data transfer instructions.
Table 3-19 FPU L oads and Stores Using Register +Offset Address M ode

Mnemonic Instruction
LDC1 Load Doubleword to Floating Point
LwcC1 L oad Word to Floating Point
SDC1 Store Doubleword to Floating Point
SWC1 Store Word to Floating Point

Table 3-20 FPU Move To and From I nstructions

Mnemonic Instruction
CFC1 Move Control Word From Floating Point
ctC1 Move Control Word To Floating Point
MFC1 Move Word From Floating Point
MTC1 Move Word To Floating Point

3.6.2 Arithmetic Instructions

Arithmetic instructions operate on formatted data values. The results of most floating-point arithmetic operations meet
| EEE Standard 754 for accuracy—aresult isidentical to an infinite-precision result that has been rounded to the specified
format using the current rounding mode. The rounded result differs from the exact result by less than one Unit in the

L east-significant Place (ULP).
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In general, the arithmetic instructions take an Umimplemented Operation exception for denormalized numbers, except
for the ABS, C, and NEG instructions, which can handle denormalized numbers. The FS, FO, and FN bits in the CP1
FCSRregister can override this behavior as described in Section 3.5.6, "Operation of the FS/FO/FN Bits".

Table 3-21 lists the FPU |EEE compliant arithmetic operations.
Table 3-21 FPU | EEE Arithmetic Operations

Mnemonic Instruction
ABS.fmt Floating-Point Absolute Value
ADD.fmt Floating-Point Add

C.cond.fmt Floating-Point Compare

DIV.fmt Floating-Point Divide
MUL.fmt Floating-Point Multiply
NEG.fmt Floating-Point Negate
SQRT.fmt Floating-Point Square Root
SUB.fmt Floating-Point Subtract

The two low latency operations, Reciprocal Approximation (RECIP) and Reciprocal Square Root Approximation
(RSQRT), might be less accurate than the | EEE specification:

* Theresult of RECIP differs from the exact reciprocal by no more than one ULP.

» Theresult of RSQRT differs from the exact reciprocal square root by no more than two ULPs.

Table 3-22 lists the FPU-approximate arithmetic operations.
Table 3-22 FPU-Approximate Arithmetic Operations

Mnemonic Instruction
RECIPfmt Floating-Point Reciprocal Approximation
RSQRT.fmt Floating-Point Reciprocal Square Root Approximation

Four compound-operation instructions perform variations of multiply-accumulate operations; that is, multiply two
operands, accumulate the result to athird operand, and produce aresult. Theseinstructions arelisted in Table 3-23. The
product is rounded according to the current rounding mode prior to the accumulation. This model meets the IEEE
accuracy specification; the result is numerically identical to an equivalent computation using multiply, add, subtract, or
negate instructions.

Table 3-23 FPU Multiply-Accumulate Arithmetic Operations

Mnemonic Instruction
MADD.fmt Floating-Point Multiply Add
MSUB.fmt Floating-Point Multiply Subtract
NMADD.fmt Floating-Point Negative Multiply Add
NMSUB.fmt Floating-Point Negative Multiply Subtract
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3.6.3 Conversion Instructions

These instructions perform conversions between fl oating-point and fixed-point data types. Each instruction converts
values from a number of operand formats to a particular result format. Some conversion instructions use the rounding
mode specified in the Floating Control/Status register (FCSR), while others specify the rounding mode directly.

In general, the conversion instructions only take an Umimplemented Operation exception for denormalized numbers.
TheFSand FN bitsin the CP1 FCSRregister can override this behavior as described in Section 3.5.6, "Operation of the
FS/IFO/FN Bits'.

Table 3-24 and Table 3-25 list the FPU conversion instructions according to their rounding mode.
Table 3-24 FPU Conversion Oper ations Using the FCSR Rounding M ode

M nemonic Instruction
CVT.D.fmt Floating-Point Convert to Double Floating Point
CVT.L.fmt Floating-Point Convert to Long Fixed Point
CVT.Sfmt Floating-Point Convert to Single Floating Point
CVT.W.fmt Floating-Point Convert to Word Fixed Point

Table 3-25 FPU Conversion Oper ations Using a Directed Rounding M ode

Mnemonic Instruction
CEIL.L.fmt Floating-Point Ceiling to Long Fixed Point
CEIL.W.fmt Floating-Point Ceiling to Word Fixed Point
FLOOR.L.fmt Floating-Point Floor to Long Fixed Point
FLOOR.W.fmt Floating-Point Floor to Word Fixed Point
ROUND.L.fmt Floating-Point Round to Long Fixed Point
ROUND.W.fmt Floating-Point Round to Word Fixed Point
TRUNC.L.fmt Floating-Point Truncate to Long Fixed Point
TRUNC.W.fmt Floating-Point Truncate to Word Fixed Point

3.6.4 Formatted Operand-Value Move Instructions
These instructions move formatted operand values among FPU general registers. A particular operand type must be
moved by the instruction that handles that type. There are three kinds of move instructions:
 Unconditional move
 Conditional move that tests an FPU true/fal se condition code
 Conditional move that tests a CPU general-purpose register against zero
Conditional move instructions operatein away that might be unexpected. They always force the value in the destination
register to become avalue of the format specified in the instruction. If the destination register does not contain an
operand of the specified format before the conditional move is executed, the contents become undefined. (For more

information, see the individual descriptions of the conditional move instructions in the MIPS32 Architecture Reference
Manual, Volume 11.)
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Table 3-26 through Table 3-28 list the formatted operand-value move instructions.
Table 3-26 FPU Formatted Operand Move I nstruction

M nemonic Instruction

MOV.fmt Floating-Point Move

Table 3-27 FPU Conditional Move on True/False I nstructions

Mnemonic Instruction
MOVFEfmt Floating-Point Move Conditional on FP False
MOVT.fmt Floating-Point Move Conditional on FP True

Table 3-28 FPU Conditional Move on Zero/Non-Zero I nstructions

Mnemonic Instruction
MOVN.fmt Floating-Point Move Conditional on Nonzero
MOVZ.fmt Floating-Point Move Conditional on Zero

3.6.5 Conditional Branch Instructions

The FPU has PC-relative conditional branch instructions that test condition codes set by FPU compare instructions
(C.cond.fmt).

All branches have an architectural delay of oneinstruction. When a branch is taken, the instruction immediately
following the branch instruction is said to be in the branch delay dot; it is executed before the branch to the target
instruction takes place. Conditional branches come in two versions, depending upon how they handle an instruction in
the delay dot when the branch is not taken and execution falls through:

 Branch instructions execute the instruction in the delay slot.

 Branch likely instructions do not execute the instruction in the delay dlot if the branch is not taken (they are said to
nullify the instruction in the delay slot).

Although the Branch Likely instructions are included, softwareis strongly encouraged to avoid the use of the
Branch Likely instructions, asthey will be removed from a future revision of the M1 PS Architecture.

The M1PS64 architecture defines eight condition codes for use in compare and branch instructions. For backward
compatibility with previous revisions of the ISA, condition code bit 0 and condition code bits 1 through 7 arein
discontinuous fieldsin the FCSR.

Table 3-29 lists the conditional branch (branch and branch likely) FPU instructions; Table 3-30 lists the deprecated
conditional branch likely instructions.

Table 3-29 FPU Conditional Branch Instructions

M nemonic Instruction
BC1F Branch on FP False
BC1T Branch on FP True
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Table 3-30 Deprecated FPU Conditional Branch Likely Instructions

M nemonic Instruction
BC1FL Branch on FP False Likely
BC1TL Branch on FP True Likely

3.6.6 Miscellaneous I nstructions

The MIPS32 architecture defines various miscellaneous instructions that conditionally move one CPU general register
to another, based on an FPU condition code.

Table 3-31 lists these conditional move instructions.

Table 3-31 CPU Conditional Move on FPU True/False I nstructions

Mnemonic Instruction
MOVN Move Conditional on FP False
MQOVZ Move Conditional on FP True

3.7 Exceptions

FPU exceptions are implemented in the MIPS FPU architecture with the Cause, Enables, and Flags fields of the FCSR.
Theflag bitsimplement | EEE exception status flags, and the cause and enabl e bits control exception trapping. Each field
hasabit for each of the five IEEE exception conditions. The Causefield has an additional exception bit, Unimplemented
Operation, used to trap for software emulation assistance. If an exception type is enabled through the Enables field of
the FCSR, then the FPU is operating in precise exception mode for this type of exception.

3.7.1 Precise Exception M ode

In precise exception mode, atrap occurs before the instruction that causes the trap or any following instruction can
complete and write its results. If desired, the software trap handler can resume execution of the interrupted instruction
stream after handling the exception.

The Cause field reports per-bit instruction exception conditions. The cause bits are written during each fl oating-point
arithmetic operation to show any exception conditions that arise during the operation. A cause bitisset to 1if its
corresponding exception condition arises; otherwise, it is cleared to O.

A floating-point trap is generated any time both a cause bit and its corresponding enable bit are set. This case occurs
either during the execution of a floating-point operation or when moving avalue into the FCSR. There is no enable bit
for Unimplemented Operations; this exception always generates a trap.

In atrap handler, exception conditions that arise during any trapped floating-point operations are reported in the Cause
field. Before returning from afloating-point interrupt or exception, or before setting cause bitswith amoveto the FCSR,
software first must clear the enabled cause bits by executing a move to the FCSR to prevent the trap from being
erroneoudly retaken.

If afloating-point operation sets only non-enabled cause bits, no trap occurs and the default result defined by IEEE
Standard 754 is stored (see Table 3-32). When a floating-point operation does not trap, the program can monitor the
exception conditions by reading the Cause field.
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The Flagsfield isacumulative report of |EEE exception conditions that arise as instructions complete; instructions that
trap do not update the flag bits. The flag bitsare set to 1 if the corresponding | EEE exception is rai sed, otherwise the bits
are unchanged. Thereis no flag bit for the MIPS Unimplemented Operation exception. The flag bits are never cleared
as aside effect of floating-point operations, but they can be set or cleared by moving a new value into the FCSR.

3.7.2 Exception Conditions

The subsections below describe the following five exception conditions defined by |EEE Standard 754:

 Section 3.7.2.1, "Invalid Operation Exception”

 Section 3.7.2.2, "Division By Zero Exception”

* Section 3.7.2.3, "Underflow Exception"

 Section 3.7.2.4, "Overflow Exception”

 Section 3.7.2.5, "Inexact Exception”

Section 3.7.2.6, "Unimplemented Operation Exception” also describes a M1 PS-specific exception condition,
Unimplemented Operation Exception, that is used to signal a need for software emulation of an instruction. Normally

an | EEE arithmetic operation can cause only one exception condition; the only case in which two exceptions can occur
at the same time are Inexact With Overflow and Inexact With Underflow.

At the program’s direction, an | EEE exception condition can either cause atrap or not cause atrap. |IEEE Standard 754
specifies the result to be delivered in case no trap is taken. The FPU supplies these results whenever the exception
condition does not result in atrap. The default action taken depends on the type of exception condition and, in the case
of the Overflow and Underflow, the current rounding mode. Table 3-32 summarizes the default results.

Table 3-32 Result for Exceptions Not Trapped

Bit Description Default Action

\Y Invalid Operation | Suppliesaquiet NaN.

z Divide by zero Supplies a properly signed infinity.

Depends on the rounding mode as shown below:
0 (RN) and 1 (RZ): Supplies a zero with the sign of the exact result.
2 (RP): For positive underflow values, supplies 25-™" (MinNorm). For negative underflow
U Underflow values, supplies a positive zero.

3 (RM): For positive underflow values, supplies a negative zero. For negative underflow
values, supplies anegative 25-™" (MinNorm).

Note that this behavior isonly valid if the FCSR FN bit is cleared.

Supplies arounded result. If caused by an overflow without the overflow trap enabled,
| Inexact suppliesthe overflowed result. If caused by an underflow without the underflow trap enabled,
supplies the underflowed result.

Depends on the rounding mode, as shown below:

0 (RN): Supplies an infinity with the sign of the exact result.

1 (RZ): Supplies the format’s largest finite number with the sign of the exact result.

(0] Overflow 2 (RP): For positive overflow values, supplies positive infinity. For negative overflow values,
supplies the format's most negative finite number.

3 (RM): For positive overflow values, supplies the format’s largest finite number. For
negative overflow values, supplies minus infinity.

60 MIPS32® 24K® Processor Core Family Software User’'s Manual, Revision 03.05

Copyright © 2004,2005 MIPS Technologies Inc. All rights reserved.



3.7 Exceptions

3.7.2.1 Invalid Operation Exception

An Invalid Operation exception is signaled when one or both of the operands are invalid for the operation to be
performed. When the exception condition occurs without a precise trap, the result isa quiet NaN.
The following operations are invalid:

* One or both operands are a signaling NaN (except for the non-arithmetic MOV.fmt, MOV T.fmt, MOV F.fmt,
MOVN.fmt, and MOV Z.fmt instructions).

» Addition or subtraction: magnitude subtraction of infinities, such as (+eo) + (-e0) Or (-0) - (-o0).
» Multiplication: 0 x =, with any signs.

* Division: 0/0 or =o/eo, with any signs.

» Squareroot: An operand of lessthan 0 (-0 isavalid operand value).

» Conversion of afloating-point number to a fixed-point format when either an overflow or an operand value of
infinity or NaN precludes afaithful representation in that format.

» Some comparison operations in which one or both of the operandsis a QNaN value.

3.7.2.2 Division By Zero Exception

The divide operation signals a Division By Zero exception if the divisor is zero and the dividend is afinite nonzero
number. When no precise trap occurs, the result is a correctly signed infinity. Divisions (0/0 and «/0) do not cause the
Division By Zero exception. The result of (0/0) is an Invalid Operation exception. The result of (/0) is a correctly
signed infinity.

3.7.2.3 Underflow Exception

Two related events contribute to underflow:

« Tininess: The creation of atiny, nonzero result between +25-™" which, because it is tiny, might cause some other
exception later such as overflow on division. IEEE Standard 754 allows choices in detecting tininess events. The
MIPS architecture specifies that tininess be detected after rounding, when a nonzero result computed as though the
exponent range were unbounded would lie strictly between +25-"",

 Lossof accuracy: The extraordinary loss of accuracy occurs during the approximation of such tiny numbers by
denormalized numbers. IEEE Standard 754 allows choices in detecting loss of accuracy events. The MIPS
architecture specifies that loss of accuracy be detected as inexact result, when the delivered result differs from what
would have been computed if both the exponent range and precision were unbounded.

The way that an underflow is signaled depends on whether or not underflow traps are enabled:

» When an underflow trap is not enabled, underflow is signaled only when both tininess and loss of accuracy have been
detected. The delivered result might be zero, denormalized, or "M,

* When an underflow trap is enabled (through the FCSR Enables field), underflow is signaled when tininessis detected
regardless of loss of accuracy.

3.7.2.4 Overflow Exception

An Overflow exception is signaled when the magnitude of arounded floating-point result (if the exponent range is
unbounded) is larger than the destination format’s largest finite number.

When no precise trap occurs, the result is determined by the rounding mode and the sign of the intermediate result.
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3.7.2.5 Inexact Exception

An Inexact exception is signaled when one of the following occurs:
» Therounded result of an operation is not exact.
» Therounded result of an operation overflows without an overflow trap.

» When adenormal operand is flushed to zero.

3.7.2.6 Unimplemented Operation Exception

The Unimplemented Operation exception is a MIPS-defined exception that provides software emulation support. This
exception is not IEEE-compliant.

The MIPS architecture is designed so that a combination of hardware and software can implement the architecture.
Operations not fully supported in hardware cause an Unimplemented Operation exception, allowing softwareto perform
the operation.

Thereisno enable bit for this condition; it always causes atrap (but the condition is effectively masked for all operations
when FS=1). After the appropriate emulation or other operation is done in a software exception handler, the origina
instruction stream can be continued.

An Unimplemented Operation exception is taken in the following situations:

» when denormalized operands or tiny results are encountered for instructions not supporting denormal numbers and
where such are not handed by the FS/FO/FN hits.

3.8 Pipeline and Performance

This section describes the structure and operation of the FPU pipeline.

3.8.1 Pipeline Overview

The FPU has a seven stage pipeline to which the integer pipeline dispatches instructions. The FPU pipeline runsin
parallel with the 24K integer pipeline. The FPU can be built to run at either the same frequency as the integer core or at
one-half the frequency of the integer core.

The FPU pipeis optimized for single-precision instructions, such that the basic multiply, ADD/SUB, and

MADD/M SUB instructions can be performed with single-cycle throughput and | ow latency. Executing double-precision
multiply and MADD/M SUB instructions requires a second pass through the M1 stage to generate al 64 bits of the
product. Executing long latency instructions, such as DIV and RSQRT, extends the M 1 stage. Figure 3-18 shows the
FPU pipeline.
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24K integer pipeline REAGEXMSER WB

FPU instruction in general »| FR | M1 | M2 | AL | A2 | FP | FW

FPU double multiplication (for example, MUL, MADD)l-| FR | M1 | M1 | M2 | A1 | A2 FP | FW

FPU long instructions (for example, DIV, RSQRT) | FR | M1, M1 |, |, , , , | M2 | AL | A2 | FP | FW

Dispatch

Second
Pass

Multiple cycles
Figure 3-18 FPU Pipedline

3.8.1.1 FR Stage - Decode, Register Read, and Unpack

The FR stage has the following functionality:
» Thedispatched instruction is decoded for register accesses.
» Dataisread from the register file.

» The operands are unpacked into an internal format.

3.8.1.2 M1 Stage- Multiply Tree

The M1 stage has the following functionality:

» A single-cycle multiply array is provided for single-precision data format multiplication, and two cycles are provided
for double-precision data format multiplication.

» Thelong instructions, such as divide and sgquare root, iterate for several cyclesin this stage.

» Sum of exponentsis calculated.

3.8.1.3 M2 Stage - Multiply Complete

The M2 stage has the following functionality:

» Multiplication is complete when the carry-save encoded product is compressed into binary.
* Rounding is performed.

» Exponent difference for addition path is cal culated.

3.8.1.4 Al Stage- Addition First Step

This stage performs the first step of the addition.

3.8.1.5 A2 Stage - Addition Second and Final Step

This stage performs the second and final step of the addition.
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3.8.1.6 FP Stage- Result Pack

The FP stage has the following functionality:
» Theresult coming from the datapath is packed into |EEE 754 Standard format for the FPR register file.
» Overflow and underflow exceptional conditions are resolved.

3.8.1.7 FW Stage - Register Write

Theresult iswritten to the FPR register file.

3.8.2 Bypassing
The FPU pipeline implements extensive bypassing, as shown in Figure 3-19. Results do not need to be written into the
register file and read back before they can be used, but can be forwarded directly to an instruction aready in the pipe.

