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Introduction

The MIPS V4300 microprocessor is a low-cost, low-power
microprocessor developed for interactive consumer applications
including set-top terminals and video games. The V4300 provides
performance equivalent to a high-end personal computer, but at less than
a tenth of the cost.

The V4300 is compatible with the MIPS I, MIPS 11, and MIPS III
Instruction Set Architecture (ISA). This guarantees that user programs
conforming to the ISA execute on any MIPS hardware implementation.

The chip does not provide on-chip support for a secondary cache or
multiprocessing.
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1.1 Processor Characteristics

The VR4300 processor has the following characteristics:

64-bit processing

optimized 5-stage pipeline, 16 Kbyte I-cache and 8 Kbyte D-
cache size, and 32-double-entry TLB size

32-bit physical address space, 40-bit virtual address space
single datapath shared by integer and floating point operations
flush buffer, used as temporary data storage for outgoing data
instruction trace support

low-voltage operation (3.3 volt)

cache bank partitioning; only one of four banks (instruction
cache) or two banks (data cache) are powered on at any time,
saving power on each cache access

dynamic logic design, reducing transistor count and dissipated
power

write-back data cache, reducing store activity on the system
bus

instruction cache prefetching; retrieving two consecutive 32-bit
words on each instruction cache access reduces cache activity
and power consumption

instruction micro-TLB, which holds the translations for two
most-recently-used instruction pages, eliminating a large
number of main TLB accesses

power management features, which include the following three
operating modes

- standard operating mode, operating at 40 MHz (external)
and 80 MHz (internal)

- reduced power mode, in which clock speeds are reduced
to a quarter of normal: 20 MHz internal, 10 MHz external

- power-down mode, in which processor state is written
out to nonvolatile RAM (NVRAM) and retained there for
“instant-on” power-up capability

ceramic packaging (179-pin ceramic pin-grid array, CPGA)
software compatibility with all MIPS processors
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1.2 Processor Implementation

This section describes the following:

the 64-bit architecture of the Vg4300 processor

the CPU instruction pipeline (described in detail in Chapter 2)
an overview of the CPU registers (detailed in Chapters 3 and 4)
data formats and byte ordering

coprocessors, including the System Control Coprocessor, CP0O

caches and memory, including a description of instruction and
data caches, the memory management unit (MMU), and the
translation lookaside buffer (TLB).
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64-bit Architecture

The natural mode of operation for the Vg4300 processor is as a 64-bit
microprocessor; however, 32-bit applications may be run when the
processor operates as a 64-bit processor. Figure 1-1is an internal block
diagram of the V4300 processor.

Data/Address Control MasterClock
32-Bit System Clock Generator
Interface
A
A
16 Kbyte 8 Kbyte
Instruction Cache Data Cache

A A A

CPO TLB

Instruction Address 64-Bit
Execution Unit

Pipeline Control

Figure1-1 V4300 Processor Internal Block Diagram

The Execution Unit contains the hardware resources necessary to execute
all of the MIPS integer and floating point instructions. It contains a 64-bit-
wide register file, a 64-bit-wide integer/mantissa data path, and a 12-bit-
wide exponent data path.
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Coprocessor 0 contains the memory management unit (MMU) and the
exception processing unit. The memory management unit is responsible
for effective virtual-to-physical address translation, and for performing
memory access checks between kernel, supervisor, user memory
segments.

The Translation Lookaside Buffer (TLB) translates virtual addresses to
physical addresses. The Vg4300 processor supports a virtual address space
(VSIZE) of 40 bits, and physical address space (PSIZE) of 32 bits. The
Vg4300 (like the Vz4000/ Vg4400) supports the following page sizes:

¢ 4 Kbytes

¢ 16 Kbytes
* 64 Kbytes
e 256 Kbytes
* 1 Mbyte

* 4 Mbytes

¢ 16 Mbytes.

The TLB contains 32 entries, each entry mapping to an odd/even pair of
page frame numbers.

The Exception Processing Unit contains all of the CPO registers.

Clock Generator multiplies the input clock frequency (MasterClock) to
produce the pipeline clock. The ratio of PClock (pipeline clock) to
MasterClock is set by the DivMode(1:0) pins. The DivMode values of 0,
1,2 and 3 define PClock to MasterClock ratios of 1:1, 1.5:1, 2:1, and 3:1
respectively. The system interface clock runs at the same frequency as the
MasterClock. Using the Reduced Power (RP) bit of the Status register,
both pipeline and interface clocks can be switched to run at quarter speed.
To minimize the skew between the input clock and the internal clocks, the
chip uses phase-locked loop (PLL) technology.

Pipeline Control assures that the Vg4300 instruction pipeline operates
properly when conditions such as the following occur: cache miss, flush
buffer full, multicycle instruction, or system exception.

Instruction Address calculates the effective address of the next instruction
to be fetched. It contains the PC incrementer, branch address adder, and
the conditional branch address selector.
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Instruction Cache is direct mapped, virtually indexed, and physically
tagged. Each line includes 8 instructions, 21 tag bits, and 1 valid bit. The
cache data interface is 64 bits wide. Cache parity is not supported.

The Data cache is a directly-mapped, virtually-indexed, physically-
tagged, write-back cache. Each cache line includes 4 words of data, 21 tag
bits, 1 dirty bit, and 1 valid bit. The cache read operation takes one cycle,
but a store operation keeps the data cache busy for two cycles. Cache
parity is not supported.

The System interface allows the processor to access external resources.
The System interface is a 32-bit-wide, multiplexed address and data bus,
with clock signals, interrupts, and a number of control signals.

Instruction Pipeline

The V4300 processor has a 5-stage instruction pipeline that is shared by
integer and floating-point operations; under normal circumstances, one
instruction is issued each cycle.

The instruction pipeline of the Vg4300 processor operates at a multiple of
MasterClock, as defined by the DivMode(1:0) bits. The processor
achieves high throughput by shortening register access times and
implementing virtually-indexed caches.
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Processor Register Overview

The processor provides the following registers:

32 64-bit general purpose registers, GPRs
32 64-bit floating-point general purpose registers, FPRs

In addition, the processor provides the following special registers:

[

64-bit Program Counter, the PC register

64-bit HI register, containing the integer multiply and divide
upper doubleword result

64-bit LO register, containing the integer multiply and divide
lower doubleword result

1-bit Load/Link LLBit register
32-bit floating-point Implementation/Revision register, FCRO
32-bit floating-point Control/Status register, FCR31

Two of the CPU general purpose registers have assigned functions:

r0 is hardwired to a value of zero, and can be used as the target
register for any instruction whose result is to be discarded. r0
can also be used as a source when a zero value is needed.

r31 is the link register used by Jump and Link instructions. It
can be used by other instructions, with caution.

CPU registers can operate as either 32-bit or 64-bit registers, depending on
the V4300 processor mode of operation.