Some bypassing is disabled when operating in 32-bit register file mode, the FP bit in the CPO Satus register is0, dueto
the paired even-odd 32-bit registers that provide 64-bit registers.

Figure 3-19 Arithmetic Pipeline Bypass Paths

FR M1 M2 Al FwW

\ A2 bypass
\ FP bypass

\ FW bypass

3.8.3 Repeat Rate and L atency

Table 3-33 showsthe repest rate and latency for the FPU instructions. Notethat cyclesrelated to floating point operations
arelisted in terms of FPU clocks.

Table 3-33 24Kf Core FPU Latency and Repeat Rate

L atency Repeat Rate
Opcode! (cycles) (cycles)

ABS.[SD], NEG.[S,D], ADD.[S,D], SUB.[SD], MUL.S, MADD.S, MSUB.S, NMADD.S, 4 1
NMSUB.S

MUL.D, MADD.D, MSUB.D, NMADD.D, NMSUB.D 5 2
RECIPS 13 10
RECIPD 25 21
RSQRT.S 17 14
RSQRT.D 35 31
DIV.S, SQRT.S 17 14
DIV.D, SQRT.D 32 29
C.cond.[S,D] to MOVFEfmt and MOV T.fmt instruction/ MOVT, MOVN, BC1 instruction 1/2 1
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3.8 Pipeline and Performance

Table 3-33 24Kf Core FPU Latency and Repeat Rate (Continued)

Latency Repeat Rate
Opcode! (cycles) (cycles)

CVT.D.S, CVT.[SD].[W,L] 4 1
CVT.SD 6 1
CVT.[W,L].[SD], 5 1
CEIL.[W,L].[S,D], FLOOR.[W,L].[S,D], ROUND.[W,L].[S,D], TRUNC.[W,L].[S,D]
MOV.[S,D], MOVF[S,D], MOVN.[S,D], MOVT.[S,D], MOVZ.[S,D] 4 1
LWC1, LDC1, LDXC1, LUXCL, LWXC1 3 1
MTC1, MFC1 2 1

1. Format: S= Single, D = Double, W = Word, L = Longword.
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Chapter 4

Memory Management of the 24K® Core

The 24K® processor core includes aMemory Management Unit (MMU) that interfaces between the execution unit and
the cache controller. The core contains either a Translation Lookaside Buffer (TLB) or a simpler Fixed Mapping (FM)
style MMU, specified as a build-time option when the core isimplemented.

This chapter contains the following sections:

» Section 4.1, "Introduction”

* Section 4.2, "Modes of Operation”

* Section 4.3, "Tranglation Lookaside Buffer"

 Section 4.4, "Virtual-to-Physical Address Tranglation"

* Section 4.5, "Fixed Mapping MMU"

* Section 4.6, "System Control Coprocessor”

4.1 Introduction

TheMMU ina 24K processor core will translate any virtual addressto a physical address before arequest is sent to the
cache controllers for tag comparison or to the businterface unit for an external memory reference. Thistrandationisa
very useful featurefor operating systemswhen trying to manage physical memory to accommodate multipletasks active
in the same memory, possibly on the same virtual address but of coursein different locationsin physical memory. Other
features handled by the MMU are protection of memory areas and defining the cache protocol.

By default, the MMU is TLB based. The TLB consists of three address trandlation buffers: a 16/32/64 dual-entry fully
associative Joint TLB (JTLB), a4-entry instruction micro TLB (ITLB), and an 8-entry datamicro TLB (DTLB). When
an address is trandated, the appropriate micro TLB (ITLB or DTLB) is accessed first. If the trandation is not found in
themicro TLB, the JTLB isaccessed. If thereisamissin the JTLB, an exception is taken.

Optionally, the MMU can be based on a simple algorithm to trandlate virtual addresses into physical addressesviaa
Fixed Mapping (FM) mechanism. These translations are different for various regions of the virtual address space

(useg/kuseg, kseg0, ksegl, kseg2/3).

Figure 4-1 shows how the memory management unit interacts with cache accesseswith a TLB, while Figure 4-2 shows
the equivalent for the FM MMU.
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Instruction
Virtual Address
(IVA)

Data
Virtual Address
(DVA)

Figure4-1 Address Translation During a Cache Accesswith TLB MM U

Instruction
Virtual Address
(IVA)

Data
Virtual Address
(DVA)

Figure 4-2 Address Trandation During a Cache Accesswith FM MMU
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4.2 Modesof Operation

68

A 24K processor core supports four modes of operation:

» User mode

* Supervisor mode (only w/ TLB)

» Kernel mode

» Debug mode

User mode ismost often used for application programs. Supervisor mode has an intermediate privilege level with access
to an additional region of memory and is only supported with the TLB-based MMU. Kernel mode is typically used for

handling exceptions and privileged operating system functions, including CPO management and 1/0 device accesses.
Debug mode is used for software debugging and most likely occurs within a software development tool.

The address translation performed by the MMU depends on the mode in which the processor is operating.

4.2.1 Virtual Memory Segments

The Virtual memory segments are different depending on the mode of operation. Figure 4-3 on page 69 showsthe
segmentation for the 4 GByte (232 bytes) virtual memory space addressed by a32-hit virtual address, for the four modes
of operation.

The core enters Kernel mode both at reset and when an exception is recognized. While in Kernel mode, software has
access to the entire address space, aswell as all CPO registers. User mode accesses are limited to a subset of the virtual
address space (0x0000_0000 to Ox7FFF_FFFF) and can be inhibited from accessing CPO functions. In User mode,
virtual addresses 0x8000_0000 to OxFFFF_FFFF are invalid and cause an exception if accessed. Supervisor mode adds
accessto sseg (0xC000_0000 to OXDFFF_FFFF). kseg0, ksegl, and kseg3 will still cause exceptionsif they are accessed.

Debug mode is entered on a debug exception. While in Debug mode, the debug software has access to the same address
space and CPO registers as for Kernel mode. In addition, while in Debug mode the core has access to the debug segment
dseg. Thisareaoverlays part of the kernel segment kseg3. dseg access in Debug mode can be turned on or off, allowing
full accessto the entire kseg3 in Debug mode, if so desired.
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Virtual Address User Mode Kernel Mode Debug Mode Supervisor Mode
OXFFFF_FFFF ~~ " "7 77777 °°777°7°7°°° Tt kseg3 | |
OXFF40_0000 . .a====="777"" R e R
-O """""" PR kseg3 .- N . . . .

xFF3F_FFFF .- kseg3
OXFF20_0000 _..-*" _.eTToCC R Y E
0XFF1F_FFFF Lot
0XE000_0000 _.-* - ksseg/kseg2 ksseg/kseg2 sseg
0xDFFF_FFFF I I B
0xC000 0000 _.-*" "’

O0xBFFF_FFFF ksegl ksegl
0XB000_0000, . ..ens7TTTT0T A N
0x9FFF_FFFF

kseg0 kseg0
0x8000_0000 - S R
0x7FFF_FFFF

useg kuseg kuseg suseg

0x0000_0000 e S

Figure 4-3 24K ™ processor core Virtual Memory Map.

Each of the segments shown in Figure 4-3 on page 69 are either mapped or unmapped. The following two sub-sections
explain the distinction. Then sections Section 4.2.2, "User Mode", Section 4.2.4, "Kernel Mode" and Section 4.2.5,
"Debug Mode" specify which segments are actually mapped and unmapped.

4.2.1.1 Unmapped Segments

An unmapped segment does not usethe TLB or the FM to trandate from virtual-to-physical addresses. Especially after
reset, it isimportant to have unmapped memory segments, because the TLB is not yet programmed to perform the
trandlation.

Unmapped segments have a fixed simple trandation from virtual to physical address. Thisis much like the trandlations
the FM provides for the core, but we will still make the distinction.

Except for kseg0, unmapped segments are always uncached. The cacheability of ksegO is set in the KO field of the CPO
register Config (see Section 6.2.20, "Config Register (CPO Register 16, Select 0)").
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4.2.1.2 Mapped Segments
A mapped segment does use the TLB or the FM to translate from virtual-to-physical addresses.

For the core with TLB, the trandlation of mapped segments is handled on a per-page basis. Included in this translation
isinformation defining whether the page is cacheable or not, and the protection attributes that apply to the page.

For the core with the FM MMU, the mapped segments have a fixed tranglation from virtual to physical address. The

cacheability of the segment is defined in the CPO register Config, fields K23 and KU (see Section 6.2.20, "Config
Register (CPO Register 16, Select 0)"). Write protection of segmentsis not possible during FM trandlation.

4.2.2 User Mode

In user mode, asingle 2 GByte (23! bytes) uniform virtual address space called the user segment (useg) is available.
Figure 4-4 on page 70 shows the location of user mode virtual address space.

32 bit
OxXFFFF_FFFF
Address
Error
0x8000_0000
0x7FFF_FFFF
2GB
Mapped useg
0x0000_0000

Figure 4-4 User Mode Virtual Address Space

The user segment starts at address 0x0000_0000 and ends at address Ox7FFF_FFFF. Accessesto all other addresses
cause an address error exception.

The processor operates in User mode when the Satus register contains the following bit values:
* KSU =2#10

« EXL=0

*« ERL=0

In addition to the above values, the DM bit in the Debug register must be 0.

Table 4-1 lists the characteristics of the User mode segment.

Table 4-1 User Mode Segments

Status Register
Bit Value ment

Address =9
Bit Value EXL | ERL | KSU Name Address Range Segment Size

32-hit 0 0 0410 ! 0x0000_0000 --> 2 GByte

S 23T pytes)
A(31)=0 OX7FFF_FFFF (2™ by
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All valid user mode virtual addresses have their most significant bit cleared to O, indicating that user mode can only

access the lower half of the virtual memory map. Any attempt to reference an address with the most significant bit set
while in user mode causes an address error exception.

The system maps all references to useg through the TLB or FM. For coreswith a TLB, the virtual addressis extended

with the contents of the 8-bit ASID field to form a unique virtual address before translation. Also bit settings within the
TLB entry for the page determine the cacheability of areference. For FM MMU cores, the cacheability is set viathe KU
field of the CPO Config register.

4.2.3 Supervisor Mode

In supervisor mode, two virtual address spaces are available. A 2 GByte (231 bytes) uniform virtual address space called

the user segment (useg) as well asthe 512MB (ksseg) are available. Figure 4-5 on page 71 shows the location of

supervisor mode virtual address space.

OxFFFF_FFFF

0xE000_0000
OxDFFF_FFFF

0xC000_0000

Address Error

Supervisor virtual address space
Mapped, 512MB

OxBFFF_FFFF

0xA000_0000
Ox9FFF_FFFF

0x8000_0000
Ox7FFF_FFFF

0x0000_0000

Address Error

Address Error

Mapped, 2048MB

Figure 4-5 Supervisor Mode Virtual Address Space

kseg3

sseg

ksegl

kseg0

suseg

The user segment starts at address 0x0000_0000 and ends at address Ox7FFF_FFFF. The supervisor segment begins at

0xC000_0000 and ends at OXDFFF_FFFF. Accessesto al other addresses cause an address error exception.

The processor operates in Supervisor mode when the Satus register contains the following bit values:

* KSU =2#01
* EXL=0
* ERL=0
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In addition to the above values, the DM hit in the Debug register must be 0.
Table 4-1 lists the characteristics of the Supervisor mode segments.

Table 4-2 Supervisor Mode Segments

Status Register
Bit Value ment
Address =9
Bit Value EXL | ERL | KSU Name Address Range Segment Size
32-bit 0x0000_0000 -->
— 2 GByte
0 0 2#01 suseg 31
A(BD) =0 OX7FFF_FFFF (27" bytes)
S2-bit ; . 0XC000_0000 -> E19MB
o0 — 1 sseg 29
A(3111-§§) = OXDFFF_FFFF (27 bytes)

The system maps all references to useg and ksseg through the TLB or FM. For cores with a TLB, the virtual addressis
extended with the contents of the 8-bit ASID field to form a unique virtual address before tranglation. Also bit settings
within the TLB entry for the page determine the cacheability of areference. For FM MMU cores, the cacheahility of
useg and ksseg is set viathe KU and K23 fields of the CPO Config register respectively.

424 Kernel Mode

The processor operates in Kernel mode when the DM bit in the Debug register is 0 and the Status register contains one
or more of the following values:

* KSU =2#00

« ERL=1

« EXL=1

When a non-debug exception is detected, EXL or ERL will be set and the processor will enter Kernel mode. At the end

of the exception handler routine, an Exception Return (ERET) instruction is generally executed. The ERET instruction
jumps to the Exception PC, clears ERL, and clears EXL if ERL=0. This may return the processor to User mode.

Kernel mode virtual address spaceis divided into regions differentiated by the high-order bits of the virtual address, as
shown in Figure 4-6 on page 73. Also, Table 4-3 lists the characteristics of the Kernel mode segments.
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OXFFFF_FFFF _
Kernel virtual address space kseg3
0xE000_0000 Mapped, 512MB
0xDFFF_FFFF
Kernel virtual address space
Mapped, 512MB ksseg/kseg2
0xC000_0000
O0xBFFF_FFFF
Kernel virtual address space ksegl
0xA000_0000| Unmapped, Uncached, 512MB
0x9FFF_FFFF
Kernel virtual address space kseg0
Unmapped, 512MB
0x8000_0000
0x7FFF_FFFF
Mapped, 2048MB kuseg
0x0000_0000

Figure 4-6 Kernel Mode Virtual Address Space

Table 4-3 Kernel Mode Segments

Status Register Is
) One of These Values
Address Bit Segment Segment
Values KSU | EXL | ERL Name Address Range Size
0x0000_0000
— — 2 GBytes
A@BL =0 kuseg through 31
OX7FFF_FFFF (27" bytes)
(KSU =00, 0x8000_0000 512 MBytes
A(31:29) = 100, ksegO through 29
o OXOFFF._FFFF (27 bytes)
BXL=1 0xA000_0000
X
-90) — - 512 MBytes
A(31:29) = 101, or ksegl through 79
OXBFFF_FFFF (27 bytes)
ERL = 1)
0xC000_0000
A(3L:29) = 110, and ksseglkseg through 5(12%9“{'35&?
DM =0 OXDFFF_FFFF Y
OxEO00_0000
.90\ — - 512 MBytes
A(31:29) = 111, kseg3 through 29
OXFFFF_FFFF (27 bytes)
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4.2.4.1 Kernel Mode, User Space (kuseg)

In Kernel mode, when the most-significant bit of the virtual address (A31) is cleared, the 32-bit kuseg virtual address
space is selected and covers the full 23L bytes (2 GBytes) of the current user address space mapped to addresses
0x0000_0000 - 0x7FFF_FFFF. For coreswith TLBs, the virtual addressis extended with the contents of the 8-bit ASID
field to form a unique virtual address.

When ERL = 1in the Satusregister, the user address region becomes a 231-byte unmapped and uncached address space.
Whilein this setting, the kuseg virtual address mapsdirectly to the same physical address, and doesnot includethe ASID
field.

4.2.4.2 Kernel Mode, Kernel Space 0 (kseg0)

In Kernel mode, when the most-significant three bits of the virtual address are 100,, 32-bit ksegO virtual address space
is selected; it is the 22°-byte (512-MByte) kernel virtual space located at addresses 0x8000_0000 - OX9FFF_FFFF.
Referencesto kseg0 are unmapped; the physical address sel ected isdefined by subtracting 0x8000_0000 from the virtual
address. The KO field of the Config register controls cacheability.

4.2.4.3 Kernel Mode, Kernel Space 1 (ksegl)

In Kernel mode, when the most-significant three bits of the 32-bit virtual address are 101,, 32-bit ksegl virtual address
spaceis selected. ksegl is the 22%-byte (512-MByte) kernel virtual space located at addresses OxA000_0000 -
OxBFFF_FFFF. Referencesto ksegl are unmapped; the physical address selected is defined by subtracting
0xA000_0000 from the virtual address. Caches are disabled for accesses to these addresses, and physical memory (or
memory-mapped 1/0O device registers) are accessed directly.

4.2.4.4 Kernel Mode, Kernel/Supervisor Space 2 (ksseg/kseg2)

In Kernel mode, when KSU= 00,, ERL =1, or EXL = 1in the Status register, and DM = 0 in the Debug register, and
the most-significant three bits of the 32-bit virtual address are 110,, 32-hit kseg2 virtual address space is selected. With
the FM MMU, this 2%°-byte (512-MByte) kernel virtual spaceis located at physical addresses 0xC000_0000 -
OXDFFF_FFFF. Otherwise, this space is mapped through the TLB.

4.2.45 Kernel Mode, Kernel Space 3 (kseg3)

In Kernel mode, when the most-significant three bits of the 32-bit virtual addressare 111, the kseg3 virtual address
space is selected. With the FM MMU, this 229—byte (512-MByte) kernel virtual spaceislocated at physical addresses
O0xEO000_0000 - OXFFFF_FFFF. Otherwise, this space is mapped through the TLB.

4.2.5 Debug Mode

Debug mode address space isidentical to Kernel mode address space with respect to mapped and unmapped areas,
except for kseg3. In kseg3, a debug segment dseg co-existsin the virtual address range OxFF20_0000 to OxFF3F_FFFF.
The layout is shown in Figure 4-7 on page 75.
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OxXFFFF_FFFF
0xFF40_0000

0xFF20_0000

0x0000_0000

The dseg is sub-divided into the dmseg segment at OxFF20_ 0000 to OxFF2F _FFFF which is used when the probe
services the memory segment, and the drseg segment at OxFF30_0000 to OxFF3F_FFFF which is used when

ksegl

kseg0

Unmapped

Mapped if mapped in Kernel Mode

Figure 4-7 Debug Mode Virtual Address Space

memory-mapped debug registers are accessed. The subdivision and attributes for the segments are shown in Table 4-4.

Accesses to memory that would normally cause an exception if tried from kernel mode cause the core to re-enter debug
mode via a debug mode exception. This includes accesses usually causing a TLB exception, with the result that such
accesses are not handled by the usual memory management routines.

The unmapped kseg0 and ksegl segments from kernel mode address space are available from debug mode, which allows
the debug handler to be executed from uncached and unmapped memory.