Figure 1-2 shows the V4300

processor registers.
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General Purpose Registers

63 s2_ 31 0 Multiply and Divide Registers
0=0 63 32 31 0
ri I Hi I
r2 63 32 31 0

| LO I

Program Counter
r29 63 32 31 0

r30 | PC '

r31 = Link address

Load/Lirz)k Register
Floating-Point Registers LLbit
63 32 31 0
ro

r1

Floating-Point Control Registers

63 0
| r0 = Implementation/Revision i
63 0

| r31 = Control/Status I

Register width depends on mode of operation: 32-bit or 64-bit

Figure 1-2  Vg4300 Processor Registers

The V4300 processor has no Program Status Word (PSW) register as such;
this is covered by the Status and Cause registers incorporated within the
System Control Coprocessor (CPO).
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Data Formats and Addressing

The V4300 processor uses four data formats: a 64-bit doubleword, a 32-
bit word, a 16-bit halfword, and an 8-bit byte. Byte ordering within all of
the larger data formats—halfword, word, doubleword—can be
configured in either big-endian or little-endian order through the BE bit in
the Config register. Endianness refers to the location of byte 0 within the
multi-byte data structure. Figures 1-3 and 1-4 show the ordering of bytes
within words and the ordering of words within multiple-word structures
for the big-endian and little-endian conventions.

When the Vg4300 processor is configured as a big-endian system, byte 0 is
the most-significant (leftmost) byte, thereby providing compatibility with
MC 68000® and IBM 370® conventions. Figure 1-3 shows this

configuration.

Higher Word Biti#

Address Address |31 24 23 1615 8 7 ol
12
8
4

Lower

Address

Figure 1-3  Big-Endian Byte Ordering

When configured as a little-endian system, byte 0 is always the least-
significant (rightmost) byte, which is compatible with iAPX® x86 and DEC
VAX"™ conventions. Figure 1-4 shows this configuration.

Higher Word Bit #

Address Address [31 __ 24 23 1615 87 0
12
8
4

Lower

Address

Figure 1-4  Little-Endian Byte Ordering
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In this text, bit 0 is always the least-significant (rightmost) bit; thus, bit
designations are always little-endian (although no instructions explicitly
designate bit positions within words).

Figures 1-5 and 1-6 show little-endian and big-endian byte ordering in

doublewords.
Most-significant byte Least-significant byte
Word
I
Bit # 63 \5655 4847 4039 32131 2423 1615 87 \ O
T e A B = | B | B 2 |5

Byte #

L I
Halfword Byte

Bit#!7 6 5 4

Bits in a Byte

Figure 1-5 Little-Endian Data in a Doubleword

1
321 0|

Most-significant byte Least-significant byte
Word
{

Bit # 63 \ 5655 _ 4847 4039 3231 2423 1615 87 \ 0O

Halfword Byte

Bit#!/7 6 5 4 3 2 1 0l

Bits in a Byte

Byte # |

Figure 1-6  Big-Endian Data in a Doubleword
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The CPU uses byte addressing for halfword, word, and doubleword
accesses with the following alignment constraints:

e Halfword accesses must be aligned on an even byte boundary
©,2,4..).

e Word accesses must be aligned on a byte boundary divisible by
four (0, 4, 8...).

¢ Doubleword accesses must be aligned on a byte boundary
divisible by eight (0, 8, 16...).

The following special instructions load and store words that are not
aligned on 4-byte (word) or 8-word (doubleword) boundaries:
LWL LWR SWL SWR

LDL LDR SDL SDR

These instructions are used in pairs to provide addressing of misaligned
words. Addressing misaligned data incurs one additional instruction
cycle over that required for addressing aligned data.

Figures 1-7 and 1-8 show the access of a misaligned word that has byte
address 3.

Higher
Address Bit'#
[31 24 23 1615 8 7 ol
Lower
Address

Figure 1-7 Big-Endian Misaligned Word Addressing

Higher
Address Bitl#
(31 24 23 1615 8 7 ol
Lower
Address

Figure 1-8 Little-Endian Misaligned Word Addressing
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Coprocessors (CP0-CP2)

The MIPS ISA defines three coprocessors (designated CPO through CP2):

e Coprocessor 0 (CP0) is incorporated on the CPU chip and
supports the virtual memory system and exception handling.
CPO is also referred to as the System Control Coprocessor.

¢ Coprocessor 1 (CP1) is reserved for on-chip, floating-point
coprocessor operations.

¢ Coprocessor 2 (CP2) is reserved for future definition by MIPS.
CP0 and CP1 are described in the sections that follow.

System Control Coprocessor, CP0

CPO translates virtual addresses into physical addresses and manages
exceptions and transitions between kernel, supervisor, and user states.
CPO also controls the cache subsystem, as well as providing diagnostic
control and error recovery facilities.

The CPO registers are described in detail in Chapters 3 and 4. Figure 1-9
shows the CPO registers, and Table 1-1 provides a brief description of each.
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Register Name Reg. # Register Name Reg. #
Index 0 Config 16
Random 1 LLAddr 17
EntryLo0 2 18
EntryLol 3 19
" 20
PageMask“ | 5 21
Wired 6 22
23
24
25
26
27
28
29
30
PRI | | 15 31

Exception Processing (] Memory Management Reserved

Figure1-9 CPO Registers
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Table 1-1 System Control Coprocessor (CP0) Register Definitions

Number Register Description
0 Index Programmable pointer into TLB array
1 Random Pseudorandom pointer into TLB array (read only)
2 EntryLo0 Low half of TLB entry for even virtual address (VPN)
3 EntryLol Low half of TLB entry for odd virtual address (VPN)
4 Context :giix;tesasrggk;r:glevirtual page table entry (PTE) in 32-bit
5 PageMask | TLB Page Mask
6 Wired Number of wired TLB entries
7 — Reserved
8 BadVAddr | Bad virtual address
9 Count Timer Count
10 EntryHi High half of TLB entry
1 Compare Timer Compare
12 SR Status register
13 Cause Cause of last exception
14 EPC Exception Program Counter
15 PRId Processor Revision Identifier
16 Config Configuration register
17 LLAddr Load Linked Address
18 WatchLo Memory reference trap address low bits
19 WatchHi Memory reference trap address high bits
20 XContext Pointer to kernel virtual PTE table in 64-bit addressing mode
21-25 — Reserved
26 PErr (not used)
27 CacheErr (not used)
28 TagLo Cache Tag register
29 TagHi Cache Tag register
30 ErrorEPC Error Exception Program Counter
31 — Reserved
14 NEC MIPS VR4300 Microprocessor User’s Manual
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Floating-Point Unit (FPU), CP1

The MIPS floating-point unit (FPU) is designated CP1; the FPU extends
the CPU instruction set to perform arithmetic operations on floating-point
values. The FPU, with associated system software, fully conforms to the
requirements of ANSI/IEEE Standard 754-1985, IEEE Standard for Binary
Floating-Point Arithmetic.

The FPU includes:

¢ Full 64-bit Operation. The FPU can contain either 16 or 32
64-bit registers to hold single-precision or double-precision
values. The FPU also includes a 32-bit Status/Control register
that provides access to all IEEE-Standard exception-handling
capabilities.

¢ Load and Store Instruction Set. Like the CPU, the FPU uses a
load- and store-based instruction set. Floating-point operations
are started in a single cycle, however execution of floating-
point ops are not allowed to overlap other operations.

¢ Sharing Hardware. There is no separate FPU on theVg4300;
floating-point operations are processed by the same hardware
as is used for integer instructions.

Memory Management System (MMU)

The V4300 processor has a 32-bit physical addressing range of 4 Gbytes.
However, since it is rare for systems to implement a physical memory
space this large, the CPU provides a logical expansion of memory space by
translating addresses composed in the large virtual address space into
available physical memory addresses. The V4300 processor supports the
following two addressing modes:

¢ 32-bit mode, in which the virtual address space is divided into
2 Gbytes per user process and 2 Gbytes for the kernel.

¢ 64-bit mode, in which the virtual address is expanded to
1 Tbyte (2%° bytes) of user virtual address space.

A detailed description of these address spaces is given in Chapter 3.
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The Translation Lookaside Buffer (TLB)

Virtual memory mapping is assisted by a translation lookaside buffer,
which holds virtual-to-physical address translations. This fully-
associative, on-chip TLB contains 32 entries, each of which maps a pair of
variable-sized pages ranging from 4 Kbytes to 16 Mbytes, in multiples of
four.

Joint TLB

The TLB can hold both instruction and data addresses, and is thus also
referred to as a joint TLB (JTLB). An address translation value is tagged
with the most-significant bits of its virtual address (the number of these
bits depends upon the size of the page) and a per-process identifier. If
there is no matching entry in the TLB, an exception is taken and software
refills the on-chip TLB from a page table resident in memory. The JTLB
entry to be rewritten is selected by a value in either the Random or Index
register.

Instruction Micro-TLB

The Vg4300 processor has a two-entry instruction micro-TLB (ITLB) which
assists in instruction address translation. The ITLB is completely invisible
to software and exists only to increase performance. Instructions access
this TLB while data accesses the Joint TLB; a miss in the micro-TLB stalls
the pipeline until the micro-TLB is refilled from the joint TLB. The micro-
TLB is fully associative, and uses the least-recently-used (LRU)
replacement algorithm. Each micro-TLB entry maps 4 kilobytes of virtual
space to physical space. This ensures each ITLB entry is a subset of any
single JTLB entry.

Operating Modes

The V4300 processor has three operating modes:
¢ User mode
¢ Supervisor mode

e Kernel mode

The manner in which memory addresses are translated or mapped depends
on the operating mode of the CPU; this is described in Chapter 3.
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Caches

The V4300 processor incorporates separate on-chip instruction and data
caches to fill the high-performance pipeline. Each cache has its own 64-bit
data path, and each can be accessed in parallel. The Vg4300 processor
instruction cache holds 16 Kbytes and the data cache holds 8 Kbytes.
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The V4300 Processor Pipeline

This chapter describes the basic operation of the Vg4300 processor
pipeline, which includes descriptions of the delay slots (instructions that
follow a branch or load instruction in the pipeline), interruptions to the
pipeline flow caused by interlocks and exceptions, CP0 hazards, and
Vgr4300 implementation of a flush buffer.
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2.1 Pipeline Stages

The CPU has a five-stage instruction pipeline; each stage takes one PCycle
(one cycle of PClock, which runs at a multiple of the MasterClock
frequency), and each PCycle has two phases: @1 and ®2, as shown in
Figure 2-1. Thus, the execution of each instruction takes at least 5 PCycles
(2.5 MasterClock cycles). Aninstruction can take longer—for example, if
the required data is not in the cache, the data must be retrieved from main
memory.

I MasterClock Cycle | PCycle l

e/ N/ N/ N/ \_/ \_/

prase | @1] @2 | @1| o2 | @1| @2 @1| 02| @1 @2 |

Cycle IC

RF EX DC wB

Figure 2-1 Pipeline Stages

The five pipeline stages are:

IC - Instruction Cache Fetch
RF - Register Fetch

EX - Execution

DC - Data Cache Fetch

WB - Write Back

20
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The VR4300 Processor Pipeline

Once the pipeline has been filled, five instructions are executed
simultaneously. Figure 2-2 shows the five stages of the instruction
pipeline; the next section describes the pipeline stages.

(5-Deep)

| MG | povee|

DC

Current
CPU
Cycle

Figure 2-2 Instruction Execution in the Pipeline
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Pipeline Activities

Figure 2-3 shows the activities that can occur during each pipeline stage;
Table 2-1 describes these pipeline activities.

| MasterClock Cycle I PCycle I

e/ \_/ N/ \_/ \_/ \_/

prase | @1] @2 | @1| @2 | 1] o2| o1 <1>2| o1 | o2 |

Cycle IC RF EX DC wB

Instr Fetch
Computational BCMP h
IDEC ALU
DVA
Load/Store DCR LA | RFW h

DTLB DTC DCW

Figure 2-3  Pipeline Activities
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Table 2-1 Description of Pipeline showing stage in which activities commence

Cycle Betghiir;spll);:ing Mnemonic Descriptions
o1
IC o2 ICF Instruction Cache Fetch
ITLB Instruction micro-TLB read
1 ITC Instruction cache Tag Check
RFR Register File Read
RE o2 IDEC Instruction DECode
IVA Instruction Virtual Address calculation
BCMP Branch Compare
EX o1 ALU Arithmetic Logic operation
DVA Data Virtual Address calculation
@1 DCR Data Cache Read
DC DTLB Data joint-TLB read
o2 LA Load data Alignment
DTC Data cache Tag Check
o1 DCW Data Cache Write
WB RFW Register File Write
®2
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2.2 Branch Delay

The CPU pipeline has a branch delay of one cycle, as a result of the branch
comparison logic operating during the EX pipeline stage of the branch,
producing an instruction address that is available in the IC stage, two
instructions later.

Figure 2-4 illustrates the branch delay and the location of the branch delay
slot.

Single branch
delay
instruction

Target

Branch Delay

Figure 2-4 CPU Pipeline Branch Delay
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2.3 Load Delay

A load instruction that does not allow its result to be used by the
instruction immediately following is called a delayed load instruction. The
instruction slot immediately following this delayed load instruction is
referred to as the load delay slot.

In the VR4
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Add Instruction

ADD rd,rs,rt

IC stage.

RF stage

EX stage

DC stage

WB stage

In phase 2, the fourteen least significant bits (LSBs) of the
virtual address are used to address the instruction cache.
The two most significant bits of this virtual address are
used to select one of four instruction cache banks. The
remaining LSBs are used to address the selected bank and
the cache line physical page frame number (PPFN) tag.
The micro-TLB translates the virtual page frame number
(VPEN) to the PPFN. Late in phase 1 of the next RF
pipestage, the PPFN is compared with the PPEN tag from
the cache and the cache hit/miss signal is produced. The
virtual PC is incremented by four so that the next
sequential instruction can be fetched in the following cycle.