Table 4-4 Physical Address and Cache Attributesfor dseg, dmseg, and drseg Address Spaces

Segment | Sub-Segment Cache
Name Name Virtual Address | Generates Physical Address | Attribute
OxFF20_0000
dmseg through dmseg maps to addresses
0x0_0000- OXF_FFFFinEJTAG
OXFF2F_FFFF probe memory space.
dseg Uncached
OxFF30_0000
drseg maps to the breakpoint
drseg through registers 0xO_0000 - OXF FFFF
OXFF3F_FFFF

4.2.5.1 Conditionsand Behavior for Accessto drseg, EJTAG Registers

The behavior of CPU access to the drseg address range at OxFF30_0000 to OxFF3F_FFFF is determined as shown in

Table 4-5
Table 4-5 CPU Accessto dr seg Address Range
L SNM bit in Debug
Transaction register Access
Load / Store 1 Kernel mode address space (kseg3)
Fetch Don't care
drseg, see comments below
Load / Store 0
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Debug softwareis expected to read the debug control register (DCR) to determine which other memory mapped registers
exist in drseg. Thevalue returned in response to aread of any unimplemented memory mapped register is unpredictable,
and writes are ignored to any unimplemented register in the drseg. Refer to Chapter 10, “EJTAG Debug Support in the
24K® Core,” for more information on the DCR.

The allowed access sizeis limited for the drseg. Only word size transactions are allowed. Operation of the processor is
undefined for other transaction sizes.

4.2.5.2 Conditions and Behavior for Accessto dmseg, EJTAG Memory

The behavior of CPU access to the dmseg address range at OxFF20_0000 to OxFF2F_FFFF is determined by the table
shownin Table 4-6

Table 4-6 CPU Accessto dmseg Address Range

ProbEn bit in LSNM bit in
Transaction DCR register Debug register Access
Load / Store Don't care 1 Kernel mode address space (kseg3)
Fetch 1 Don't care
dmseg
Load / Store 1 0
Fetch 0 Don't care
See comments below
Load / Store 0 0

The case with access to the dmseg when the ProbEn bit in the DCR register is 0 is not expected to happen. Debug
software is expected to check the state of the ProbEn bit in DCR register before attempting to reference dmseg. If such
areference does happen, the reference hangs until it is satisfied by the probe. The probe can not assume that there will
never be areference to dmseg if the ProbEn bit in the DCR register is 0 because there is an inherent race between the
debug software sampling the ProbEn bit as 1 and the probe clearing it to 0.

4.3 Trandation Lookaside Buffer

76

The following subsections discuss the TLB memory management scheme used in the 24K ¢ processor core. The TLB
consists of one joint and two micro address tranglation buffers:

 16-64 dual-entry fully associative Joint TLB (JTLB)
* 4-entry fully associative Instruction micro TLB (ITLB)
 8-entry fully associative Datamicro TLB (DTLB)

4.3.1 Joint TLB

The 24K core implements a 16-64 dual-entry, fully associative Joint TLB that maps 32-128 virtual pagesto their
corresponding physical addresses. The purpose of the TLB istotrandate virtual addresses and their corresponding ASID
into a physical memory address. The tranglation is performed by comparing the upper bits of the virtual address (along
with the ASID bits) against each of the entriesin the tag portion of the JTLB structure. Because this structure is used to
tranglate both instruction and data virtual addresses, it isreferred to asa“joint” TLB.

The JTLB is organized as 16-64 pairs of even and odd entries containing descriptions of pages that range in size from

4-K Bytesto 256M Bytes into the 4-GByte physical address space.
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The JTLB isorganized in pairs of page entries to minimize its overall size. Each virtual tag entry corresponds to two
physical data entries, an even page entry and an odd page entry. The highest order virtual address bit not participating
in the tag comparison is used to determine which of the two data entriesis used. Since page Size can vary on a page-pair
basis, the determination of which address bits participate in the comparison and which bit is used to make the even-odd
selection must be done dynamically during the TLB lookup.

Figure 4-8 on page 77 shows the contents of one of the dual-entriesin the JTLB. The bit range indication in the figure
serves to clarify which address bits are (or may be) affected during the translation process.

Tag Entry

Data Entries

PageMask[28:13]

VPN2[31:13] G ASID[7:0]

17 1 8
PFNO[31:12] CO[2:0] ﬁ E
PEN1[31:12] C1[2:0] Vi

20 3 11

Figure4-8 JTLB Entry (Tag and Data)

Table 4-7 and Table 4-8 explain each of thefieldsin aJTLB entry.

Table4-7 TLB Tag Entry Fields

Field Name Description
Page Mask Vaue. The Page Mask defines the page size by masking the
appropriate VPN2 bits from being involved in a comparison. It is also used to
determine which address bit is used to make the even-odd page (PFNO-PFN1)
determination. See the table below.
PageM ask Page Size Even/Odd Bank
Select Bit
00_0000_0000_0000_00 4KB VAddr[12]
00_0000_0000_0000_11 16KB VAddr{14]
00_0000_0000 0011 11 64KB VAddr[16]
00_0000_0000_1111 11 256K B VAddr[18]
PageMask[28:13] 00_0000_0011_1111 11 1MB VAddr[20]
00_0000 1111 1111 11 4MB VAddr[22]
00_0011 1111 1111 11 16MB VAddr[24]
00_1111 1111 1111 11 64MB VAddr[26]
11 1111 1111 1111 11 256MB VAddr[28]

The PageMask column above showsall thelegal valuesfor PageMask. Because
each pair of bits can only have the same value, the physical entry in the JTLB
will only save acompressed version of the PageMask using only 8 bits. Thisis
however transparent to software, which will always work with a 16 bit field
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Table4-7 TLB Tag Entry Fields (Continued)

Field Name Description

Virtual Page Number divided by 2. Thisfield contains the upper bits of the
VPN2[31:13] virtual page number. Becauseit representsapair of TLB pages, it isdivided by

) 2. Bits 31:29 are alwaysincluded in the TLB lookup comparison. Bits 28:13
are included depending on the page size, defined by PageMask

G Global Bit. When set, indicates that this entry is global to all processes and/or
threads and thus disables inclusion of the ASID in the comparison.

ASID[7:0] Address Space | dentifier. |dentifies which process or thread this TLB entry is
: associated with.

Table4-8 TLB Data Entry Fields

Field Name Description
F;,';NN%[[%llllzz]] Physical Frame Number. Defines the upper bits of the physical address.

Cacheability. Contains an encoded value of the cacheability attributes and
determineswhether the page should be placed in the cache or not. Thefield
is encoded as follows:

C[2:0] Coherency Attribute
0 Cacheable, noncoherent, write-through, no
write-allocate
Reserved
Uncached
Cacheable, noncoherent, write-back
COo[2:0], 3 ; " ' '
Ci[2:0] write-allocate
4-6 Reserved
7 Uncached Accelerated
DO “Dirty” or Write-enable Bit. Indicates that the page has been written
D1 and/or iswritable. If thisbit is set, stores to the page are permitted. If the
bit is cleared, storesto the page cause a TLB Modified exception.
VO Valid Bit. Indicatesthat the TLB entry and, thus, the virtual page mapping

V1 arevalid. If thishit is set, accesses to the page are permitted. If the bitis
cleared, accesses to the page cause a TLB Invalid exception.

In order to fill an entry in the JTLB, software executesa TLBWI or TLBWR instruction (See Section 4.4.3,"TLB
Instructions" on page 83). Prior to invoking one of these instructions, several CPO registers must be updated with the
information to be writtento a TLB entry:

» PageMask is set in the CPO PageMask register.

* VPN2, and ASID are set in the CPO EntryHi register.

* PFNO, CO, DO, V0, and G hits are set in the CPO EntryLo0 register.
* PFN1, C1, D1, V1, and G hits are set in the CPO EntryLo1 register.
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Note that the global bit “G” ispart of both EntryLo0 and EntryLol. Theresulting “G” bitinthe JTLB entry isthelogical
AND between the two fields in EntryLoO and EntryLol. Please refer to Chapter 6, “ CPO Registers of the 24K® Core,”
for further details.

The address space identifier (ASID) helps to reduce the frequency of TLB flushing on a context switch. The existence
of the ASID allows multiple processesto exist in both the TLB and instruction caches. The ASID value is stored in the
EntryHi register and is compared to the ASID value of each entry.

4.3.2 Instruction TLB

ThelTLB isasmall 4-entry, fully associative TL B dedicated to perform translationsfor theinstruction stream. The I TLB
only maps 4-K byte pages/sub-pages or 1-Mbyte pages/sub-pages.

The ITLB ismanaged by hardware and is transparent to software. If afetch address cannot be translated by the ITLB,
the JTLB is accessed trying to trandlate it in the following clock cycles. If successful, the trandlation information is
copied into the ITLB and bypassed to the tag comparators. Thisresultsin an ITLB miss penalty of at least 2 cycles.
Depending on the JTLB implementation or if it is busy with other operations, it may take additional cycles.

433 DataTLB

TheDTLB isasmall 8-entry, fully associative TLB which provides afaster translation for Load/Store addressesthan is
possible with the JTLB. The DTLB only maps 4-Kbyte pages/sub-pages or 1-Mbyte pages/sub-pages.

Likethe ITLB, the DTLB is managed by hardware and is transparent to software. For ssmultaneous ITLB and DTLB
misses, the DTLB has priority and will access the JTLB first.

4.4 Virtual-to-Physical Address Trandation

Converting avirtual address to a physical address begins by comparing the virtual address from the processor with the
virtual addressesin the TLB. There is a match when the VPN of the address is the same as the VPN field of the entry,
and either:

e The Global (G) bit of both the even and odd pages of the TLB entry are set, or
e The ASID field of the virtual addressisthe same asthe ASID field of the TLB entry

Thismatchisreferred to asaTLB hit. If thereisno match, a TLB miss exception istaken by the processor and software
isalowed to refill the TLB from a page table of virtual/physical addressesin memory.

Figure 4-9 on page 80 shows the logical translation of avirtual address into a physical address.

In thisfigure the virtual address is extended with an 8-bit ASID, which reduces the frequency of TLB flushing during a
context switch. This 8-bit ASID contains the number assigned to that process and is stored in the CPO EntryHi register.
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80

Virtual Address
1.Virtual address (VA) represented by

the virtual page number (VPN) is G ASID VPN Offset
compared with tag in TLB.

2. Ifthere is a match, the page frame ASID VPN2
number (PFNO or PFN1)
representing the upper bits of the
physical address (PA) is output from

TLB
Entry

3. The Offset, which does not pass
through the TLB, is then concatenated PEN | Offset I
with the PFN.

Physical Address

Figure 4-9 Overview of a Virtual-to-Physical Address Translation

If thereisavirtual address match in the TLB, the Physical Frame Number (PFN) is output from the TLB and
concatenated with the Offset, to form the physical address. The Offset represents an address within the page frame space.
As shown in Figure 4-9 on page 80, the Offset does not pass through the TLB. Figure 4-10 on page 81 shows a flow
diagram of the address transl ation process for two page sizes. The top portion of the figure shows avirtual addressfor a
4 KByte page size. The width of the Offset is defined by the page size. The remaining 20 bits of the address represent
thevirtual page number (VPN). The bottom portion of Figure 4-10 on page 81 showsthe virtual addressfor a16 MByte
page size. The remaining 8 bits of the address represent the VPN.
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Virtual address with 1M (229) 4-KByte

39 32 31 20 bits= 1M pages 12 11 0
ASID VPN Offset
AL J
Virtual-to-physical Offset passed unchanged
translation in TLB to physical memory.
Bit 31 of the virtual address
selects user and kernel 32-bit Physical Address
address spaces. 31 0
| PFNO/1 | Offset I
Virtual-to-physical Offset passed unchanged
translation in TLB to physical memory.
A A
A\l ™
-~
39 32 31 24 23 0
ASID VPN Offset

8 bits = 256 pages
Virtual Address with 256 (28)16-MByte pages

Figure 4-10 32-bit Virtual Address Translation

4.4.1 Hits, Misses, and Multiple Matches

Each JTLB entry contains atag and two datafields. If amatch isfound, the upper bits of the virtual address are replaced
with the page frame number (PFN) stored in the corresponding entry in the data array of the JTLB. The granularity of
JTLB mappingsisdefined interms of TLB pages. The JTLB supports pages of different sizesranging from 4KB to 256
MB in powers of 4. If amatch isfound, but the entry isinvalid (i.e., the V bit in the datafield isQ), aTLB Invalid
exception istaken.

If no match occurs (TLB miss), an exception is taken and software refills the TLB from the page table resident in
memory. Figure 4-11 on page 83 shows the translation and exception flow of the TLB.

Software can write over aselected TLB entry or use a hardware mechanism to write into arandom entry. The Random
register selects which TLB entry to use on a TLBWR. Thisregister decrements almost every cycle, wrapping to the
maximum once its value is equal to the Wired register. Thus, TLB entries below the Wired value cannot be replaced by
a TLBWR alowing important mappings to be preserved. In order to reduce the possibility for alivelock situation, the
Random register includes a 10-hit LFSR that introduces a pseudo-random perturbation into the decrement.

The core implements a TL B write-compare mechanism to ensure that multiple TLB matches do not occur. Onthe TLB
write operation, the VPN2 field to be written is compared with all other entriesin the TLB. If amatch occurs, the entry
inthe TLB isvalid, and the entry being written is valid, the core takes a machine-check exception, setsthe TShit in the
CPO Satus register, and aborts the write operation. For further details on exceptions, please refer to Chapter 5, “,” on
page 87. Thereisahidden bit in each TLB entry that is cleared on a Reset. Thishit is set oncethe TLB entry iswritten
and isincluded in the match detection. Therefore, uninitialized TLB entries will not cause a TLB shutdown.

Compared with previous cores from MIPS Technologies, the 24K core uses amore relaxed check for multiple matches
in order to avoid machine check exceptions while flushing or initializing the TLB. On awrite, all matching entries are
disabled to prevent them from matching on future compares. A machine check isonly signaled if the entry being written
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82

hasitsvalid bit set, the matching entry in the TLB hasits valid bit set, and the matching entry is not the entry being
written. The cases for the signalling of the machine check exception are enumerated in Table 4-9 on page 82.

Table 4-9 Machine Check Exception

Existing Matching Entry Existing Page | Written Page | Machine
Match equals Written Entry ValidBit Valid Bit Check?
No X X X No
Yes Yes X X No
Yes No 0 0 No
Yes No 0 1 No
Yes No 1 0 No
Yes No 1 1 Yes

4.4.2 Memory Space

To assist in controlling both the amount of mapped space and the replacement characteristics of various memory regions,
the 24K core provides two mechanisms.

4.4.2.1 Page Sizes

First, the page size can be configured, on a per entry basis, to map different page sizes ranging from 4 KByte to 256
MByte, in multiples of 4. The CPO PageMask register isloaded with the desired page size, which isthen entered into
the TLB when anew entry iswritten. Thus, operating systems can provide special -purpose maps. For example, atypical
frame buffer can be memory mapped with only one TLB entry.

The 24K core implements the following page sizes:
4K, 16K, 64K, 256K, 1M, 4M, 16M, 64M, 256M.
Software may determine which page sizes are supported by writing all ones to the CPO PageMask register, then reading

the value back. For additional information, see Section 6.2.5, "PageMask Register (CPO Register 5, Select 0)" on page
132.

4.4.2.2 Replacement Algorithm

The second mechanism control s the replacement algorithm when a TLB missoccurs. To select aTL B entry to be written
with a new mapping, the 24K core provides arandom replacement algorithm. However, the processor also provides a
mechanism whereby a programmable number of mappings can be locked into the TLB viathe CPO Wired register, thus
avoiding random replacement. Pleaserefer to Section 6.2.6, "Wired Register (CPO Register 6, Select 0)" on page 133 for
further details.
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For valid address Virtual Address (Input)

space, see the section
describing Modes of

operation in this
chapter.
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Address? ~
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/

Access
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Figure4-11 TLB Address Trandation Flow in the 24K ™ Processor Core

4.4.3 TLB Instructions

Table4-10 liststhe TLB-related instructions. Refer to Chapter 12, “ 24K® Processor Core Instructions,” on page 291 for
more information on these instructions.

Table 4-10 TL B Instructions

Op Code Description of Instruction
TLBP Trandation Lookaside Buffer Probe
TLBR Translation Lookaside Buffer Read
TLBWI Translation Lookaside Buffer Write Index
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Table 4-10 TL B Instructions

Op Code

Description of Instruction

TLBWR

Trandlation L ookaside Buffer Write Random

4.5 Fixed Mapping MMU

84

The 24K core optionally implements asimple Fixed Mapping (FM) memory management unit that is smaller than thea
full trandation lookaside buffer (TLB) and more easily synthesized. Like a TLB, the FM performs virtual-to-physical
address tranglation and provides attributes for the different memory segments. Those memory segments which are
unmapped in a TLB implementation (ksegO and ksegl) are translated identically by the FM MMU.

The FM also determines the cacheability of each segment. These attributes are controlled viabits in the Config register.
Table 4-11 shows the encoding for the K23 (bits 30:28), KU (bits 27:25) and KO (bits 2:0) of the Config register.

Table 4-11 Cache Coherency Attributes

Config Register Fields
K23, KU, and KO

Cache Coherency Attribute

0 Cacheable, noncoherent, write-through, no write-allocate
1 Reserved

2 Uncached

3 Cacheable, noncoherent, write-back, write-allocate

4 Reserved

5 Reserved

6 Reserved

7 Uncached Accelerated

With the FM MMU, no trandlation exceptions can be taken, although address errors are till possible.

Table 4-12 Cacheability of Segmentswith Fixed Mapping Translation

Virtual Address
men ange acl ili
t Rang Cacheability
useg/kuseg 0x0000_0000- Controlled by the KU field (bits 27:25) of the Config register. Refer to

OX7FFF_FFFF Table 4-11 for the encoding.

ksegO 0x8000_0000- Controlled by the KO field (bits 2:0) of the Config register. See Table
OX9FFF_FFFF 4-11 for the encoding.
OxA000_0000-

ksegl Always uncacheable
OXBFFF_FFFF

kseg? 0xC000_0000- Controlled by the K23 field (bits 30:28) of the Config register. Refer to
OXDFFF_FFFF Table 4-11 for the encoding.
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Table 4-12 Cacheability of Segmentswith Fixed Mapping Trandation (Continued)

Segment

Virtual Address
Range

Cacheability

kseg3

OXE000_0000-
OXFFFF_FFFF

Controlled by K23 field (bits 30:28) of the Config register. Refer to
Table 4-11 for the encoding.

The FM performs asimple translation to map from virtual addressesto physical addresses. This mapping is shown in
Figure 4-12 on page 85. When ERL =1, useg and kuseg become unmapped and uncached just like they do if thereisa

TLB. The ERL mapping is shown in Figure 4-13 on page 86.

The ERL bit isusually never asserted by software. It is asserted by hardware after a Reset, NMI, or Cache Error. See
Section 5.8, "Exceptions” on page 104 for further information on exceptions.