In phase 1 of the RF stage, the cache index is compared
with the page frame number from the micro-ITLB and the
cache data is read out. The cache hit/miss signal is valid
late in phase 1 of the RF stage, and the virtual PC is
incremented by 4 so that the next instruction can be
fetched.

During phase 2, the 2-port register file is addressed with
the rs and rt fields and the register data is valid at the
register file output. At the same time, bypass multiplexers
select inputs from either the EX- or DC-stage output in
addition to the register file output, depending on the need
for an operand bypass.

The ALU controls are set to do an A+B operation. The
operands flow into the ALU inputs, and the ALU operation
is started. The result of the ALU operation is latched into
the ALU output latch during phase 2.

This stage is a NOP for this instruction. The data from the
output of the EX stage (the ALU) is moved into the output
latch of the DC.

During phase 1, the WB latch feeds the data to the inputs
of the register file, which is addressed by the rd field. The
file write strobe is enabled. By the end of phase 1, the data
is written into the file.

26
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e/ N\ / N/ \/ \_/ \_/

phasel ol| o2 | o] o2 | ot q>2| o1 | 02| 1| <p2|

Cycle IC RF EX DC wB

ICF ITC| RFR ALU RFW i

ITLB IDEC

Figure 2-5 Add Instruction Pipeline Activities
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Jump and Link Register

JALR rxd, rs

IC stage Same as the IC stage for the ADD instruction.

RF stage During phase 2 of the RF stage, the register addressed by
the rs field is read out of the file.

EX stage During phase 1 of the EX stage, the value of register s is
clocked into the virtual PC latch. This value is used in
phase 2 to fetch the next instruction.

The value of the virtual PC incremented during the RF
stage is incremented again to produce the link address
PC+8 where PC is the address of the JALR instruction. The
resulting value is the PC to which the program will
eventually return. This value is placed in the Link output
latch of the Instruction Address unit.

DC stage The PC+8 value is moved from the Link output latch to the
output latch of the DC pipeline stage.

WB stage Refer to the ADD instruction. Note that if no value is
explicitly provided for rd then register 31 is used as the
default. If rd is explicitly specified, it cannot be the same
register addressed by rs; if it is, the result of executing such
an instruction is undefined.

e/ \_/ N/ \_/ \_/ \_/

phase|q>1|q>2|<p1|q>2 q>1|<1>2|q>1|<1>2 q>1|<1>2|
Cycle Ic RF EX DC WB
ick | RFR ALU RFW
ITLB IDEC
IVA

Figure 2-6  Jump and Link Register Instruction Pipeline Activities
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Branch on Equal

BEQ rs,rt,offset

IC stage.
RF stage.

EX stage.

DC stage.

Same as the IC stage for the ADD instruction.

During phase 2, the register file is addressed with the rs
and rt fields and the contents of these registers are placed
in the register file output latch.

During phase 1, a check is performed to determine if each
corresponding bit position of these two operands has equal
values. If they are equal, the PC is set to PC+target, where
target is the sign-extended offset field. If they are not
equal, the PC is set to PC+4.

The next PC resulting from the branch comparison is valid
at the beginning of phase 2 for instruction fetch.

This stage is a NOP for this instruction.

WB stage. This stage is a NOP for this instruction.

e/ \__/ \_/ \_/ \_/ \_/

Phase | @1 ©2 | o1 92 | o] 02| ot q>2| o1 | cp2|

Cycle IC

RF EX DC wB

ICF

IT] RFR

ITLB

IDEC | BCMP

IVA

Figure 2-7 Branch on Equal Instruction Pipeline Activities
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Trap if Less Than

TLT rs,rt
IC stage.
RF stage.
EX stage.
DC stage.
WB stage.

PClock

Same as the IC stage for the ADD instruction.
Same as the RF stage for the ADD instruction.

During the phase 1, the bypass multiplexers select inputs
from the RF-, EX- or DC-stage output latch, depending on
the need for an operand bypass. ALU controls are set to do
an A - B operation. The operands flow into the ALU
inputs, and the ALU operation is started.

The result of the ALU operation is latched into the ALU
output latch during phase 2.

The sign bits of operands and of the ALU output latch are
checked to determine if a less than condition is true. If this
condition is true, the next PC is loaded with the value of
the exception vector and instructions following in previous
pipeline stages are killed. The BD bit of the CPO Cause
register and EXL bit of the Status register are checked.

The EPC register is loaded with the value of the PC if the
less than condition was met in the DC stage. The Cause
register ExcCode field and BD bit are updated
appropriately, as is the EXL bit of the Status register. If the
less than condition was not met in the DC stage, no activity
occurs in the WB stage.

phase| o1 | q>2| o1 | o2 | o1] <p2| o1| 02| o1 | q>2|

Cycle IC RF EX DC wB
ICF ITQ RFR ALU RFW
ITLB IDEC IVA
Figure 2-8 Trap if Less Than Instruction Pipeline Activities
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Load Word

LW rt,offset (base)

IC stage.
RF stage.

EX stage.

DC stage.

WB stage.

Same as the IC stage for the ADD instruction.

Same as the RF stage for the ADD instruction. Note that the
base field is in the same position as the s field.

Refer to the EX stage for the ADD instruction. For LW, the
inputs to the ALU come from GPR[base] through the
bypass multiplexer and from the sign-extended offset field.
The result of the ALU operation that is latched into the
ALU output latch in phase 2 represents the effective virtual
address of the operand (DVA).

The data cache is accessed in parallel with the TLB, and the
cache tag field is compared with the Page Frame Number
(PFN) field of the TLB entry. After passing through the
load aligner, aligned data is placed in the DC output latch
during phase 2.

During phase 1, the cache read data is written into the file
addressed by the rt field.

e/ N/ N/ N/ \_/ \_/

phase| o1 | q>2| ol | o2 | ot q>2| o1 | q>2| o1 | q>2|

Cycle IC RF EX DC wB
ICF ITC] RFR DVA DCR LA | RFW
ITLB IDEC DTLB DTC

Figure 2-9 Load Word Instruction Pipeline Activities
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Store Word

SW rt,offset (base)

IC stage
RF stage
EX stage

DC stage

WB stage

Same as the IC stage for the ADD instruction.
Same as the RF stage for the LW instruction.

Refer to the LW instruction for a calculation of the effective
address. From the RF output latch the GPR][rt] is sent
through the bypass multiplexer and into the main shifter,
where the shifter performs the byte-alignment operation
for the operand. The results of the ALU and the shift
operations are latched in the output latches during phase 2.

Refer to the LW instruction for a description of the cache
access. Additionally, the merged data from the load
aligner is moved into the store data output latch during
phase 2.

If there was a cache hit, the content of the store data output
latch is written into the data cache at the appropriate word
location.

Note that all store instructions use the data cache for two

consecutive PCycles. If the following instruction requires

use of the data cache, the pipeline is stalled for one PCycle
to complete the writing of an aligned store data.

o/ \__/ N/ \_/ \_/ \_/

Phase | @1 | 02| o1| o2 | o1| 02| 1| 02| o1] <p2|

Cycle IC RF EX DC WB
ICF ITC] RFR DVA DCR LA h
ITLB IDEC DTLB DTC DCwW
Figure 2-10 Store Word Instruction Pipeline Activities
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2.5 Interlock and Exception Handling

The processor has a simple pipe which allows the overlap of instruction
execution across the five pipe stages. The pipeline operates with in-order
issue, in-order execution, and in-order completion, following the same
order as the instruction stream.

Pipeline flow is interrupted when an interlock condition is detected or
when an exception occurs. The interlock condition is resolved by stalling
the whole pipeline, while an exception aborts the relevant instruction as
well as all those that follow, and calls an exception handler from a pre-
defined address.

As shown in Figure 2-11, all interlock and exception conditions are
collectively referred to as faults.

& Faults

Software Hardware

| Exceptions I I Interlocks I

l '

Y vy

Figure 2-11 Interlocks, Exceptions, and Faults

For cases of simultaneous interlocks and exceptions from different
pipeline stages, the interlocks and exceptions from thelater pipeline stages
are processed before those from earlier pipeline stages. For instance, an
exception from the DC stage takes precedence over a coincident exception
from the RF stage.

Figure 2-12 lists different interlocks and exceptions, in decreasing order of
priority, for simultaneous interlocks and exceptions from the same
pipeline stage, with the highest priority listed first.
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cook T\_/ T\ T\ T\

PCycle |@1|@2]| 1| 2| 1| 2] 1]2]1] 2]

Pi
State
CPOI
Interlock ICB MCI DCB
CPI COp
IC RF EX DC WB
IADE SYSC RST
ITLB BRPT NMI
IBE CPU OVFL
RSVD | TRAP
FPE
Exceptions CPE
DADE
DTLB
WAT
DBE
INTR

Figure 2-12  Correspondence of Pipeline Stage to Interlock and Exception Condition

Table 2-2 describes the pipeline interlocks and exceptions listed in Figure
2-12.
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Table 2-2  Description of Pipeline Exceptions and Interlocks

Exception Description Interlock Description
IADE Instruction Address Error IT™™ Instruction TLB Miss
ITLB Instruction TLB Exception ICB Instruction Cache Busy

IBE Instruction Bus Error MCI Multi-cycle Interlock
SYSC SYSCALL Instruction LDI Load Interlock
BRPT Breakpoint Instruction CPI Coprocessor 2 Interlock
RSVD Reserved Instruction DCM Data Cache Miss
CPU Coprocessor Unusable DCB Data Cache Busy
RST External Reset CPoI CPO Bypass Interlock
NMI External NMI COp Cache Op
OVFL Integer Overflow
TRAP TRAP instruction exception
FPE Floating-point Exception
CPE Coprocessor 2 Exception
DADE Data Address Error
DTLB Data TLB exception
WAT Reference to Watch Address
DBE Data Bus Error
INTR External Interrupt signals
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2.6 Pipeline Interlocks and Exceptions

When an interlock or exception condition arises, pipeline flow is
interrupted. Depending upon whether the condition is an interlock or an
exception, one of the following occurs:

¢ If an interlock condition arises, the pipeline remains stalled
until the interlock is corrected by hardware.

¢ If an exception occurs, the exception-causing instruction and
all that follow are aborted, the exception is resolved by
software, and the pipeline restarted and reloaded.

Pipeline interlocks and pipeline exceptions are described in the following
section. The exceptions themselves are described in Chapter 5.

Bypassing, which allows data and conditions produced in the EX, DC and
WB stages of the pipeline to be made available to the EX stage, is also
described in this section.
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Pipeline Interlocks

When an interlock condition occurs, the pipeline stalls and remains stalled
until the interlock is corrected. Should pipeline stall requests from
different stages arise simultaneously, the Pipeline Control Unit prioritizes
the stall requests. For instance, a stall request from the DC stage is always
allowed to be resolved before a simultaneous RF-stage stall request, since
both may require the same resource (TLB, memory) to be resolved. The
EX stage is allowed to stall in order to complete a multicycle instruction as
long as there is no load dependency between itself (the EX stage) and the
DC stage. Interlock conditions for each pipeline stage are shown in Figure
2-12 and described in Table 2-2.

The remainder of this section describes in detail the following pipeline
interlocks (listed here in decreasing priority, with ITM having the highest
priority and CPOI the lowest):

e Instruction TLB Miss (ITM)

e Instruction Cache Busy (ICB)

¢ Load Interlock (LDI)

e Multicycle Instruction Interlock (MCI)
e Coprocessor 2 Interlock (CPI)

e Data Cache Miss (DCM)

e Data Cache Busy (DCB)

e Cache Operation (COp)

e CPO Bypass Interlock (CPOI)
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Instruction TLB Miss (ITM)

A pipeline stall due to an Instruction TLB Miss occurs when the virtual
address of the next instruction to be fetched is not found in the instruction
micro-TLB (ITLB). The pipeline stalls when the micro-TLB miss is
detected in the RF stage, whereupon the pipeline controller notifies the
micro-TLB to proceed in servicing the stall. The pipeline starts running
again when the micro-TLB has been updated from the JTLB.

A miss penalty of 3 PCycles is incurred when the micro-TLB is updated
from the JTLB.

If the virtual address also misses in the JTLB, an exception is taken which
overrides the stall to allow the handler to update the JTLB. Once the
update is completed, the instruction fetch is re-executed. This initiates a
repeat of the ITM stall until the micro-TLB is updated from the JTLB,
which was just updated by the exception handler.

lnun ls:an IStau IStaII |Run IRun IRun [Run IRun |Run IRun

™ HI-_M

IC RF‘ RF | RF RF* EX | DC | WB

ITLB ITLB
Miss Access JTLB Update

IClIC IC|IC | RF | EX | DC | WB

IC | RF|EX|DC|WB

Figure 2-13 Instruction TLB Miss Interlock
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Instruction Cache Busy (ICB)

A pipeline stall due to an Instruction Cache Busy interlock occurs when
the next instruction is not found in the instruction cache, and the cache
cannot service the Instruction Fetch. The pipeline stalls when the
instruction cache miss is detected in the RF stage. After detecting the stall,
the pipeline controller notifies the instruction cache to proceed in servicing
the stall.

The pipeline begins running again after the entire cache line has been
written into the instruction cache.

When the instruction cache is busy with a CACHE operation and the
Instruction Fetch cannot be serviced, a Cache Operation (COp) exception
is taken, not ICB.

|Run IStall e oo |Stal| |Run IRun IRun |Run IRun IRun |Run
ICB ICB

_ 1
* | RF HF* EX | DC WBI

i l-cache
2 Update

IC | RF |EX |DC | WB

IC | RF|EX | DC|WB

Figure 2-14 Example of an Instruction Cache Busy Interlock
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Multicycle Instruction Interlock (MCI)

A pipeline stall due to a Multicycle Interlock occurs when an instruction
with an execution latency of more than one pipeline clock enters the EX
stage.