Virtual Address

Physical Address

kseg3

0xE000_0000

0xE000_0000

kseg3

kseg2

0xC000_0000

0xC000_0000

kseg2

ksegl

0xA000_0000

kseg0

0x8000_0000

useg/kuseg

0x0000_0000

useg/kuseg

0x4000_0000

reserved

0x2000_0000

kseg0O/ksegl

0x0000_0000

Figure4-12 FM Memory Map (ERL=0) in the 24K ™ Processor Core
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Virtual Address Physical Address
kseg3 kseg3
0xE000_0000 0xE000_0000
-
kseg2 kseg2
0xC000_0000 .=OxCOOO_OOOO
ksegl
0xA000_0000 reserved
kseg0
0x8000_0000 0x8000_0000
useg/kuseg
useg/kuseg
0x2000 0000 __ __ _ _ _ |
kseg0O/ksegl
0x0000_0000 0x0000_0000

Figure4-13FM Memory Map (ERL=1) in the 24K ™ Processor Core

4.6 System Control Coprocessor

The System Control Coprocessor (CP0) isimplemented as an integral part of the 24K processor core and supports
memory management, addresstranslation, exception handling, and other privileged operations. Certain CPOregistersare
used to support memory management. Refer to Chapter 6, “ CPO Registers of the 24K® Core,” on page 123 for more
information on the CPO register set.
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Chapter 5

Exceptions and Interruptsin the 24K® Core

The 24K® processor core receives exceptions from a number of sources, including translation lookaside buffer (TLB)
misses, arithmetic overflows, I/O interrupts, and system calls. When the CPU detects one of these exceptions, the normal
seguence of instruction execution is suspended and the processor enters kernel mode.

In kernel mode the core disables interrupts and forces execution of a software exception processor (called a handler)
located at a specific address. The handler saves the context of the processor, including the contents of the program
counter, the current operating mode, and the status of the interrupts (enabled or disabled). This context is saved so it can
be restored when the exception has been serviced.

When an exception occurs, the core loads the Exception Program Counter (EPC) register with alocation where
execution can restart after the exception has been serviced. Most exceptions are precise, which mean that EPC can be
used to identify the instruction that caused the exception. For precise exceptions the restart location in the EPC register
isthe address of the instruction that caused the exception or, if the instruction was executing in a branch delay slot, the
address of the branch instruction immediately preceding the delay slot. To distinguish between the two, software must
read the BD bit in the CPO Cause register. Bus error exceptions and CP2 exceptions may be imprecise. For imprecise
exceptions the instruction that caused the exception can not be identified.

This chapter contains the following sections:

* Section 5.1, "Exception Conditions'

* Section 5.2, "Exception Priority"

» Section 5.3, "Interrupts"

 Section 5.4, "GPR Shadow Registers'

* Section 5.5, "Exception Vector Locations'

* Section 5.6, "General Exception Processing”

* Section 5.7, "Debug Exception Processing"

* Section 5.8, "Exceptions"

 Section 5.9, "Exception Handling and Servicing Flowcharts"

5.1 Exception Conditions

When an exception condition occurs, the relevant instruction and all those that follow it in the pipeline are cancelled.
Accordingly, any stall conditions and any later exception conditions that may have referenced thisinstruction are
inhibited; there is no benefit in servicing stalls for a cancelled instruction.

When an exception condition is detected on an instruction fetch, the core aborts that instruction and all instructions that
follow. When thisinstruction reaches the WB stage, the exception flag causes it to write various CPO registers with the
exception state, change the current program counter (PC) to the appropriate exception vector address, and clear the
exception bits of earlier pipeline stages.

For most exception types this implementation allows al preceding instructions to complete execution and prevents al
subsequent instructions from completing. Thus, the value in the EPC (ErrorEPC for errors, or DEPC for debug
exceptions) is sufficient to restart execution. It also ensures that exceptions are taken in the order of execution; an
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instruction taking an exception may itself be killed by an instruction further down the pipeline that takes an exception
in alater cycle.

A number of exceptions can be taken imprecisely - that is, they are taken after the instruction that caused them has
completed and potentially after following instructions have compl eted.

5.2 Exception Priority

Table5-1listsall possible exceptions, and the relative priority of each, highest to lowest. Several of these exceptions can
happen simultaneously, in that event the exception with the highest priority is the one taken.

Table 5-1 Priority of Exceptions

Exception Description

Reset Assertion of SI_Reset signal.

DSS EJTAG Debug Single Step.

DINT EJTAG Debug Interrupt. Caused by the assertion of the external EJ_DINT
input, or by setting the EjtagBrk bit in the ECR register.

DDBLImpr/DDBSImpr Debug Data Break Load/Store Imprecise

NMI Asserting edge of S_NMI signal.

Interrupt Assertion of unmasked hardware or software interrupt signal.

Deferred Watch Deferred Watch (unmasked by K|DM->!(K|DM) transition).

DIB EJTAG debug hardware instruction break matched.

WATCH A reference to an addressin one of the watch registers (fetch).
Fetch address alignment error.

AdEL
Fetch reference to protected address.
Fetch TLB miss

TLBL
Fetch TLB hit to page with V=0

ICache Error Parity error on |Cache access

IBE Instruction fetch bus error.

DBp EJTAG Breakpoint (execution of SDBBP instruction).

Sys Execution of SYSCALL instruction.

Bp Execution of BREAK instruction.

CpU Execution of a coprocessor instruction for a coprocessor that is not enabled.

CEU Execution of a CorExtend instruction modifying local state when CorExtend
is not enabled.

RI Execution of a Reserved Instruction.

FPE Floating Point exception

C2E Coprocessor2 Exception

IS1 Implementation specific Coprocessor2 exception
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Table 5-1 Priority of Exceptions (Continued)

Exception Description
Ov Execution of an arithmetic instruction that overflowed.
Tr Execution of atrap (when trap condition istrue).
Machine Check TLB write that conflicts with an existing entry.
DDBL / DDBS EJTAG Data Address Break (address only)
WATCH A reference to an address in one of the watch registers (data).
Load address alignment error.
AdEL
Load reference to protected address.
Store address alignment error.
AdES
Store to protected address.
Load TLB miss.
TLBL
Load TLB hit to page with V=0
Store TLB miss.
TLBS
Store TLB hit to page with V=0
TLB Mod Storeto TLB page with D=0.
DCache Error Cache parity error - imprecise
DBE Load or store bus error - imprecise

5.3 Interrupts

Older 32-hit cores available from MIPS that implemented Release 1 of the Architecture included support for two
software interrupts, six hardware interrupts, and a special-purpose timer interrupt. The timer interrupt was provided
external to the core and typically combined with hardware interrupt 5 in an system-dependent manner. Interrupts were
handled either through the general exception vector (offset 16#180) or the specia interrupt vector (16#200), based on
the value of Cause,. Software was required to prioritize interrupts as a function of the Causep bitsin the interrupt
handler prologue.

Release 2 of the Architecture, implemented by the 24K core, adds an upward-compatible extension to the Release 1
interrupt architecture that supports vectored interrupts. In addition, Release 2 adds a hew interrupt mode that supports
the use of an external interrupt controller by changing the interrupt architecture.

Additionally, internal performance counters were added to the 24K core. These counters can be set up to count various
events within the core. When the MSB of the counter gets set, it can trigger a performance counter interrupt. Thisis
handled like the timer interrupt - it is an output of the core and can be brought back into the core'sinterrupt pinsin a
system dependent manner.

5.3.1 Interrupt Modes

The 24K core includes support for three interrupt modes, as defined by Release 2 of the Architecture:

* Interrupt compatibility mode, which actsidentically to that in an implementation of Release 1 of the Architecture.
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* Vectored Interrupt (V1) mode, which adds the ability to prioritize and vector interrupts to a handler dedicated to that
interrupt, and to assign a GPR shadow set for use during interrupt processing. The presence of this mode is denoted
by the VInt bit in the Config3 register. This modeis architecturally optional; but it is always present on the 24K core,
so the Vint bit will always read asa 1 for the 24K core.

 External Interrupt Controller (EIC) mode, which redefines the way in which interrupts are handled to provide full
support for an external interrupt controller handling prioritization and vectoring of interrupts. This presence of this
mode denoted by the VEIC hit in the Config3 register. Again, this mode is architecturally optional. On the 24K core,
the VEIC bit is set externally by the static input, S_EICPresent, to allow system logic to indicate the presence of an
externa interrupt controller.

The reset state of the processor isto interrupt compatibility mode such that a processor supporting Release 2 of the
Architecture, like the 24K core, is fully compatible with implementations of Release 1 of the Architecture.

Table 5-2 shows the current interrupt mode of the processor as a function of the coprocessor O register fields that can
affect the mode.

Table 5-2 Interrupt Modes

Statusggy
Causgy
| ntCtIVS

Config3ynt
Config3ygic

Interrupt Mode

Compatibility

[EnY
x
x
x
x

0| x | x| x | Compatibility

X | x | =0 x [ x | Compatibility

0|1 ]|=0]| 1| 0| Vectored Interrupt

0|21 ]|=0]| x| 1| Externa Interrupt Controller

Can't happen - IntCtl\,g can not be non-zero if neither
0|1 ]|=0]| 0| O | Vectored Interrupt nor External Interrupt Controller
mode isimplemented.

“X" denotes don’t care

5.3.1.1 Interrupt Compatibility Mode

Thisisthe default interrupt mode for the processor and is entered when a Reset exception occurs. In thismode, interrupts
are non-vectored and dispatched though exception vector offset 16#180 (if Causey, = 0) or vector offset 16#200 (if
Cause), = 1). Thismode isin effect if any of the following conditions are true:

» Causgy =0
» Statusgpy =1

* IntCtly, g = 0, which would be the case if vectored interrupts are not implemented, or have been disabled.

A typical software handler for interrupt compatibility mode might look as follows:

/*
* Assumptions:
* - Causery = 1 (if it were zero, the interrupt exception would have to
* be isolated from the general exception vector before getting
* here)
* - GPRs k0O and kl are available (no shadow register switches invoked in
* compatibility mode)
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* - The software priority is IP7..IP0 (HWS5..HWO, SWl..SWO0)

*

* Location: Offset 0x200 from exception base

*/

IVexception:
mfc0 k0, CO_Cause /* Read Cause register for IP bits */
mfcO k1, CO_Status /* and Status register for IM bits */
andi k0, kO, M_CauseIM /* Keep only IP bits from Cause */
and k0, kO, k1 /* and mask with IM bits */
beg k0, zero, Dismiss /* no bits set - spurious interrupt */
clz k0, kO /* Find first bit set, IP7..IP0; kO = 16..23 */
xori k0, kO, 0x17 /* 16..23 => 7..0 */
sll k0O, kO, VS /* Shift to emulate software IntCtlyg */
la k1, VectorBase /* Get base of 8 interrupt vectors */
addu kO, kO, k1 /* Compute target from base and offset */
jr k0 /* Jump to specific exception routine */
nop

/*

* Each interrupt processing routine processes a specific interrupt, analogous
* to those reached in VI or EIC interrupt mode. Since each processing routine

* is dedicated to a particular interrupt line, it has the context to know

*

are ORed together on a single IP line. Once that task is performed, the
interrupt may be processed in one of two ways:

* % ok

*

- Completely at interrupt level (e.g., a simply UART interrupt). The
SimpleInterrupt routine below is an example of this type.

*

* - By saving sufficient state and re-enabling other interrupts. In this
* case the software model determines which interrupts are disabled during
* the processing of this interrupt. Typically, this is either the single
* StatusIM bit that corresponds to the interrupt being processed, or some
* collection of other Statuspy bits so that “lower” priority interrupts are
* also disabled. The NestedInterrupt routine below is an example of this type.
*/
SimpleInterrupt:
/*

* Process the device interrupt here and clear the interupt request
* at the device. In order to do this, some registers may need to be
* saved and restored. The coprocessor 0 state is such that an ERET
* will simple return to the interrupted code.
*/

eret /* Return to interrupted code */

NestedException:

/*
* Nested exceptions typically require saving the EPC and Status registers,
* any GPRs that may be modified by the nested exception routine, disabling
* the appropriate IM bits in Status to prevent an interrupt loop, putting
* the processor in kernel mode, and re-enabling interrupts. The sample code
* below can not cover all nuances of this processing and is intended only
* to demonstrate the concepts.
*/

/* Save GPRs here, and setup software context */
mfcO k0, CO_EPC /* Get restart address */
sw k0, EPCSave /* Save in memory */
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mfcO k0, CO_Status /* Get Status value */
sSw k0O, StatusSave /* Save in memory */
1i k1, ~IMbitsToClear /* Get Im bits to clear for this interrupt */
/* this must include at least the IM bit */
/* for the current interrupt, and may include */
/* others */
and k0, kO, k1 /* Clear bits in copy of Status */
ins k0O, zero, S_StatusEXL, (W_StatusKSU+W_StatusERL+W_StatusEXL)
/* Clear KSU, ERL, EXL bits in k0 */
mtc0 k0O, CO_Status /* Modify mask, switch to kernel mode, */
/* re-enable interrupts */
/*

* Process interrupt here, including clearing device interrupt.

* In some environments this may be done with a thread running in

* kernel or user mode. Such an environment is well beyond the scope of
* this example.

/*
* To complete interrupt processing, the saved values must be restored
* and the original interrupted code restarted.

*/
di /* Disable interrupts - may not be required */
1w k0O, StatusSave /* Get saved Status (including EXL set) */
1w k1, EPCSave /* and EPC */
mtc0 k0O, CO_Status /* Restore the original value */
mtcO k1, CO_EPC /* and EPC */
/* Restore GPRs and software state */
eret /* Dismiss the interrupt */

5.3.1.2 Vectored Interrupt Mode

Vectored I nterrupt mode builds on the interrupt compatibility mode by adding a priority encoder to prioritize pending
interrupts and to generate a vector with which each interrupt can be directed to a dedicated handler routine. This mode
also allows each interrupt to be mapped to a GPR shadow set for use by the interrupt handler. Vectored Interrupt mode
isin effect if al of the following conditions are true:

» Config3y s =1

» Confi g3VE|C =0

i |ntct|vs;¢ 0

* Causgy =1

» Statusggy =0

In V1 interrupt mode, the six hardware interrupts areinterpreted asindividual hardware interrupt requests. Thetimer and
performance counter interrupts are combined in a system-dependent way (external to the core) with the hardware
interrupts (theinterrupt with which they are combinedisindicated by the IntCtl;p1/,pc fields) to provide the appropriate
relative priority of the those interrupts with that of the hardware interrupts. The processor interrupt logic ANDs each of
the Cause;p bits with the corresponding Status, bits. If any of these valuesis 1, and if interrupts are enabled (Status;e

=1, Statusgy =0, and Statusgg, = 0), aninterrupt issignaled and apriority encoder scansthe valuesin the order shown
in Table 5-3.
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Table 5-3 Relative Interrupt Priority for Vectored Interrupt Mode

Interrupt
Request Vector Number
Relative Interrupt | Interrupt Calculated Generated by
Priority Type Source From Priority Encoder
Highest Priority HWS5 IP7 and IM7 7
HW4 IP6 and IM6 6
HW3 IP5 and IM5 5
Hardware
HW2 IP4 and IM4 4
HW1 IP3and IM3 3
HWO IP2 and IM2 2
SW1 IP1and IM1 1
Software
Lowest Priority SWO0 IPO and IMO 0

The priority order places arelative priority on each hardware interrupt and places the software interrupts at a priority
lower than al hardware interrupts. When the priority encoder finds the highest priority pending interrupt, it outputs an
encoded vector number that is used in the calculation of the handler for that interrupt, as described below. Thisis shown
pictorialy in Figure 5-1.

Latch Mask Encode Generate

—  p IntCtl IPPCI

|ntct||p'|'|
HWS5 | 1P7 - IM7 > égueﬂ Interrupt
Request
HW4 X »-| IP6 S ITVT: B o ) S
HW3 £ B IP5-—(IM5— 3 3| IntCtlyg
HW2 | § »-| P4 TV B %
HW1 A T I [TVE: B = _ | Exception
S| Vector S | Vector Offset
HWO ——|IP2 M2 p & | Number mg —
IPL > IM1— og
IPO|——{ IMO——>
Causer, | SRSMap |
Causepc
Shadow Set
Number -

Figure5-1 Interrupt Generation for Vectored Interrupt Mode

A typical software handler for vectored interrupt mode bypasses the entire sequence of code following the | Vexception
label shown for the compatibility mode handler above. Instead, the hardware performs the prioritization, dispatching
directly to the interrupt processing routine. Unlike the compatibility mode examples, a vectored interrupt handler may
take advantage of a dedicated GPR shadow set to avoid saving any registers. As such, the Simplelnterrupt code shown
above need not save the GPRs.
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A nested interrupt is similar to that shown for compatibility mode, but may also take advantage of running the nested
exception routine in the GPR shadow set dedicated to the interrupt or in another shadow set. Such a routine might look

asfollows:

NestedException:

/*

* Nested exceptions typically require saving the EPC, Status and SRSCtl registers,
* setting up the appropriate GPR shadow set for the routine, disabling
* the appropriate IM bits in Status to prevent an interrupt loop, putting

the processor in kernel mode, and re-enabling interrupts. The sample code
below can not cover all nuances of this processing and is intended only

* to demonstrate the concepts.

/* Use the current GPR shadow set, and setup software context */

mfcO
sw
mfcO
sw
mfcO
sw
1i

and

k0, CO_EPC /* Get restart address */

k0, EPCSave /* Save in memory */

kO, CO_Status /* Get Status value */

k0, StatusSave /* Save in memory */

k0O, CO_SRSCtl /* Save SRSCtl if changing shadow sets */

k0O, SRSCtlSave
k1, ~IMbitsToClear /* Get Im bits to clear for this interrupt */
/* this must include at least the IM bit */

/* for the current interrupt, and may include */
/* others */
k0, k0, kil /* Clear bits in copy of Status */

/* If switching shadow sets, write new value to SRSCtlpgg here */

ins

mtcO

k0, zero, S_StatusEXL, (W_StatusKSU+W_StatusERL+W_StatusEXL)
/* Clear KSU, ERL, EXL bits in kO */

kO, CO_Status /* Modify mask, switch to kernel mode, */
/* re-enable interrupts */

* If switching shadow sets, clear only KSU above, write target
* address to EPC, and do execute an eret to clear EXL, switch
* shadow sets, and jump to routine

*/

/* Process interrupt here, including clearing device interrupt */

/*

* To complete interrupt processing, the saved values must be restored
* and the original interrupted code restarted.