The pipeline begins running again during the multicycle instruction’s last
clock of operation in the EX stage.

|Run |Run |Run |Run |Stall looo Stall ouIRun IRun

MCI

MutAB| IC | RF | EX EX'| DC | wB

ReadMultHi [ IC | RF RF | EX | DC

Read Multlo | IC IC | RF | EX

Multiple
Cycle Instruction
Stall

-

A

Figure 2-15 Example of a Multicycle Instruction Interlock
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Load Interlock (LDI)

See Figure 3-17. A pipeline stall due to a Load Interlock occurs when data
fetched by aload instruction is required by the next immediate instruction.
The pipeline stalls when the load-use instruction (the instruction using the
load data), enters the EX stage.

The pipeline begins running again when the clock after the target of the
load is read from the data cache (in the DC stage of the “Load B”
instruction below).

The Load Interlock is normally only active for one PClock cycle when the
load instruction is in the DC stage and the load-use instruction is in the EX
stage. The data returned from the data cache at the end of the DC stage is
input into the EX stage, using the bypass multiplexers.

If the data cache misses, the Data Cache Busy interlock extends the stall
until the data cache has been updated with the missing data. The LDI is
still active during this time and extends the stall one clock beyond the Data
Cache Interlock while the data is bypassed from the data cache into the EX
stage. This case is illustrated in Figure 3-17.

|Run IRun |Run ‘Run lStaIl |Run lRun |Run lRun |Run

Load A IC | RF | EX [DC [ WB | WB

\
AddAB | IC [ RF | EX | EX [DC | WB

IC | RF | RF [EX | DC | WB

IC | IC | RF | EX DCIWBI

Figure 2-16 Example of a Load Interlock
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Coprocessor 2 Interlock (CPI)

A pipeline stall due to a Coprocessor 2 Interlock occurs when a
Coprocessor 2 instruction with an execution latency of more than one
clock enters the EX stage. The pipeline controller informs CP2 that it may
proceed in servicing the stall.

The pipeline begins running again during the CP2 instruction’s last clock
of operation in the EX stage.

Data Cache Miss (DCM)

See Figure 3-17. A pipeline stall due to a data cache miss occurs if the data
cache look-up taking place in the DC stage results in a cache miss. This
stall occurs for cache misses on both loads and stores. A DCM stall is really
only active during the cycle in which the data cache is looked up and
missed. A DCB stall is active while the new cache line is being read in.

The pipeline begins running again when the requested data word is
available from the cache.

Data Cache Busy (DCB)

A pipeline stall due to the data cache being busy can occur in the following
two situations:

¢ If the instruction immediately after a store requires use of the
data cache then the pipeline is stalled in its DC stage while the
store writes the data to the cache during its WB stage. On a
cache store hit the pipeline only stalls for one PClock while the
data is written to the data cache. On a cache store miss the
pipeline stalls with the store in the DC stage until the cache
line has been updated. Once the line has been updated, the
pipeline restarts and moves the store instruction into the WB
stage. If the instruction following the “store” (i.e. the
instruction currently in the DC stage) also requires access to
the data cache, the pipeline will then stall for one additional
cycle while the store data is being written to the cache.

¢ When a miss occurs on a load, the data cache signals it is busy
while it fetches the critical data word from external memory.
See Figure 3-17.

The pipeline begins running again on a load when the critical data word
is available from the data cache.

NEC MIPS VR4300 Microprocessor User’s Manual



The VR4300 Processor Pipeline

‘Run ‘Run |Run |Stall IRun |Run |Sta|| IONStaII XYY 'Run |Run

IC | RF cee RF| RF | RF | EX

Figure 2-17 Example of a Load Interlock and a Data Cache Miss followed by a Load Interlock

CACHE Operation (COp)

A pipeline stall due to a CACHE operation can occur in the following two
situations:

* When an instruction cache operation instruction enters the DC
stage, the pipeline stalls while the instruction cache operation
is serviced. The pipeline begins running again when the
instruction cache operation is complete, allowing the
instruction fetch to proceed.

e If a data cache operation instruction requiring more than one
clock operation on the data cache enters the DC stage, the
pipeline stalls.
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Coprocessor 0 Bypass Interlock (CPOI)

A pipeline stall due to a CP0O Bypass Interlock occurs when an instruction
which caused an exception reaches the WB stage and the subsequent
instruction in the DC stage requests a read of any CPO register.

This interlock causes a pipeline stall for one pcycle to allow the CPO
register to be written in WB before allowing any CPO register to be read in

the DC stage.
|Run IRun IRun IRun IStaM lRun lRun IRun lRun
Instruction WB stage completes in
which causes IC | RF{ EX | DC | WB] firstphase of stage
exception
CPOl CPOI
Y Y
Load LO IC {RF|EX |DC |DC | WB

IC| RF | EX | EX | DC | WB

IC| RF | RF | EX | DC | WB

Figure 2-18 Example of a Coprocessor 0 Bypass Interlock (CPOI)
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2.7 Pipeline Exceptions

When a pipeline exception condition occurs, the pipeline stalls for 2
PCycles and the instruction causing the exception as well as all those that
follow it in the pipeline are aborted. Accordingly, any stall conditions and
any later exception conditions from any aborted instruction are inhibited;
there is no benefit in servicing stalls for an aborted instruction.

After aborting the instructions, a new instruction stream begins, starting
execution at a predefined exception vector. System Control Coprocessor
(CPO) registers are loaded with information that identifies the type of
exception as well as auxiliary information such as the virtual address at
which translation exceptions occur.

Exception conditions for each pipeline stage are shown in Figure 2-12 and
described in Table 2-2.

Exceptions can split into two groups:

¢ those that occur independently of instruction execution (Reset,
NM]I, and interrupt exceptions)

¢ those exceptions that result from the execution of a particular
instruction (an instruction-dependent exception). This
category includes all other exceptions.

Exceptions are logically precise.
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Instruction-Independent Exceptions (Reset, NMI, and Interrupt)

Reset, NMI and interrupt exceptions are identified and processed as
follows:

* Reset exception has the highest priority of all the possible
exceptions; when a Reset exception is asserted, instructions in
all pipeline stages except the WB are aborted regardless of any
interlocks or other exceptions that may be active.

¢ NMI and interrupt exception requests are only examined if the
previous PCycle was a run cycle. When an NMI or interrupt
exception occurs, all pipeline stages except the WB are aborted.

Instruction-Dependent Exceptions

Prioritizing between instruction-dependent exceptions and interlocks is
made according to these rules:

1.

an exception request from a particular pipeline stage is only processed
if no stall condition from a later pipeline stage is active.

an exception request from a later pipeline stage always has a higher
priority than an exception from an earlier pipeline stage.

an exception request from a pipeline stage always has higher priority
than any stall request from the same or earlier pipeline stages.

46
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Interactions Between Interlocks and Exceptions

Interlock and exception interaction between the EX and RF stages is
relatively simple, even though both of these stages can continue
processing during a pipeline stall. An EX exception can only occur when
an instruction first enters that pipeline stage, therefore an EX exception
takes priority over a stall request from the RF stage since the RF interlock
has not yet begun to be resolved. If the EX exception is stalled by a DC
interlock, it still takes priority over the RF stall request since the RF
interlock cannot be resolved during a DC stall.

When an instruction cache miss and a multicycle instruction interlock are
asserted simultaneously, both the RF and EX stages can resolve their
respective interlocks. The floating-point operation may detect an
exception before the ICB stall is deasserted, but the floating-point
exception is not examined until the DC stage. Therefore the exception
condition is held in EX until the RF interlock is resolved, eliminating the
associated stall.

Once the floating-point instruction enters the DC stage, the exception is
examined. If the RF interlock is asserted at the same time as an exception
from the EX pipeline stage then the EX exception takes priority since the
instruction causing the interlock will be aborted and no request to external
memory will occur.

The above scenario does not hold for interactions between the RF and DC
stages since, in a case of simultaneous stall requests, the pipeline controller
only allows the DC stage to proceed. This means the RF stall cannot be
resolved until the DC stall is resolved, since RF and DC interlocks may
require the same resource to resolve the interlocks, e.g. system interface,
TLB, etc.
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Exception and Interlock Priorities

The priority for processing exceptions and interlocks within the same
clock cycle is listed below. Exception and interlock requests from the WB
stage always have priority over exception and interlock requests from the
DC stage. Exception and interlock requests from the DC stage always have
priority over exception and interlock requests from the EX stage. EX-stage
exception and interlock requests in turn always have priority over any
exception and interlock requests from the RF stage. In the case of multiple
exception requests from the same pipeline stage, the highest-priority
exception is processed first. The priority of the instruction-dependent
exceptions and interlocks are shown in the following sections, with the
highest-priority (WB stage) exception listed first.

WB-Stage Interlock and Exception Priorities

CPO Bypass interlock is the only exception or interlock processed in the
WB pipeline stage.
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DC-Stage Interlock and Exception Priorities

Following is a prioritized list of the exceptions and interlocks processed in
the DC pipeline stage.

°

Reset exception (highest)
NMI exception

Integer Overflow exception
Trap exception

Floating-Point exception
Coprocessor 2 exception
Data Address Error exception
Data TLB Refill exception
Data TLB Invalid exception
Data TLB Modified exception
Watch exception

Interrupt exception

Data Cache Miss interlock
Data Cache Busy interlock
CACHE Op interlock

Data Bus Error exception
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EX-Stage Interlock and Exception Priorities

Following is a prioritized list of the exceptions and interlocks processed in
the EX pipeline stage.

System Call exception
Breakpoint exception
Coprocessor Unusable exception
Reserved Instruction exception
Load Data interlock

Multi-cycle Instruction interlock

Coprocessor 2 interlock

RF-Stage Interlock and Exception Priorities

Following is a prioritized list of the exceptions and interlocks processed in
the RF pipeline stage.

Instruction Address Error exception
Instruction TLB Refill exception
Instruction TLB Invalid exception
Instruction TLB Miss interlock
Instruction Cache Busy interlock

Instruction Bus Error exception

If an Instruction Bus Error exception occurs during a cache refill, while an
Instruction Cache Busy interlock is active, the instruction cache only
signals the exception to the pipeline controller after the cache refill is
complete, and therefore no stall is active.

Individual exceptions are described in detail in Chapter 5.
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Bypassing

In some cases, data and conditions produced in the EX, DC and WB stages
of the pipeline are made available to the EX stage (only) through the
bypass datapath.

Operand bypass allows an instruction in the EX stage to continue without
having to wait for data or conditions to be written to the register file at the
end of the WB stage. Instead, the Bypass Control Unit is responsible for
ensuring data and conditions from later pipeline stages are available at the
appropriate time for instructions earlier in the pipeline.

The Bypass Control Unit is also responsible for controlling the source and
destination register addresses supplied to the register file.
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2.8 Code Compatibility

The Vg4300 can execute any V4000 code sequence, but the reverse may
not necessarily be true. Standard MIPS compilers produce code which
will run on both. When hand-coding assembly code, it is strongly advised
to maintain compatibility with the Vr4000. For more information, refer to
the Vg4000 User’s Manual.

2.9 Flush Buffer

The V4300 processor contains an on-chip flush buffer. This buffer is used
as temporary data storage for outgoing data and is organized as a 4-deep
FIFOQ; it can buffer four addresses with four doublewords of data. For
uncached write operations, the flush buffer can accept any combination of
single or doubleword data until it is full, with each write occupying one
entry in the buffer. For data cache block write operations, the flush buffer
accepts two doublewords with one address, occupying two entries in the
buffer. It is able to take two block references at a time. Instruction cache
block writes use four doublewords with one address, and occupy the
entire flush buffer. The flush buffer is able to take one read memory
reference at a time.

The format of the flush buffer is shown in Figure 2-19 below.

4 32

RIW Address
RIW Address
Riw Address
RIW Address

Figure 2-19  Flush Buffer Format
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The flush buffer holds, for each doubleword of data:
* a 32-bit physical address
e a 4-bit Size field
e a single read/write bit
The flush buffer mechanism is inaccessible to software.

During an uncached store operation, data is held in this buffer until it can
be retrieved by the external interface. The processor pipeline continues to
execute while data is stored in the flush buffer.

During either a load miss or a store miss to a cache line in the dirty state,
a read request is sent to the external interrface for the mising cache line;
the dirty data is stored in this buffer until the requested data is returned
from the external interface. The processor pipeline continues to run while
the flush buffer waits (for a response from the external interface) to empty
its contents to the external interface/memory.

If the flush buffer is full and the processor attempts a load or a store which
requires external resources, the processor pipeline stalls until the flush
buffer is emptied.
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The MIPS V¢4300 processor provides a full-featured memory
management unit (MMU) which uses an on-chip translation lookaside
buffer (TLB) to translate virtual addresses into physical addresses.

This chapter describes the processor virtual and physical address spaces,
the virtual-to-physical address translation, the operation of the TLB in
making these translations, and those System Control Coprocessor (CP0)
registers that provide the software interface to the TLB.
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3.1 Translation Lookaside Buffer (TLB)

Mapped virtual addresses are translated into physical addresses using an
on-chip TLB.! The TLB is a fully-associative memory that holds 32 entries,
which provide mapping to 32 odd/even page pairs (64 pages). When
address mapping is indicated, each TLB entry is checked simultaneously
for a match with the virtual address that is extended with an ASID stored
in the EntryHi register.

The address is mapped to a page size ranging from 4 Kbytes to 16 Mbytes,
in multiples of four; that is, 4K, 16K, 64K, 256K, 1M, 4M and 16M.

Hits and Misses

If there is a virtual address match, or “hit,” in the TLB, the physical page
number is extracted from the TLB and concatenated with the offset to form
the physical address (see Figure 3-1).