*/

di
1w
1w
mtcO
1w
mtcO
mtcO
ehb
eret

/* Disable interrupts - may not be required */

k0, StatusSave /* Get saved Status (including EXL set) */
k1, EPCSave /* and EPC */

kO, CO_Status /* Restore the original value */

k0, SRSCtlsave /* Get saved SRSCtl */

k1, CO_EPC /* and EPC */

k0, CO_SRsCtl /* Restore shadow sets */

/* Clear hazard */
/* Dismiss the interrupt */

5.3.1.3 External Interrupt Controller Mode

External Interrupt Controller Mode redefines the way that the processor interrupt logic is configured to provide support
for an external interrupt controller. The interrupt controller is responsible for prioritizing al interrupts, including
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hardware, software, timer, and performance counter interrupts, and directly supplying to the processor the vector number
of the highest priority interrupt. EIC interrupt modeisin effect if all of the following conditions are true:

» Confi g3VE|C =1
|ntCtlvs?'—' 0

* Causgy =1
d StaIUSBEV =0

In EIC interrupt mode, the processor sends the state of the software interrupt requests (Cause py pg) and the timer and
performance counter interrupt requests (Causer;pc) to the external interrupt controller, where it prioritizes these
interrupts in a system-dependent way with other hardware interrupts. The interrupt controller can be ahard-wired logic
block, or it can be configurable based on control and status registers. This allows the interrupt controller to be more
specific or more general as afunction of the system environment and needs.

The external interrupt controller prioritizesitsinterrupt requests and produces the vector number of the highest priority
interrupt to be serviced. The vector number, called the Requested Interrupt Priority Level (RIPL), isa 6-bit encoded
valuein the range 0..63, inclusive. A value of 0 indicates that no interrupt requests are pending. The values 1..63
represent the lowest (1) to highest (63) RIPL for the interrupt to be serviced. The interrupt controller passes this value
on the 6 hardware interrupt line, which are treated as an encoded value in EIC interrupt mode.

Status;p; (which overlays Status)yy7 v2) iSinterpreted as the Interrupt Priority Level (IPL) at which the processor is
currently operating (with avalue of zero indicating that no interrupt is currently being serviced). When the interrupt
controller requests service for an interrupt, the processor compares RIPL with Status;p; to determine if the requested
interrupt has higher priority than the current IPL. If RIPL is strictly greater than Status,p; , and interrupts are enabled
(Status;g = 1, Statusgy = 0, and Statusgr, = 0) aninterrupt request is signaled to the pipeline. When the processor starts
the interrupt exception, it loads RIPL into Causerp, (Which overlays Causep; |pp) and signals the external interrupt
controller to notify it that the request is being serviced. Theinterrupt exception usesthe value of Causegp, asthe vector
number. Because Causer,p,_ is only loaded by the processor when an interrupt exception is signaled, it is available to
software during interrupt processing.

In EIC interrupt mode, the external interrupt controller is also responsible for supplying the GPR shadow set number to
use when servicing theinterrupt. As such, the SRSMap register is not used in this mode, and the mapping of the vectored
interrupt to a GPR shadow set is done by programming (or designing) theinterrupt controller to provide the correct GPR
shadow set number when an interrupt is requested. When the processor |oads an interrupt request into Causeg,p, , it also
loads the GPR shadow set number into SRSCtl g css, Which is copied to SRSCtl g5 when the interrupt is serviced.

The operation of EIC interrupt mode is shown pictorially in Figure 5-2.
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Figure5-2 Interrupt Generation for External Interrupt Controller Interrupt Mode

A typical software handler for EIC interrupt mode bypasses the entire sequence of code following the [ Vexception label
shown for the compatibility mode handler above. Instead, the hardware performs the prioritization, dispatching directly
to the interrupt processing routine. Unlike the compatibility mode examples, an EIC interrupt handler may take
advantage of a dedicated GPR shadow set to avoid saving any registers. As such, the Simplel nterrupt code shown above
need not save the GPRs.

A nested interrupt is similar to that shown for compatibility mode, but may also take advantage of running the nested
exception routine in the GPR shadow set dedicated to the interrupt or in another shadow set. It also need only copy
Causer p_ to Status,p to prevent lower priority interrupts from interrupting the handler. Such aroutine might look as

follows:

NestedException:

/ *
* Nested exceptions typically require saving the EPC, Status,and SRSCtl registers,
* gsetting up the appropriate GPR shadow set for the routine, disabling
* the appropriate IM bits in Status to prevent an interrupt loop, putting
* the processor in kernel mode, and re-enabling interrupts. The sample code
* below can not cover all nuances of this processing and is intended only
* to demonstrate the concepts.
*

96

/* Use the current GPR shadow set, and setup software context */

mfcO k1, CO_Cause /* Read Cause to get RIPL value */

mfcO k0, CO_EPC /* Get restart address */

srl k1, k1, S_CauseRIPL /* Right justify RIPL field */

sw k0O, EPCSave /* Save in memory */

mfcO k0, CO_Status /* Get Status value */

sw k0O, StatusSave /* Save in memory */

ins k0, k1, S_StatusIPL, 6 /* Set IPL to RIPL in copy of Status */
mfc0 k1, CO_SRSCtl /* Save SRSCtl if changing shadow sets */
sw k1, SRSCtlSave
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/* If switching shadow sets, write new value to SRSCtlpggq here */

ins k0, zero,

mtcO k0, CO_Status

/*

S_StatusEXL,

* If switching shadow sets,
* address to EPC, and do execute an eret to clear EXL,
* shadow sets, and jump to routine

*/

/* Process interrupt here,

/*

(W_StatusKSU+W_StatusERL+W_StatusEXL)
/* Clear KSU, ERL, EXL bits in k0 */
/* Modify IPL, switch to kernel mode,

/* re-enable interrupts */

clear only KSU above,

write target
switch

including clearing device interrupt */

*/

* The interrupt completion code is identical to that shown for VI mode above.

*/

5.3.2 Generation of Exception Vector Offsetsfor Vectored Interrupts

For vectored interrupts (in either VI or EIC interrupt mode), a vector number is produced by the interrupt control logic.
This number is combined with IntCtly, 5 to create the interrupt offset, which is added to 16#200 to create the exception
vector offset. For VI interrupt mode, the vector number isin therange 0..7, inclusive. For EIC interrupt mode, the vector
number isin therange 1..63, inclusive (0 being the encoding for “ no interrupt”). The IntCtly, 5 field specifies the spacing
between vector locations. If thisvalueis zero (the default reset state), the vector spacing iszero and the processor reverts
to Interrupt Compatibility Mode. A non-zero val ue enables vectored interrupts, and Tabl e 5-4 showsthe exception vector

offset for arepresentative subset of the vector numbers and values of the IntCtly, g field.

Table 5-4 Exception Vector Offsetsfor Vectored I nterrupts

Value of IntCtly,gField
Vector Number 2#00001 | 2#00010 | 2#00100 | 2#01000 | 2#10000
0 16#0200 16#0200 16#0200 16#0200 16#0200
1 16#0220 16#0240 16#0280 16#0300 16#0400
2 16#0240 16#0280 16#0300 16#0400 16#0600
3 16#0260 16#02C0 16#0380 16#0500 16#0800
4 16#0280 16#0300 16#0400 16#0600 16#0A00
5 16#02A0 16#0340 16#0480 16#0700 16#0C00
6 16#02C0 16#0380 16#0500 16#0800 16#0EOO
7 16#02E0 16#03C0 16#0580 16#0900 16#1000
.
.
61 16#09A0 16#1140 16#2080 16#3F00 16#7C00
62 16#09C0 16#1180 16#2100 16#4000 16#7E00
63 16#09EO 16#11CO 16#2180 16#4100 16#8000
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The general eguation for the exception vector offset for a vectored interrupt is:

vectorOffset <« 16#200 + (vectorNumber X (IntCtlyg || 24#00000))

5.4 GPR Shadow Registers

Release 2 of the Architecture optionally removes the need to save and restore GPRs on entry to high priority interrupts
or exceptions, and to provide specified processor modes with the same capability. Thisis done by introducing multiple
copies of the GPRs, called shadow sets, and allowing privileged software to associate a shadow set with entry to kernel
mode via an interrupt vector or exception. The normal GPRs are logically considered shadow set zero.

The number of GPR shadow setsis abuild-time option on the 24K core. Although Release 2 of the Architecture defines
amaximum of 16 shadow sets, the core alows one (the normal GPRs), two, or four shadow sets. The highest number
actually implemented is indicated by the SRSCtl ;g field. If thisfield is zero, only the normal GPRs are implemented.

Shadow sets are new copies of the GPRs that can be substituted for the normal GPRs on entry to kernel mode viaan
interrupt or exception. Once a shadow set isbound to akernel mode entry condition, reference to GPRswork exactly as
one would expect, but they are redirected to registers that are dedicated to that condition. Privileged software may need
to reference all GPRs in the register file, even specific shadow registers that are not visible in the current mode. The
RDPGPR and WRPGPR instructions are used for this purpose. The CSSfield of the SRSCtl register providesthe number
of the current shadow register set, and the PSS field of the SRSCt| register provides the number of the previous shadow
register set (that which was current before the last exception or interrupt occurred).

If the processor is operating in VI interrupt mode, binding of a vectored interrupt to a shadow set is done by writing to
the SRSMap register. If the processor isoperating in EIC interrupt mode, the binding of the interrupt to a specific shadow
set is provided by the external interrupt controller, and is configured in an implementation-dependent way. Binding of
an exception or non-vectored interrupt to a shadow set is done by writing to the ESS field of the SRSCtI register. When
an exception or interrupt occurs, the value of SRSCtl g is copied to SRSCtl pgg, and SRSCtl-ggis set to the value taken
from the appropriate source. On an ERET, the value of SRSCtlpggis copied back into SRSCtl s to restore the shadow
set of the mode to which control returns. More precisely, the rules for updating the fields in the SRSCtl register on an
interrupt or exception are as follows:

1. Nofieldinthe SRSCtl register is updated if any of the following conditionsistrue. In this case, steps2 and 3 are
Skipped.

* The exception is one that sets Statusgg, : Reset or NMI.
» The exception causes entry into EJTAG Debug Mode
o Statusgpy =1
o Statusgy =1
2. SRSCtlcggiscopied to SRSCtlpsg
3. SRSCtlcggis updated from one of the following sources:

» The appropriate field of the SRSViap register, based on IPL, if the exception is an interrupt, Causeyy = 1,
Config3y g c = 0, and Config3y,+ = 1. These are the conditions for a vectored interrupt.

» The EICSSfield of the SRSCtI register if the exception is an interrupt, Causeyy, = 1, and Config3y g c = 1. These
are the conditions for a vectored EIC interrupt.

» The ESSfield of the SRSCtl register in any other case. Thisis the condition for a non-interrupt exception, or a
non-vectored interrupt.

Similarly, the rules for updating the fields in the SRSCt| register at the end of an exception or interrupt are as follows:

98 MIPS32® 24K® Processor Core Family Software User’'s Manual, Revision 03.05

Copyright © 2004,2005 MIPS Technologies Inc. All rights reserved.



5.5 Exception Vector Locations

1. Nofieldinthe SRSCtl register is updated if any of the following conditionsistrue. In this case, step 2 is skipped.
* A DERET is executed
* An ERET isexecuted with Statusgg, = 1

2. SRSCtlpggiscopied to SRSCtlgg

Theseruleshavethe effect of preserving the SRSCtI register in any case of anested exception or one which occursbefore
the processor has been fully initialized (Statusggy = 1).

Privileged software may switch the current shadow set by writing anew value into SRSCtl psg, |oading EPC with atarget
address, and doing an ERET.

5.5 Exception Vector Locations

The Reset, Soft Reset, and NM1 exceptions are alwaysvectored tolocation 16 #BFC0 . 000 0. EJTAG Debug exceptions
are vectored to location 16#BFC0. 0480, or to location 16#FF20. 0200 if the ProbTrap bit is zero or one,
respectively, inthe EJTAG_Control_register. Addressesfor all other exceptions are a combination of avector offset and
avector base address. In Release 1 of the architecture, the vector base address was fixed. In Release 2 of the architecture,
software is allowed to specify the vector base address via the EBase register for exceptions that occur when Statusggy,
equals 0. Table 5-5 gives the vector base address as a function of the exception and whether the BEV bit is set in the
Satus register. Table 5-6 gives the offsets from the vector base address as a function of the exception. Note that the IV
bit in the Cause register causes Interrupts to use a dedicated exception vector offset, rather than the general exception
vector. For implementations of Release 2 of the Architecture, Table 5-4 givesthe offset from the base addressin the case
where Statusggy = 0 and Cause)y, = 1. For implementations of Release 1 of the architecture in which Cause)y, = 1, the
vector offset isasif IntCtl,,g were 0. Table 5-7 combines these two tables into one that contains all possible vector
addresses asafunction of the state that can affect the vector selection. To avoid complexity in thetable, the vector address
value assumes that the EBase register, as implemented in Release 2 devices, is not changed from its reset state and that

IntCtly,gisO.
Table 5-5 Exception Vector Base Addresses
Statusggy
Exception 0 1
Reset, NMI 16#BFC0.0000
EJTAG Debug (with ProbEn=11in 164FF20.0200

the EJTAG_Control_register)

For Release 1 of the architecture:
16#8000.0000

Other For Release 2 of the architecture: 164BFCO. 0200

EBases; . 15 || 16#000

Note that EBases; 3 have the
fixed value 2#10
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Table 5-6 Exception Vector Offsets

Exception Vector Offset
TLB Réfill, EXL =0 16#000
General Exception 16#180

16#200 (In Release 2
implementations, thisis the base of
the vectored interrupt table when
Statusggy = 0)

Interrupt, Causgyy = 1

Reset, NMI None (Uses Reset Base Address)

Table 5-7 Exception Vectors

Vector

For Release 2

Implementations, assumes

EJTAG | that EBaseretainsitsreset

Exception Statusggy | Statusgy, | Causey | ProbEn | stateand that IntCtly,g=0
Reset, NMI X X X X 16#BFC0.0000
EJTAG Debug X X X 0 16#BFC0.0480
EJTAG Debug X X X 1 16#FF20.0200
TLB Réfill 0 1 X X 16#8000.0180
TLB Réfill 1 0 X X 16#BFC0.0200
TLB Réfill 1 1 X X 16#BFC0.0380
Interrupt 0 0 0 X 16#8000.0180
Interrupt 0 0 1 X 16#8000.0200
Interrupt 1 0 0 X 16#BFC0.0380
Interrupt 1 0 1 X 16#BFC0.0400
All others 0 X X X 16#8000.0180
All others 1 X X X 16#BFC0.0380

‘X" denotesdon’t care

5.6 General Exception Processing

With the exception of Reset, NMI, cache error, and EJTAG Debug exceptions, which have their own special processing
as described below, exceptions have the same basic processing flow:

« If the EXL bit in the Status register is zero, the EPC register is loaded with the PC at which execution will be
restarted and the BD bit is set appropriately in the Cause register (see Table 6-22 on page 154). The value loaded into
the EPC register is dependent on whether the processor implements the MIPS16 ASE, and whether the instruction is
in the delay slot of a branch or jJump which has delay slots. Table 5-8 shows the value stored in each of the CPO PC
registers, including EPC. For implementations of Release 2 of the Architectureif Statusggy, = 0, the CSSfield in the
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SRSCtl register is copied to the PSS field, and the CSS value is |oaded from the appropriate source.

If the EXL bit in the Status register is set, the EPC register is not loaded and the BD bit is not changed in the Cause
register. For implementations of Release 2 of the Architecture, the SRSCtl register is not changed.

Table 5-8 Value Stored in EPC, Error EPC, or DEPC on an Exception

MIPS16 In Branch/Jump
Implemented? Delay Slot? Value stored in EPC/Error EPC/DEPC

No No Address of theinstruction

No Yes Address of the branch or jump instruction (PC-4)

Yes NoO Upper 31 bits of the address of the instruction, combined
with the |SA Mode bit
Upper 31 bits of the branch or jump instruction (PC-2 in

Yes Yes the MIPS16 ISA Mode and PC-4 in the 32-bit ISA
Mode), combined with the | SA Mode bit

» The CE, and ExcCode fields of the Cause registers are loaded with the values appropriate to the exception. The CE
field isloaded, but not defined, for any exception type other than a coprocessor unusable exception.

» The EXL bit is set in the Satus register.

» The processor is started at the exception vector.

Thevalueloaded into EPC representsthe restart addressfor the exception and need not be modified by exception handler
software in the normal case. Software need not look at the BD hit in the Cause register unless it wishes to identify the
address of the instruction that actually caused the exception.

Note that individual exception types may load additional information into other registers. Thisisnoted in the description

of each exception type below.

Operation:

/* If Statusgyg;, is 1, all exceptions go through the general exception vector */

/* and neither EPC nor Causepp nor SRSCtl are modified */
if Statusgy;, = 1 then
vectorOffset <« 16#180

else

/* For implementations that include the MIPSl6e ASE,

/* PC adjustment for exceptions in the delay slot */
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if Configley = 0 then
restartPC « PC

branchAdjust « 4 /* Possible adjustment for delay slot */
else

restartPC « PC3;_ ; || ISAMode
if (ISAMode = 0) or ExtendedMIPSl6Instruction
branchAdjust « 4 /* Possible adjustment for 32-bit MIPS delay slot */
else
branchAdjust « 2 /* Possible adjustment for MIPS16 delay slot */
endif
endif
if InstructionInBranchDelaySlot then
EPC « restartPC - branchAdjust/* PC of branch/jump */
Causepp « 1

else
EPC <« restartPC /* PC of instruction */
Causepp < 0

endif

/* Compute vector offsets as a function of the type of exception */
NewShadowSet <« SRSCtlggg /* Assume exception, Release 2 only */
if ExceptionType = TLBRefill then
vectorOffset « 16#000
elseif (ExceptionType = Interrupt) then
if (Causery = 0) then
vectorOffset « 16#180
else
if (Statusggy = 1) or (IntCtlyg = 0) then
vectorOffset « 16#200
else
if Config3ygre = 1 then
VecNum <« Causegrpy,
NewShadowSet <« SRSCtlgrcgg
else
VecNum ¢« VIntPriorityEncoder ()
NewShadowSet < SRSMapiprXz+3..1P1.Xa
endif
vectorOffset <« 16#200 + (VecNum X (IntCtlyg || 2#00000))
endif /* if (Statusggy = 1) or (IntCtlyg = 0) then */
endif /* if (Causeyy = 0) then */
endif /* elseif (ExceptionType = Interrupt) then */

/* Update the shadow set information for an implementation of */

/* Release 2 of the architecture */

if ((ArchitectureRevision 2 2) and (SRSCtlygg > 0) and (Statusggy = 0) and
(Statusgg, = 0)) then
SRSCtlpgg ¢ SRSCtlegg
SRSCtlygg ¢ NewShadowSet

endif

endif /* if Statusgy;, = 1 then */

Causeqy ¢ FaultingCoprocessorNumber
Causegpyccoge ¢ ExXceptionType
Statusgy;, < 1

if Configley = 1 then
ISAMode <« 0

endif

/* Calculate the vector base address */
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if Statusggy = 1 then
vectorBase « 16#BFC0.0200
else
if ArchitectureRevision = 2 then
/* The fixed value of EBases3; 39 forces the base to be in kseg0 or ksegl */
vectorBase < EBasesz; 15 || 16#000
else
vectorBase « 16#8000.0000
endif
endif

/* Exception PC is the sum of vectorBase and vectorOffset */
PC ¢« vectorBases; 3q || (vectorBase,q o + vectorOffset,qg )
/* No carry between bits 29 and 30 */

5.7 Debug Exception Processing

All debug exceptions have the same basic processing flow:

e The DEPC register isloaded with the program counter (PC) value at which execution will be restarted and the DBD
bit is set appropriately in the Debug register. The value loaded into the DEPC register isthe current PC if the
instruction is not in the delay slot of abranch, or the PC-4 of the branch if the instruction isin the delay slot of a
branch.

e TheDSS, DBp, DDBL, DDBS, DIB and DINT bits (D* bitsat [5:0]) in the Debug register are updated appropriately
depending on the debug exception type.

» Halt and Doze bits in the Debug register are updated appropriately.
» DM bhit in the Debug register is set to 1.
» The processor is started at the debug exception vector.

The value loaded into DEPC represents the restart address for the debug exception and need not be modified by the
debug exception handler softwarein the usual case. Debug software need not look at the DBD bit in the Debug register
unlessit wishes to identify the address of the instruction that actually caused the debug exception.

A unique debug exception isindicated through the DSS, DBp, DDBL, DDBS, DIB and DINT bits (D* bitsat [5:0]) in
the Debug register.

No other CPO registers or fields are changed due to the debug exception, thus no additional state is saved.

Operation:

if InstructionInBranchDelaySlot then
DEPC « PC-4
Debugppp < 1
else
DEPC <« PC
Debugpgp ¢« O
endif
Debugps pits at at [5:0] ¢ DebugExceptionType
Debugy,1+ ¢ HaltStatusAtDebugException
Debugp,,. ¢ DozeStatusAtDebugException
Debugpy < 1
if EJTAGControlRegisterp . urrap = 1 then
PC < O0xFF20_0200
else
PC « O0xBFC0_0480
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endif

The same debug exception vector location is used for all debug exceptions. The location is determined by the ProbTrap
bit in the EJTAG Control register (ECR), as shown in Table 5-9.

Table 5-9 Debug Exception Vector Addresses

ProbTrap bit in
ECR Register Debug Exception Vector Address
0 OxBFCO_0480
1 O0xFF20_0200 in dmseg

5.8 Exceptions

The following subsections describe each of the exceptions listed in the same segquence as shown in Table 5-1.

5.8.1 Reset Exception

A reset exception occurs when the S_Reset signal is asserted to the processor. This exception is not maskable. When a
Reset exception occurs, the processor performsafull reset initialization, including aborting state machines, establishing
critical state, and generally placing the processor in astatein which it can execute instructions from uncached, unmapped
address space. On a Reset exception, the state of the processor is not defined, with the following exceptions:

» The Randomregister isinitialized to the number of TLB entries- 1.

» TheWred register isinitialized to zero.

» The Config register isinitialized with its boot state.

TheRP, BEV, TS, SR, NMI, and ERL fields of the Status register areinitialized to a specified state.
* Thel, R, and W fields of the WatchLo register areinitialized to O.

The ErrorEPC register isloaded with PC-4 if the state of the processor indicates that it was executing an instruction
in the delay dlot of a branch. Otherwise, the ErrorEPC register isloaded with PC. Note that this value may or may
not be predictable.

» PCisloaded with 0OxBFCO_0000.

Cause Register ExcCode Value:

None

Additional State Saved:
None

Entry Vector Used:
Reset (0xBFCO_0000)

Operation:

Random ¢« TLBEntries - 1
Wired « 0

Config ¢« ConfigurationState
Statusgp < O

Statuspgpy < 1

Statuspg < 0
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Statusgg ¢« 0
Statusyyr < 0
Statusggp < 1
WatchLo; < 0
WatchLog < 0
WatchLoy < 0
if InstructionInBranchDelaySlot then
ErrorEPC « PC - 4
else
ErrorEPC <« PC
endif
PC « O0xBFCO0_0000

5.8.2 Debug Single Step Exception

A debug single step exception occurs after the CPU has executed one/two instructions in non-debug mode, when
returning to non-debug mode after debug mode. One instruction is allowed to execute when returning to anon
jump/branch instruction, otherwise two instructions are allowed to execute since the jump/branch and the instruction in
the delay dlot are executed as one step. Debug single step exceptions are enabled by the SSt bit in the Debug register,
and are always disabled for the first one/two instructions after a DERET.

The DEPC register points to the instruction on which the debug single step exception occurred, which is also the next
instruction to single step or execute when returning from debug mode. So the DEPC will not point to the instruction
which has just been single stepped, but rather the following instruction. The DBD hit in the Debug register is never set
for adebug single step exception, since the jump/branch and the instruction in the delay slot is executed in one step.

Exceptions occurring on the instruction(s) executed with debug single step exception enabled are taken even though
debug single step was enabled. For anormal exception (other than reset), adebug single step exception is then taken on
thefirst instruction in the normal exception handler. Debug exceptions are unaffected by single step mode, e.g. returning
to a SDBBP instruction with debug single step exceptions enabled causes a debug software breakpoint exception, and
the DEPC will point to the SDBBP instruction. However, returning to an instruction (not jump/branch) just before the
SDBBP instruction, causes a debug single step exception with the DEPC pointing to the SDBBP instruction.

To ensure proper functionality of single step, the debug single step exception has priority over all other exceptions,
except reset and soft reset.

Debug Register Debug Status Bit Set
DSS

Additional State Saved
None

Entry Vector Used
Debug exception vector

5.8.3 Debug Interrupt Exception

A debug interrupt exception is either caused by the EjtagBrk bit in the EJTAG Control register (controlled through the
TAP), or caused by the debug interrupt request signal to the CPU.

The debug interrupt exception is an asynchronous debug exception which is taken as soon as possible, but with no
specific relation to the executed instructions. The DEPC register is set to theinstruction where execution should continue
after the debug handler isthrough. The DBD hit is set based on whether the interrupted instruction was executing in the
delay slot of abranch.
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Debug Register Debug Status Bit Set
DINT

Additional State Saved
None

Entry Vector Used
Debug exception vector

5.8.4 Non-Maskable Interrupt (NM1) Exception

A non maskable interrupt exception occurs when the S NMI signal is asserted to the processor. S_NMI is an edge
sensitive signal - only one NM1 exception will be taken each timeit is asserted. An NMI exception occurs only at
instruction boundaries, so it does not cause any reset or other hardware initialization. The state of the cache, memory,

and other processor states are consistent and all registers are preserved, with the following exceptions:
» TheBEV, TS, SR, NMI, and ERL fields of the Status register areinitialized to a specified state.

» The ErrorEPC register isloaded with PC-4 if the state of the processor indicates that it was executing an instruction

in the delay slot of abranch. Otherwise, the ErrorEPC register isloaded with PC.
» PCisloaded with 0OXBFCO_0000.

Cause Register ExcCode Value:
None

Additional State Saved:
None

Entry Vector Used:
Reset (0xBFCO_0000)

Operation:

Statusppy < 1
Statuspg < O
Statusgg < O
Statusyyr < 1
Statusgg, < 1
if InstructionInBranchDelaySlot then
ErrorEPC ¢« PC - 4
else
ErrorEPC <« PC
endif
PC « O0xBFC0_0000

5.8.5 Machine Check Exception

106

A machine check exception occurs when the processor detects an internal inconsistency. The following condition causes
amachine check exception:

 The detection of multiple matching entriesin the TLB. The core detects this condition on a TLB write and prevents
the write from being completed. The TS bit in the Status register is set to indicate this condition. Thishitisonly a
status flag and does not affect the operation of the device. Software clears this bit at the appropriate time. This
condition is resolved by flushing the conflicting TLB entries. The TLB write can then be completed.
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Cause Register ExcCode Value:
M Check

Additional State Saved:
None

Entry Vector Used:
General exception vector (offset 0x180)

5.8.6 Interrupt Exception

Theinterrupt exception occurswhen one or more of the six hardware, two software, or timer interrupt requestsisenabled
by the Status register and the interrupt input is asserted. See Section 5.3, "Interrupts' on page 89 for more details about
the processing of interrupts.

Register ExcCode Value:
Int

Additional State Saved:

Table 5-10 Register Statesan Interrupt Exception

Register State Value

Causep indicates the interrupts that are pending.

Entry Vector Used:

See Section 5.3.2, "Generation of Exception Vector Offsets for Vectored Interrupts' on page 97 for the entry vector
used, depending on the interrupt mode the processor is operating in.

5.8.7 Debug Instruction Break Exception

A debug instruction break exception occurs when an instruction hardware breakpoint matches an executed instruction.
The DEPC register and DBD bit in the Debug register indicate the instruction that caused the instruction hardware
breakpoint to match. This exception can only occur if instruction hardware breakpoints are implemented.

Debug Register Debug Status Bit Set:
DIB

Additional State Saved:
None

Entry Vector Used:
Debug exception vector

5.8.8 Watch Exception — Instruction Fetch or Data Access

The Watch facility provides a software debugging vehicle by initiating a watch exception when an instruction or data
reference matches the address information stored in the WatchHi and WatchLo registers. A Watch exception is taken
immediately if the EXL and ERL bits of the Status register are both zero and the DM bit of the Debug is also zero. If
any of those bitsisaone at thetimethat awatch exception would normally be taken, then the WP bit in the Cause register
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is set, and the exception is deferred until all three bits are zero. Software may use the WP bit in the Cause register to
determine if the EPC register points at the instruction that caused the watch exception, or if the exception actually
occurred while in kernel mode.

The Watch exception can occur on either an instruction fetch or a data access. Watch exceptions that occur on an
instruction fetch have a higher priority than watch exceptions that occur on a data access.

Register ExcCode Value:
WATCH

Additional State Saved:

Table 5-11 Register States on a Watch Exception

Register State Value

Indicatesthat thewatch exception was deferred until after
Statusgy | , Statusgg, , and Debugpy, were zero. This bit
directly causes awatch exception, so software must clear

Causeyp thishit as part of the exception handler to prevent awatch
exception loop at the end of the current handler
execution.

WatchHi| g Set for the watch channel that matched, and indicates

which type of match there was.

Entry Vector Used:
General exception vector (offset 0x180)

5.8.9 AddressError Exception — Instruction Fetch/Data Access

108

An address error exception occurs on an instruction or data access when an attempt is made to execute one of the
following:

* Fetch aninstruction, load aword, or store aword that is not aligned on aword boundary

» Load or store a halfword that is not aligned on a halfword boundary

» Reference the kernel address space from user mode

Note that in the case of an instruction fetch that is not aligned on aword boundary, PC is updated before the condition
is detected. Therefore, both EPC and BadVAddr point to the unaligned instruction address. In the case of a data access

the exception is taken if either an unaligned address or an address that was inaccessible in the current processor mode
was referenced by aload or store instruction.

Cause Register ExcCode Value:
ADEL: Reference was aload or an instruction fetch
ADES: Reference was a store
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Additional State Saved:
Table 5-12 CPO Register Stateson an Address Exception Error

Register State Value

BadVAddr failing address

Contextypy, | UNPREDICTABLE

EntryHiypy, | UNPREDICTABLE

EntryL o0 UNPREDICTABLE

EntryLol UNPREDICTABLE

Entry Vector Used:
General exception vector (offset 0x180)

5.8.10 TLB Ré€fill Exception — Instruction Fetch or Data Access

During an instruction fetch or data access, a TLB refill exception occurs when no TLB entry matches areferenceto a
mapped address space and the EXL bitis0in the Satusregister. Note that thisis distinct from the casein which an entry
matches but has the valid bit off. In that case, a TLB Invalid exception occurs.

Cause Register ExcCode Value:
TLBL: Reference was aload or an instruction fetch
TLBS: Reference was a store

Additional State Saved:

Table 5-13 CPO Register Stateson a TL B Refill Exception

Register State Value
BadVAddr failing address.
The BadVPNZ2 field contains VA3, .13 of the failing
Context address.
The VPNZ2 field contains VA3;.13 Of the failing address;
EntryHi the ASID field contains the ASID of the reference that
missed.
EntryL o0 UNPREDICTABLE
EntryLol UNPREDICTABLE

Entry Vector Used:
TLB refill vector (offset 0x000) if Statusgy, = O at the time of exception;
general exception vector (offset 0x180) if Statusgy = 1 at the time of exception

5.8.11 TLB Invalid Exception — Instruction Fetch or Data Access

During an instruction fetch or data access, a TLB invalid exception occurs in one of the following cases:

* No TLB entry matches areference to a mapped address space; and the EXL hit is 1 in the Satus register.
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» A TLB entry matches a reference to a mapped address space, but the matched entry has the valid bit off.

Cause Register ExcCode Value:
TLBL: Reference was aload or an instruction fetch

TLBS: Reference was a store

Additional State Saved:

Table 5-14 CPO Register Stateson a TLB Invalid Exception

Register State Value

BadVAddr failing address

The BadVPN2 field contains VA3, .13 of the failing
Context address.

The VPNZ2 field contains VA3,.13 of the failing address;
EntryHi the ASID field contains the ASID of the reference that
missed.

EntryL o0 UNPREDICTABLE

EntryLol UNPREDICTABLE

Entry Vector Used:
General exception vector (offset 0x180)

5.8.12 Cache Error Exception

A cache error exception occurs when an instruction or data reference detects a cache tag or data error. Thisexceptionis
not maskable. Because the error was in a cache, the exception vector isto an unmapped, uncached address. This
exception can be imprecise and the ErrorEPC may not point to the instruction that saw the error

Cause Register ExcCode Value

N/A

Additional State Saved

Register State  Value
CacheErr Error state
ErrorEPC Restart PC

Entry Vector Used
Cache error vector (offset 16#100)

5.8.13 BusError Exception — Instruction Fetch or Data Access

A bus error exception occurs when an instruction or data access makes a bus request (due to a cache miss or an
uncacheable reference) and that request terminatesin an error. The bus error exception can occur on either an instruction
fetch or adataread. Bus error exceptions cannot be generated on data writes. Bus error exceptions that occur on an
instruction fetch have a higher priority than bus error exceptions that occur on a data access.
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Instruction errors are precise, will Data bus errors can be imprecise. These errors are taken when the ERR codeiis
returned on the OC_SResp input.

Cause Register ExcCode Value:
IBE: Error on an instruction reference
DBE: Error on adatareference

Additional State Saved:
None

Entry Vector Used:
General exception vector (offset 0x180)

5.8.14 Debug Softwar e Breakpoint Exception

A debug software breakpoint exception occurs when an SDBBP instruction is executed. The DEPC register and DBD
bit in the Debug register will indicate the SDBBP instruction that caused the debug exception.

Debug Register Debug Status Bit Set:
DBp

Additional State Saved:
None

Entry Vector Used:
Debug exception vector

5.8.15 Execution Exception — System Call

The system call exception is one of the execution exceptions. All of these exceptions have the same priority. A system
call exception occurs when a SY SCALL instruction is executed.

Cause Register ExcCode Value:
Sys

Additional State Saved:
None

Entry Vector Used:
General exception vector (offset 0x180)

5.8.16 Execution Exception — Breakpoint

The breakpoint exception isone of the execution exceptions. All of these exceptions havethe same priority. A breakpoint
exception occurs when a BREAK instruction is executed.

Cause Register ExcCode Value:
Bp
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Additional State Saved:
None

Entry Vector Used:
General exception vector (offset 0x180)

5.8.17 Execution Exception — Reserved I nstruction

The reserved instruction exception is one of the execution exceptions. All of these exceptions have the same priority. A
reserved instruction exception occurs when areserved or undefined major opcode or function field is executed. This
includes Coprocessor 2 instructions which are decoded reserved in the Coprocessor 2.

Cause Register ExcCode Value:
RI

Additional State Saved:
None

Entry Vector Used:
General exception vector (offset 0x180)

5.8.18 Execution Exception — Coprocessor Unusable

The coprocessor unusable exception is one of the execution exceptions. All of these exceptions have the same priority.
A coprocessor unusable exception occurs when an attempt is made to execute a coprocessor instruction for one of the
following:

» acorresponding coprocessor unit that has not been marked usable by setting its CU bit in the Status register

» CPOinstructions, when the unit has not been marked usable, and the processor is executing in user mode

Cause Register ExcCode Value:
CpuU

Additional State Saved:

Table 5-15 Register States on a Coprocessor Unusable Exception

Register State Value

Causecg unit number of the coprocessor being referenced

Entry Vector Used:
General exception vector (offset 0x180)

5.8.19 Execution Exception — Cor Extend block Unusable

The CorExtend block unusable exception is one of the execution exceptions. All of these exceptions have the same
priority. A CEU exception occurs when an attempt is made to execute a CorExtend instruction when the CEE bit in the
Satus register is not set. It is dependent on the implementation of the CorExtend block, but this exception should be
taken on any CorExtend instruction that modifieslocal state within the CorExtend block and can optionally be taken on
other CorExtend instructions.
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Cause Register ExcCode Value:
CEU

Additional State Saved:
None

Entry Vector Used:
General exception vector (offset 0x180)

5.8.20 Execution Exception — Floating Point Exception

A floating point exception isinitiated by the floating point coprocessor.

Cause Register ExcCode Value:
FPE

Additional State Saved:

Table 5-16 Register States on a Floating Point Exception

Register State Value

FCSR Indicates the cause of the floating point exception

Entry Vector Used:
General exception vector (offset 0x180)

5.8.21 Execution Exception — Integer Overflow

The integer overflow exception is one of the execution exceptions. All of these exceptions have the same priority. An
integer overflow exception occurs when selected integer instructions result in a 2's complement overflow.

Cause Register ExcCode Value:
Ov

Additional State Saved:
None

Entry Vector Used:
General exception vector (offset 0x180)

5.8.22 Execution Exception — Trap

The trap exception is one of the execution exceptions. All of these exceptions have the same priority. A trap exception
occurs when atrap instruction resultsin a TRUE value.

Cause Register ExcCode Value:
Tr
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Additional State Saved:
None

Entry Vector Used:
General exception vector (offset 0x180)

5.8.23 Execution Exception — C2E

A C2E exception is signalled from the optional coprocessor2 block on a coprocessor instruction.

Cause Register ExcCode Value:
C2E

Additional State Saved:
None

Entry Vector Used:
General exception vector (offset 0x180)

5.8.24 Execution Exception — I S1

An 1S1 exception is signalled from the optional coprocessor2 block on a coprocessor instruction.

Cause Register ExcCode Value:
IS1

Additional State Saved:

None

Entry Vector Used:
General exception vector (offset 0x180)

5.8.25 Debug Data Break Exception

A debug data break exception occurs when a data hardware breakpoint matches the | oad/store transaction of an executed
load/store instruction. The DEPC register and DBD bit in the Debug register will indicate the load/store instruction that
caused the data hardware breakpoint to match. The load/store instruction that caused the debug exception has not

completed e.g. not updated the register file, and the instruction can be re-executed after returning from the debug handler.

Debug Register Debug Status Bit Set:
DDBL for aload instruction or DDBS for a store instruction

Additional State Saved:
None

Entry Vector Used:
Debug exception vector
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5.8.26 TLB Moadified Exception — Data Access

During adata access, a TLB modified exception occurs on a store reference to a mapped address if the following
condition istrue:

» Thematching TLB entry isvalid, but not dirty.

Cause Register ExcCode Value:
Mod

Additional State Saved:

Table 5-17 Register Stateson a TLB M odified Exception

Register State Value

BadVAddr failing address

The BadVPNZ2 field contains VA3;.13 Of thefailing

Context address.

The VPNZ2 field contains VA 3.3 of the failing address;
EntryHi the ASID field contains the ASID of the reference that
missed.

EntryLoO UNPREDICTABLE

EntryLol UNPREDICTABLE

Entry Vector Used:
General exception vector (offset 0x180)

5.9 Exception Handling and Servicing Flowcharts

The remainder of this chapter contains flowcharts for the following exceptions and guidelines for their handlers:

» General exceptions and their exception handler

» TLB miss exception and their exception handler

* Reset and NMI exceptions, and a guideline to their handler.

» Debug exceptions

Generally speaking, the exceptions are handled by hardware; the exceptions are then serviced by software. Note that
unexpected debug exceptions to the debug exception vector at 0OXBFCO_0200 may be viewed as a reserved instruction
since uncontrolled execution of an SDBBP instruction caused the exception. The DERET instruction must be used at

return from the debug exception handler, in order to leave debug mode and return to non-debug mode. The DERET
instruction returns to the addressin the DEPC register.
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Exceptions other than Reset, NMI, or first-level TLB missNote:
Interrupts can be masked by IE or IMs and Watch is masked if EXL = 1
Comments
EnHi and Context are set only for
EntryHi « VPN2, ASID TLB- Invalid, Modified, & Refill

Context « VPN2 exceptions. BadVA is set only for
Set Cause EXCCode,CE TLB- Invalid, Modified, Refill- and
BadVA « VA VCED/I exceptions. Note: not set if it

is a Bus Error

Check if exception within
another exception

EPC « (PC - 4) EPC « PC
Cause.BD « 1 Cause.BD « 0

EXL « 1 -

Processor forced to Kernel
Mode &interrupt disabled

=1 (bootstrap)

=0 (normal)

PC « 0x8000_0000 + 180 PC « 0xBFCO0_0200 + 180
(unmapped, cached) (unmapped, uncached)

I - I

To General Exception Servicing Guidelines

Figure 5-3 General Exception Handler (HW)
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MFCO -
Context, EPC, Status, Cause

Y
MTCO -

UM « 0, EXL <0,
IE<1

Check Cause value & Jump to
appropriate Service Code

MTCO -
EPC,STATUS

ERET

Comments

* Unmapped vector so TLBMod, TLBInv, or TLB
Refill exceptions not possible

* EXL=1 so Watch, Interrupt exceptions disabled
* OS/System to avoid all other exceptions

* Only Reset, Soft Reset, NMI exceptions
possible.

AL

Set Status bits: (Optional - only to enable Interrupts while keeping

Kernel Mode)

* After EXL=0, all exceptions allowed.
(except interrupt if masked by IE)

* ERET is not allowed in the branch delay slot of

another Jump Instruction

* Processor does not execute the instruction
which is in the ERET's branch delay slot
*PC « EPC,;EXL« 0

* LLbit < O

Figure 5-4 General Exception Servicing Guidelines (SW)
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f

EntryHi « VPN2, ASID
Context « VPN2
Set Cause EXCCode,CE
BadVA < VA

No

l Check if exception within

=1 another exception
EXL

Instr. in
Br.Dly. Slot?

=0
EPC « (PC - 4) EPC « PC
Cause.BD « 1 Cause.BD < 0
[

\
Vec. Off. = 0x180

Vec. Off. = 0x000

Points to General Exception

A

Processor forced to Kernel
Mode &interrupt disabled

EXL«1

=0 (normal) =1 (bootstrap)

Y
PC « 0x8000_0000 +
Vec.Off.(unmapped. cached)

[

PC « 0xBFCO0_0200 +
Vec.Off.(unmapped. uncached)

> < [
To TLB Exception Servicing Guidelines

Figure5-5 TLB Miss Exception Handler (HW)
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MFCO -CONTEXT

Service Code

ERET

Comments

* Unmapped vector so TLBMod, TLBInv, or TLB
Refill exceptions not possible

* EXL=1 so Watch, Interrupt exceptions disabled
* OS/System to avoid all other exceptions

* Only Reset, Soft Reset, NMI exceptions
possible.

* Load the mapping of the virtual address in
Context Reg. Move it to EntryLo and write into
the TLB

* There could be a TLB miss again during the
mapping of the data or instruction address. The
processor will jump to the general exception
vector since the EXL is 1. (Option to complete
the first level refill in the general exception
handler or ERET to the original instruction and
take the exception again)

* ERET is not allowed in the branch delay slot of
another Jump Instruction

* Processor does not execute the instruction
which is in the ERET’s branch delay slot

*PC « EPC; EXL « 0

*LLbit« 0O

Figure 5-6 TLB Exception Servicing Guidelines (SW)
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Reset Exception

Y
A

ErrorEPC < PC

Random « TLBENTRIES - 1
< NMI Exception Wired < 0
% Tatus: Config « Reset state
=~ BEV «1 Status:
i TS« 0 RP < 0
S SR«0 BEV « 1
g NMI « 1 TS <0
T ERL 1 SR 0
c
2 NMI < 0
=
2 ERL « 1
Q WatchLo:
L I,RW«0
=
z
3
9]
0
(0]
22
=
o
N
—
(O]
0
(O]
24

PC « 0xBFC0_0000

o =
£ Status.NMI
2
S
)
n
==
ZzL Y N _______
g § | B | Reset Service Code |
= L e e e —— |
$°G ' NMI Service Code |
B8 ! |
- =] | |
S o __ B
2 !
r y
2 ERET
o (Optional)
Figure 5-7 Reset and NM| Exception Handling and Servicing Guideines
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Chapter 6

CPO Registers of the 24K® Core

The System Control Coprocessor (CPO) providesthe register interfaceto the 24K® processor core and supports memory
management, address translation, exception handling, and other privileged operations. Each CPO register has a unique
number that identifiesit; this number isreferred to asthe register number. For instance, the PageMask register isregister
number 5. For more information on the EJTAG registers, refer to Chapter 10, “EJTAG Debug Support in the 24K®

Core.”.

After updating a CPO register there is a hazard period of zero or more instructions from the update instruction (M TCO)
and until the effect of the update has taken place in the core. Refer to Chapter 12, “ 24K® Processor Core | nstructions,”
for further details on CPO hazards.

The current chapter contains the following sections:

 Section 6.1, "CPO Register Summary" on page 124

* Section 6.2, "CPO Register Descriptions' on page 126
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Chapter 6 CPO Registers of the 24K® Core

6.1 CPO Register Summary

Table 6-1 liststhe CPO registersin numerical order. Theindividual registersare described throughout this chapter. Where
more than one registers shares the same register number at different values of the “sel” field of the instruction, their
names are listed using a slash (/) as separator.

Table 6-1 CPO Registers

Register
Number Register Name Function
0 Index3 Index into the TLB array. Thisregister isreserved if the TLB is
not implemented.
1 Random? Randomly generated index into the TLB array. Thisregister is
reserved if the TLB is not implemented.
2 EntrvL 003 Low-order portion of the TLB entry for even-numbered virtual
y pages. Thisregister isreserved if the TLB is not implemented.
3 EntrvLo13 L ow-order portion of the TLB entry for odd-numbered virtual
y pages. This register isreserved if the TLB is not implemented.
4 Context® Pointer to page table entry in memory. Thisregister is reserved
if the TLB is not implemented.
5 PageMask PageMask controls the variable page sizesin TLB entries. This
register isreserved if the TLB is not implemented.
6 Wired® Controls the number of fixed (“wired”) TLB entries. This
register isreserved if the TLB is not implemented.
Enablesaccessviathe RDHWR instruction to selected hardware
7 HWREna registers in non-privileged mode.
1 Reports the address for the most recent address-related
8 BadVAddr exception.
9 Count? Processor cycle count.
10 EntrvHi3 High-order portion of the TLB entry. Thisregister isreserved if
ry the TLB is not implemented.
11 Compare* Timer interrupt control.
Status/
12 IntCtl/ Processor status and control; interrupt control; and shadow set
SRSCtl/ control.
SRSMap!
13 Causet Cause of last exception.
14 Epc! Program counter at last exception.
PRId/ S — .
15 EBase Processor identification and revision; exception base address.
Config/
Configl/
16 Config2/ Configuration registers.
Config3/
Config7
17 Reserved Reserved
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6.1 CPO Register Summary

Table 6-1 CPO Registers (Continued)

Register
Number Register Name Function
1 L ow-order watchpoint address.0,1 associated with instruction
18 Watchl00-3 watchpoints, 2,3 with data watchpoints
inal High-order watchpoint address. 0,1 used for instruction
19 WaichHi0-3 watchpoints, 2,3 used for data watchpoints
20-22 Reserved Reserved
Debug/
TraceControl/
23 Lg:r?r?g‘;gig/ Debug control/exception status and MIPS Trace control.
Tracel BPC?
TraceDBPC
24 DEPC? Program counter at last debug exception.
25 PerfCount Performance Counter Registers
2% ErrCtl Software test enable of way-select and Data RAM arrays for
I-Cache and D-Cache.
27 CacheErr Records information about cache parity errors
Low-order portion of cache tag interface.
28 TaglL o0-2/Datal_o0-2 TagLoO/Datal o0: 1-cache interface
TagLol/Datal 0l1: D-cache interface
TaglL o2/Datal02: L2 cacheinterface
29 DataHi0 Upper bits for I-cache interface
30 ErrorEPC! Program counter at last error.
31 DeSAVE? Debug handler scratchpad register.
Note: 1. Registers used in exception processing.
Note: 2. Registers used in debug.
Note: 3. Registers used in memory management.
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6.2 CPO Register Descriptions

126

The CPO registers provide the interface between the I SA and the architecture. Each register is discussed below, with the

registers presented in numerical order, first by register number, then by select field number.

For each register described below, field descriptions include the read/write properties of the field, and the reset state of

the field. For the read/write properties of the field, the following notation is used:

Table 6-2 CPO Register Field Types

Read/Write
Notation Hardware I nterpretation Software I nterpretation
A field in which all bits are readable and writable by software and, potentially, by hardware.
Hardware updates of thisfield are visible by software reads. Software updates of thisfield are
RIW visible by hardware reads.
If the reset state of thisfield is“Undefined,” either software or hardware must initialize the value
before the first read will return a predictable value. This should not be confused with the formal
definition of UNDEFINED behavior.
Afieldthat iseither static or isupdated only by | A fiei to which the value written by software
hardware. isignored by hardware. Software may write
efiald i wpy any valueto thisfield without affecting
!.f the Reﬁet Sate of thisfidd isaither “0” or hardware behavior. Software reads of thisfield
Preset”, hardware initializes this field to zero eturn the last val dated by hardw.
R or to the appropriate state, respectively, on return the last value up Yy hardware.
powerup. I the Reset State of thisfield is “Undefined;”
If the Reset State of thisfield is“Undefined, | Softwarereadsof thisfield result in an
v e el oy undr e | PNEREDICTABLE velicereptaioa
gcéln(?.ltl ons specified in the description of the specified in the description of the field.
A field that can be written by software but which can not be read by software.
w
Software reads of thisfield will return an UNDEFINED value.
A field to which the value written by software
must be zero. Software writes of non-zero
valuestothisfield may resultin UNDEFINED
) behavior of the hardware. Software reads of
0 A field that hardware does not update, and for | thisfield return zero aslong as all previous
which hardware can assume a zero value. software writes are zero.
If the Reset State of thisfield is “Undefined,”
software must write this field with zero before
it is guaranteed to read as zero.
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6.2 CPO Register Descriptions

6.2.1 Index Register (CPO Register 0, Select 0)

The Index register is a 32-bit read/write register that contains the index used to accessthe TLB for TLBP, TLBR, and

TLBWI instructions. The width of the index field isimplementation-dependent as a function of the number of TLB

entries that are implemented. The minimum value for TLB-based MMUs s Ceiling(Log,(TLBERNtries)).

The operation of the processor is UNDEFINED if avalue greater than or equal to the number of TLB entriesiswritten
to the Index register.

Thisregister isonly valid with the TLB. It isreserved if the FM isimplemented.

Figure 6-1 Index Register For mat

31 30 6 5
| P | 0 Index
Table 6-3 Index Register Field Descriptions
Fields
Read/
Name Bit(s) Description Write Reset State
Probe Failure. Set to 1 when the previous TLBProbe :
P 31| (TLBP) instruction failed to find amatch in the TLB. R Undefined
0 30:6 Must be written as zeros; returns zeros on reads. 0 0
Index to the TLB entry affected by the TLBRead and
TLBWriteinstructions.
Index 5:0 R/W Undefined
For 16 or 32 entry TLBs, behavior is undefined if index
points to a non-existent entry.
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6.2.2 Random Register (CPO Register 1, Select 0)

The Random register is aread-only register whose value is used to index the TLB during a TLBWR instruction. The
width of the Random field is calculated in the same manner as that described for the Index register above.

The value of the register varies between an upper and lower bound as follow:

* A lower bound is set by the number of TLB entries reserved for exclusive use by the operating system (the contents
of the Wired register). The entry indexed by the Wired register isthe first entry availableto be written by aTLB Write
Random operation.

* An upper bound is set by the total number of TLB entries minus 1.

The Random register is decremented by one almost every clock, wrapping after the valuein the Wired register isreached.
To enhance the level of randomness and reduce the possibility of alive lock condition, an LFSR register is used that
prevents the decrement pseudo-randomly.

The processor initializes the Random register to the upper bound on a Reset exception and when the Wired register is

written.

Thisregister isonly valid with the TLB. It isreserved if the FM isimplemented.

Figure 6-2 Random Register Format

31 6 5 0
0 Random
Table 6-4 Random Register Field Descriptions
Fields
Read/
Name Bit(s) Description Write Reset State
0 31.6 Must be written as zero; returns zero on reads. 0 0
Random 5.0 TLB Random Index R TLB Entries- 1

MIPS32® 24K® Processor Core Family Software User’'s Manual, Revision 03.05

Copyright © 2004,2005 MIPS Technologies Inc. All rights reserved.



6.2 CPO Register Descriptions

6.2.3 EntryLo0 and EntryLol Registers (CPO Registers 2 and 3, Select 0)

The pair of EntryLo registers act as the interface between the TLB and the TLBR, TLBWI, and TLBWR instructions.

For aTLB-based MMU, EntryLo0O holds the entries for even pages and EntryLol holds the entries for odd pages.

The contents of the EntryLoO and EntryLol registers are undefined after an address error, TLB invalid, TLB modified,

or TLB refill exception.

These registers are only valid when the TLB-based memory management unit is present. They are reserved if the
FM-style MMU is present.

31 30 29 26 25

Figure 6-3 EntryLo0, EntryLol Register Format

6 5

3210

[rR] o

PFN |

[o]v]e]

Table 6-5 EntryL o0, EntryL ol Register Field Descriptions

Fields

Name Bit(s)

Read/
Description Write

Reset State

R 31:30

Reserved. Should be ignored on writes; returns zero on
reads. R

0 29:26

These 4 bits are normally part of the PFN, however, since
the core supportsonly 32 hits of physical address, the PFN RIW
isonly 20 bits wide; therefore, bits 29:26 of this register
must be written with zeros.

PFN 25:6

Page Frame Number. Contributes to the definition of the
high-order bits of the physical address. The PFN field R/W
corresponds to bits 31..12 of the physical address.

Undefined

Coherency attribute of the page. See Table 6-6. R/W

Undefined

“Dirty” or write-enable bit, indicating that the page has
been written, and/or iswritable. If thisbit isaone, then RIW
stores to the page are permitted. If this bit is a zero, then
stores to the page cause a TLB Modified exception.

Undefined

Valid bit, indicating that the TL B entry, and thusthe virtual
page mapping arevalid. If thishit isaone, then accessesto RIW
the page are permitted. If thisbit isazero, then accessesto
the page cause a TLB Invalid exception

Undefined

Global bit. OnaTLB write, the logical AND of the G bits
in both the EntryL 00 and EntryL o1 register becomesthe G
bitinthe TLB entry. If the TLB entry G bit isaone, then
the ASID comparisons are ignored during TLB matches.
On aread from a TLB entry, the G bits of both EntryL o0
and EntryL ol reflect the state of the TLB G bit.

RIW

Undefined

Table 6-6 lists the encoding of the C field of the EntryLo0 and EntryL ol registers and the KO field of the Config register.

Table 6-6 Cache Coherency Attributes

C[5:3] Value

Cache Coherency Attribute

0

Cacheable, noncoherent, write-through, no write allocate
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Table 6-6 Cache Coherency Attributes

C[5:3] Value Cache Coherency Attribute
1 Reserved
2 Uncached
3 Cacheable, noncoherent, write-back, write allocate
45,6 Reserved
7 Uncached Accelerated
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6.2 CPO Register Descriptions

6.2.4 Context Register (CPO Register 4, Select 0)

The Context register is aread/write register containing a pointer to an entry in the page table entry (PTE) array. This
array isan operating system data structure that stores virtual-to-physical translations. During a TLB miss, the operating

system loads the TLB with the missing translation from the PTE array. The Context register duplicates some of the
information provided in the BadVAddr register but is organized in such away that the operating system can directly

reference an 8-byte page table entry (PTE) in memory.

A TLB exception (TLB Refill, TLB Invalid, or TLB Modified) causes bits VA 3,.13 of the virtual address to be written

into the BadVPN2 field of the Context register. The PTEBase field iswritten and used by the operating system.

The BadVPN2 field of the Context register is not defined after an address error exception.

Figure 6-4 Context Register Format

31 23 22 3 0
PTEBase BadVPN2 0
Table 6-7 Context Register Field Descriptions
Fields
Read/
Name Bit(s) Description Write Reset State
Thisfield isfor use by the operating system and is
. normally written with a value that allows the operating .
PTEBase 3123 system to use the Context Register as a pointer into the RW Undefined
current PTE array in memory.
. Thisfield iswritten by hardware on aTLB miss. It .
BadVPN2 224 contains bits VA3;.13 Of the virtual address that missed. R Undefined
0 3.0 Must be written as zero; returns zero on reads. 0 0
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6.2.5 PageMask Register (CPO Register 5, Select 0)
The PageMask register is aread/write register used for reading from and writing to the TLB. It holds acomparison mask
that sets the variable page size for each TLB entry, as shown inTable 6-9. Figure 6-5 shows the format of the PageMask
register; Table 6-8 describes the PageMask register fields.

Thisregister isonly valid with the TLB. It isreserved if the FM isimplemented.
Figure 6-5 PageMask Register Format

31 29 28 13 12 0

Table 6-8 PageMask Register Field Descriptions

Fields
Read/

Name Bits Description Write | Reset State

TheMask fieldisabit maskinwhicha“1” bitindicates
Mask 28..13 that the corresponding bit of the virtual address should R/W Undefined
not participate in the TLB match.

31..29,

0 12.0 Ignored on write; returns zero on read. R 0
Table 6-9 Values for the Mask Field of the PageMask Register
Bit

Page Size 28127262524 23(22|121|20(19|18|17|16| 15| 14| 13
4 KBytes 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
16 KBytes ojoflO0O|j]O0O|J]O|OfO|O0O]|JO|O|O]O0O]|]O0O|O 1 1
64 KBytes ojolO0O|jO|jO|J]O|O|]O]O|O|O0]O 1 1 1 1
256 KBytes ojolo|fO0O|jO]J]O|O|O]O]O 1 1 1 1 1 1
1 MByte 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1
4 MByte 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1
16 MByte 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1
64 MByte 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
256 MByte 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Software may determine which page sizes are supported by writing all ones to the PageMask register, then reading the
value back. If apair of bits reads back as ones, the processor implements that page size. The operation of the proces-
sor isUNDEFINED if software loads the Mask field with a value other than one of those listed in Table 6-9, even if
the hardware returns a different value on read. Hardware may depend on this requirement in implementing hardware
structures.
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6.2 CPO Register Descriptions

6.2.6 Wired Register (CPO Register 6, Select 0)

The Wired register is aread/write register that specifies the boundary between the wired and random entriesinthe TLB
as shown in Figure 6-6 on page 133. The width of the Wired field is cal culated in the same manner as that described for

the Index register above. Wired entries are fixed, non-replaceabl e entries that are not overwritten by aTLBWR

instruction. Wired entries can be overwritten by a TLBWI instruction.

The Wired register is reset to zero by a Reset exception. Writing the Wired register causes the Random register to reset

to its upper bound.

The operation of the processor is undefined if avalue greater than or equal to the number of TLB entriesiswritten to the

Wired register.

Thisregister isonly valid with a TLB. It isreserved if the FM isimplemented.

Wired Register — Entrly 10

Entry n-1

Random

<
<«

Wired

Entry O

Figure 6-6 Wired and Random Entriesinthe TLB

Figure 6-7 Wired Register Format

31 0
0 Wired
Table 6-10 Wired Register Field Descriptions
Fields
Read/
Name Bit(s) Description Write | Reset State
0 31:6 Must be written as zero; returns zero on reads. 0 0

TLB wired boundary.

Wired 50 For 16 and 32 entry TLBs, behavior is undefined if RIW 0
valueis set to avaue larger than last TLB entry.
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6.2.7 HWREna Register (CPO Register 7, Select 0)

The HWRENa register contains a bit mask that determines which hardware registers are accessible viathe RDHWR
instruction.

Figure 6-8 shows the format of the HWREna Register; Table 6-11 describes the HWREnNa register fields.

Figure 6-8 HWRENa Register For mat
31

Mask

0
0000 0000 0000 0000 0000 0000 0000

Table 6-11 HWREnNa Register Field Descriptions

Fields
Read/
Name Bits Description Write | Reset State

0 314 Must be written with zero; returns zero on read 0 0

Each bit in thisfield enables access by the RDHWR
instruction to a particular hardware register (which
may not be an actual register). If bit ‘n’ inthisfield
isal, accessis enabled to hardware register ‘n’. If

Mask 30 | pit‘W of thisfield isa0, accessis disabled. RIW 0

See the RDHWR instruction for alist of valid
hardware registers.

Privileged software may determine which of the hardware registers are accessible by the RDHWR instruction. In doing
S0, aregister may be virtualized at the cost of handling a Reserved Instruction Exception, interpreting the instruction,
and returning the virtualized value. For example, if it isnot desirableto provide direct accessto the Count register, access
to that register may be individually disabled and the return value can be virtualized by the operating system.
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6.2.8 BadVAddr Register (CPO Register 8, Select 0)
The BadVAddr register is aread-only register that captures the most recent virtual address that caused one of the
following exceptions:
» Address error (AdEL or AdES)

TLB Refill

TLB Invalid

TLB Modified

The BadVAddr register does not capture addressinformation for cache or bus errors, since they are not addressing errors.
Figure 6-9 BadVAddr Register Format

31 0
BadVAddr

Table 6-12 BadVAddr Register Field Description

Fields
Read/
Name Bits Description Write | Reset State
BadVAddr 31.0 Bad virtual address. R Undefined
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6.2.9 Count Register (CPO Register 9, Select 0)

The Count register acts as atimer, incrementing at a constant rate, whether or not an instruction is executed, retired, or
any forward progress is made through the pipeline. The counter increments every other clock, if the DC bit in the Cause

register is 0.

The Count register can be written for functional or diagnostic purposes, including at reset or to synchronize processors.

By writing the CountDM bit in the Debug register, it is possible to control whether the Count register continues

incrementing while the processor isin debug mode.

Figure 6-10 Count Register For mat

31 0
Count
Table 6-13 Count Register Field Description
Fields
Read/
Name Bits Description Write | Reset State
Count 31:0 Interval counter. R/W Undefined
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6.2 CPO Register Descriptions

6.2.10 EntryHi Register (CPO Register 10, Select 0)
The EntryHi register contains the virtual address match information used for TLB read, write, and access operations.

A TLB exception (TLB Refill, TLB Invalid, or TLB Modified) causes bits VA3, ;3 of the virtual address to be written
into the VPN2 field of the EntryHi register. A TLBR instruction writesthe EntryHi register with the corresponding fields
from the selected TLB entry. The ASID field is written by software with the current address space identifier value and
isused during the TLB comparison process to determine TLB match.

Becausethe ASID field is overwritten by a TLBR instruction, software must save and restore the value of ASID around
use of the TLBR. Thisis especially important in TLB Invalid and TLB Modified exceptions, and in other memory
management software.

The VPN2 field of the EntryHi register is not defined after an address error exception and this field may be modified by
hardware during the address error exception sequence. Software writes of the EntryHi register (viaMTCO) do not cause
theimplicit write of address-related fields in the BadVAddr, Context registers.

Thisregister isonly valid with the TLB. It isreserved if the FM isimplemented.

Figure 6-11 EntryHi Register Format

31 13 12 8 7 0
VPN2 0 ASID

Table 6-14 EntryHi Register Field Descriptions

Fields
Read/ Reset

Name Bits Description Write State

VAg3; 13 0f thevirtual address (virtual page number / 2).
Thisfield iswritten by hardware on a TLB exception or |
VPN2 3113 onaTLB read, and iswritten by software beforeaTLB RW Undefined

write.
0 12..8 Must be written as zero; returns zero on read. 0 0
Address space identifier. Thisfield iswritten by
ASD | 7.0 | B RS Ve for TLB wiitoand sgsina which | RV | Undefned

TLB references match each entry’s TLB ASID field.
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6.2.11 Compare Register (CPO Register 11, Select 0)

The Compareregister actsin conjunction with the Count register to implement atimer and timer interrupt function. The
timer interrupt is an output of the cores. The Compare register maintains a stable value and does not change on its own.

When the value of the Count register equal s the value of the Compare register, the SI_TimerInt pin isasserted. Thispin
will remain asserted until the Compare register iswritten. The SI_TimerInt pin can be fed back into the core on one of
theinterrupt pinsto generate an interrupt. Traditionally, this has been done by multiplexing it with hardware interrupt 5
to set interrupt bit 1P(7) in the Cause register.

For diagnostic purposes, the Compare register is a read/write register. In normal use, however, the Compare register is
write-only. Writing a value to the Compare register, as a side effect, clears the timer interrupt.

Figure 6-12 Compare Register For mat

31 0
Compare

Table 6-15 Compare Register Field Description

Fields
Read/
Name Bit(s) Description Write | Reset State
Compare 31:.0 Interval count compare value. R/W Undefined
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6.2.12 Status Register (CPO Register 12, Select 0)

The Satusregister is aread/write register that contains the operating mode, interrupt enabling, and the diagnostic states
of the processor. Fields of thisregister combineto create operating modesfor the processor. Refer to Section 4.2, "Modes
of Operation" on page 68 for adiscussion of operating modes, and Section 5.3, "Interrupts' on page 89 for a discussion
of interrupt modes.

Interrupt Enable: Interrupts are enabled when al of the following conditions are true:

* [E=1

* EXL=0
* ERL=0
* DM =0

If these conditions are met, then the settings of the IM and | E bits enable the interrupts.
6.2.12.1 Operating M odes

Debug Mode

The processor is operating in Debug Mode if the DM bit in the CPO Debug register isa one. If the processor is running
in Debug Mode, it has full access to all resources that are available to Kernel Mode operation.

Kernel Mode

The processor is operating in Kernel Mode when the DM bit in the Debug register is azero and any of the following
three conditionsis true:

» TheKSU field in the CPO Status register contains 2400

» The EXL hit in the Status register is one

» The ERL bit in the Satus register isone

The processor enters Kernel Mode at power-up, or asthe result of an interrupt, exception, or error. The processor leaves

Kernel Mode and enters User Mode or Supervisor Mode when all of the previous three conditions are false, usualy as
the result of an ERET instruction.

Supervisor Mode

The processor is operating in Supervisor Mode when all of the following conditions are true:
» The DM bit in the Debug register isa zero

» The KSU field in the Satus register contains 2#01

» The EXL and ERL bitsin the Status register are both zero

Supervisor mode is not supported with the Fixed Mapping MMU.

User Mode

The processor is operating in User Mode when all of the following conditions are true:
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» The DM bit in the Debug register isa zero
» The KSU field in the Satus register contains 2#10
» The EXL and ERL bitsin the Status register are both zero

6.2.12.2 Coprocessor Accessibility

The Satus register CU bits control coprocessor accessibility. If any coprocessor is unusable, then an instruction that
accesses it generates an exception.

Figure 6-13 shows the format of the Satus register; Table 6-16 describes the Satus register fields.

Figure 6-13 Status Register For mat
31 282726 25 24 23 22 21 20 19 18 17 16 15 10 9 8 7 6 5 4 3 2 1 0
\cus..cuo\RﬁFR\ RE‘MX‘ R ‘BEV‘TS‘SR‘NMI‘O‘CEE‘R IM7..IM2 |M1..|Mq R \ KSU ‘ERL‘EXL‘IE‘
IPL

Table 6-16 Status Register Field Descriptions

Fields
Read/

Name Bits Description Write | Reset State

CuU3 31 Reserved R 0

Controls access to Coprocessor 2

Encoding Meaning

0 Access not allowed
Cu2 30 1 Access alowed R/W Undefined

This bit can only be written when a coprocessor 2 unit is
present. This bit cannot be written and will read as 0 if
coprocessor 2 unit is not present.

Controls access to Coprocessor 1

Encoding Meaning

0 Access not allowed
Cul 29 1 Access alowed R/W Undefined

This bit can only be written when the Floating Point Unit
ispresent (24K core); in the 24K ¢ core, thisbit cannot be
written and will read as 0.

Controls access to coprocessor 0

Encoding Meaning

0 Access not allowed
Cuo 28 1 |Accessalowed RIW Undefined

Coprocessor 0 is aways usable when the processor is
running in kernel mode, independent of the state of the
CUO bit.
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Table 6-16 Status Register Field Descriptions

Fields
Read/

Name Bits Description Write | Reset State

Enables reduced power mode. The state of the RP bit is
RP 27 available on the external coreinterface asthe9_RP R/W 0
signal.

Thishbit is used to control the floating point register mode
for 64-bit floating point units:

Encoding Meaning

0 Floating point registers can
contain any 32-bit datatype.
64-bit datatypes are stored in
even-odd pairs of registers
FR 26 - - - R/W 0
1 Floating point registers can

contain any datatype

This bit must be ignored on write and read as zero under
the following conditions

« No floating point unit isimplemented

* 64-bit floating point unit is not implemented

Used to enable reverse-endian memory references while
the processor is running in user mode:

Encoding Meaning

RE 25 0 User mode uses configured endianness RIW Undefined

1 User mode uses reversed endianness

Neither Debug Mode nor Kernel Mode nor Supervisor
Mode references are affected by the state of this bit.

Enables access to DSP A SE resources. An attempt to
execute any DSP A SE instruction before this bit has been
MX 24 set to 1 will cause a DSP State Disabled exception. R 0

Since the DSP ASE is not present on the 24K core, this
field isaways 0.

R 23 Reserved. Thisfield isignored on write and read as 0. R 0

Controls the location of exception vectors:

Encoding Meaning

BEV 22 o Normal RIW 1

1 Bootstrap

TLB shutdown. Indicates that the TLB has detected a
match on multiple entries. Thisbitisset if aTLBWI or
TLBWR instruction isissued that would causea TLB
shutdown condition if allowed to complete. A machine
TS 21 check exception isaso issued. Thishit is reserved if the R/WO 0
TLB is not implemented.

Software can only writeaOtothishit to clear it and cannot
forceaO-1 transition
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Chapter 6 CPO Registers of the 24K® Core

Table 6-16 Status Register Field Descriptions

Fields
Read/

Name Bits Description Write | Reset State

Indicates that the entry through the reset exception vector
wasdueto a Soft Reset. Soft Reset isnot supported on this R 0
processor and thisbit isnot writeable and will alwaysread
as0

SR 20

Indicates that the entry through the reset exception vector
was due to an NMI:

Encoding Meaning

0 Not NMI (Reset) 1for NMI; 0
NMI 19 1 NMI RIWO otherwise

Software can only writeaOtothishit to clear it and cannot
force a0-1 transition.

0 18 Must be written as zero; returns zero on read. 0 0

CorExtend Enable: Thisbit issent to the CorExtend block

to be used to enable the CorExtend block. The usage of
thissignal by a CorExtend block isimplementation S

CEE 17 dependent. R/W Undefined

This bit isreserved if CorExtend is not present.

R 16 Reserved. Ignored on write and read as zero. R 0

Interrupt Mask: Controls the enabling of each of the
hardware interrupts. Refer to Section 5.3, "Interrupts' on
page 89 for a complete discussion of enabled interrupts.

Aninterrupt istaken if interrupts are enabled and the
corresponding bits are set in both the Interrupt Mask field
of the Statusregister and the Interrupt Pending field of the
Cause register and the |E bit is set in the Status register.

IM7..IM2 | 15..10 Encoding Meaning R/W Undefined
0 Interrupt request disabled
1 Interrupt request enabled

In implementations of Release 2 of the Architecturein
which EIC interrupt mode is enabled (Config3y g c = 1),
these bits take on a different meaning and are interpreted
asthe IPL field, described below.

Interrupt Priority Level.

In implementations of Release 2 of the Architecturein

which EIC interrupt mode is enabled (Config3yg,c = 1),
thisfield is the encoded (0..63) value of the current IPL.
IPL 15..10 | Aninterrupt will be signaled only if the requested IPL is R/W Undefined
higher than this value.

If EIC interrupt mode is not enabled (Config3y g c = 0),
these bits take on a different meaning and are interpreted
asthe IM7..IM2 bits, described above.
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6.2 CPO Register Descriptions

Table 6-16 Status Register Field Descriptions

Fields

Name Bits

Description

Read/

Write | Reset State

IM1..IMO 9.8

Interrupt Mask: Controls the enabling of each of the
software interrupts. Refer to Section 5.3, "Interrupts’ on
page 89 for a compl ete discussion of enabled interrupts.

Encoding
0 Interrupt request disabled
1 Interrupt request enabled

Meaning

In implementations of Release 2 of the Architecturein
which EIC interrupt mode is enabled (Config3y g c = 1),
these bits are writable, but have no effect on the interrupt
system.

Undefined

Reserved. Thisfield isignored on write and read as 0.

KSU 4.3

Thisfield denotes the base operating mode of the
processor. See Section 4.2, "Modes of Operation” on page
68 for afull discussion of operating modes. The encoding
of thisfield is:

Encoding

00 Base mode is Kernel Mode

Meaning

01 Base mode is Supervisor Mode

10 Base mode is User Mode
11 Reserved

Note that the processor can also bein kernel modeif ERL
or EXL is set, regardless of the state of the KSU field.

Undefined

ERL 2

Error Level; Set by the processor when a Reset, Soft
Reset, NMI or Cache Error exception are taken.

Encoding
0 Normal level
1 Error level

Meaning

When ERL is set:
e The processor is running in kernel mode

 Interrupts are disabled

¢ The ERET instruction will use the return address held
in ErrorEPC instead of EPC

« Thelower 2%° bytes of kuseg are treated as an

unmapped and uncached region. See Chapter 4,
“Memory Management of the 24K® Core,” on page 66.
This alows main memory to be accessed in the
presence of cache errors. The operation of the processor
isUNDEFINED if the ERL bhit is set while the
processor is executing instructions from kuseg.
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Chapter 6 CPO Registers of the 24K® Core

Table 6-16 Status Register Field Descriptions

Fields
Read/

Name Bits Description Write | Reset State

Exception Level; Set by the processor when any exception
other than Reset, Soft Reset, or NMI exceptions is taken.

Encoding Meaning
0 Normal level

1 Exception level

EXL 1 When EXL is sat: RIW Undefined
e The processor is running in Kernel Mode

¢ Interrupts are disabled.

« TLB Réfill exceptions use the general exception vector
instead of the TLB Refill vector.

» EPC, Causegp and SRSCtl (implementations of
Release 2 of the Architecture only) will not be updated
if another exception istaken

Interrupt Enable: Acts as the master enable for software
and hardware interrupts:

Encoding Meaning

IE 0 0 Interrupts are disabled R/W Undefined
1 Interrupts are enabled

In Release 2 of the Architecture, thisbit may be modified
separately viathe DI and El instructions.
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