If no match occurs (TLB “miss”), an exception is taken and software refills
the TLB from the page table resident in memory. Software can write over
aselected TLB entry or use a hardware mechanism to write into a random
entry.

Multiple Matches

If more than one entry in the TLB matches the virtual address being
translated, the operation is undefined.

If one TLB entry matches, the physical address and access control bits (C,
D, and V) are retrieved; otherwise a TLB refill exception occurs. If the
access control bits (D and V) indicate that the access is not valid, a TLB
modification or TLB invalid exception occurs.

t There are virtual-to-physical address translations that occur outside of the TLB. For
example, addresses in the kseg0 and ksegl spaces are unmapped translations. In these

spaces the physical address is derived by subtracting the base address of the space from
the virtual address.
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3.2 Address Spaces

This section describes the virtual and physical address spaces and the

manner in which virtual addresses are converted or “translated” into
physical addresses in the TLB.

Virtual Address Space

The processor virtual address can be either 32 or 64 bits wide, depending

on whether the processor is operating in 32-bit or 64-bit mode.

¢ In 32-bit mode, addresses are 32 bits wide. The maximum user

process size is 2 gigabytes (231).
e In 64-bit mode, addresses are 64 bits wide. The maximum user
process size is 1 terabyte (247).

Figure 3-1 shows the translation of a virtual address into a physical
address.

Virtual address
1. Virtual address (VA) represented by the
virtual page number (VPN) is compared

G | AsiD | I
with tag in TLB. VPN Offset

2. If there is a match, the page frame VPN
number (PFN) representing the upper
bits of the physical address (PA) is
output from the TLB.

TLB
>Entry

\
3. The Offset, which does not pass through

the TLB, is then concatenated to the PFN. PFN | Offset I

Physical address

Figure 3-1 Overview of a Virtual-to-Physical Address Translation

1 Figure 3-8 shows the 32-bit and 64-bit versions of the processor TLB entry.
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As shown in Figures 3-2 and 3-3, the virtual address is extended with an
8-bit address space identifier (ASID), which reduces the frequency of TLB
flushing when switching contexts. This 8-bit ASID is in the CPO EntryHi
register, described later in this chapter. The Global bit (G) is in the EntryLo0
and EntryLol registers, described later in this chapter.

Physical Address Space

Using a 32-bit address, the processor physical address space encompasses
4 gigabytes. The section following describes the translation of a virtual
address to a physical address.

Virtual-to-Physical Address Translation

Converting a virtual address to a physical address begins by comparing
the virtual address from the processor with the virtual addresses in the
TLB; there is a match when the virtual page number (VPN) of the address
is the same as the VPN field of the entry, and either:

* the Global (G) bit of the TLB entry is set, or

¢ the ASID field of the virtual address is the same as the ASID
field of the TLB entry.

This match is referred to as a TLB hit. If there is no match, a TLB Miss
exception is taken by the processor and software is allowed to refill the
TLB from a page table of virtual/physical addresses in memory.

If there is a virtual address match in the TLB, the physical address is
output from the TLB and concatenated with the Offset, which represents
an address within the page frame space. The Offset does not pass through
the TLB.

Virtual-to-physical translation is described in greater detail throughout
the remainder of this chapter; Figure 3-19 is a flow diagram of the process
shown at the end of this chapter.

The next two sections describe the 32-bit and 64-bit address translations.
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32-bit Mode Address Translation

Figure 3-2 shows the virtual-to-physical-address translation of a 32-bit
mode address. This figure illustrates two of the possible page sizes: a
4-Kbyte page (12 bits) and a 16-Mbyte page (24 bits).
¢ The top portion of Figure 3-2 shows a virtual address with a
12-bit, or 4-Kbyte, page size, labelled Offset. The remaining 20
bits of the address represent the VPN, and index the 1M-entry
page table.
e The bottom portion of Figure 3-2 shows a virtual address with
a 24-bit, or 16-Mbyte, page size, labelled Offset. The remaining
8 bits of the address represent the VPN, and index the 256-
entry page table.

Virtual Address with 1M (22°) 4-Kbyte pages
39 32 31 29 28 20 bits = 1M pages 12 11 0

AN J
Virtual-to-physical Offset passed
translation in TLB unchanged to
=% physical

Bits 31, 30 and 29 of the virtual
address select user, supervisor,
or kernel address spaces.

32-bit Physical Address emory

Offset passed
unchanged to
physical

AL memory
A\l M

39 3231 2928 24 23 0

Virtual-to-physical
translation in TLB

24

8
8 bits = 256 pages
Virtual Address with 256 (2%)16-Mbyte pages

Figure 3-2  32-bit Mode Virtual Address Translation
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64-bit Mode Address Translation

Figure 3-3 shows the virtual-to-physical-address translation of a 64-bit
mode address. This figure illustrates two of the possible page sizes: a
4-Kbyte page (12 bits) and a 16-Mbyte page (24 bits).

* The top portion of Figure 3-3 shows a virtual address with a
12-bit, or 4-Kbyte, page size, labelled Offset. The remaining 28
bits of the address represent the VPN, and index the 256M-
entry page table.

¢ The bottom portion of Figure 3-3 shows a virtual address with
a 24-bit, or 16-Mbyte, page size, labelled Offset. The remaining
16 bits of the address represent the VPN, and index the 64K-
entry page table.

Virtual Address with 256M (228) 4-Kbyte pages
A 64 636261 40 39 28 bits = 256M pages 12 11 0
ASID |

8 24 12

J
Y Offset passed

Virtual-to-physical l unchanged to

translation in TLB

Bits 62 and 63 of the virtual
address select user, supervisor,

[ TLB] :
physical
memory

or kernel address spaces.
PFN Offset l
Virtual-to-physical 8:;,9;.?;5;9(2
translation in TLB physical
memory
A A
IV ~~
71 64 6362 61 4039 24 23 0

8 24 16 24
16 bits = 64K pages

Virtual Address with 64K (21%)16-Mbyte pages

Figure 3-3  64-bit Mode Virtual Address Translation
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Operating Modes

The processor has three operating modes that function in both 32- and 64-
bit operations:

e User mode
¢ Supervisor mode
e Kernel mode

These modes are described in the next three sections.

User Mode Operations

In User mode, a single, uniform virtual address space—labelled User
segment—is available; its size is:

o 2 Gbytes (2%! bytes) in 32-bit mode (useg)
e 1 Tbyte (240 bytes) in 64-bit mode (xuseg)

Figure 3-4 shows User mode virtual address space.

32-bit* 64-bit
0x FFFF FFFF Ox FFFF FFFF FFFF FFFF
Address Address
Error Error
0x 8000 0000 Ox 0000 0100 0000 0000
1TB
useg Mapped Xuseg

Ox 0000 Q000 0x 0000 0000 0000 0000

Figure 3-4  User Mode Virtual Address Space

*NOTE: The Vg4300 uses 64-bit addresses internally. When the
processor is running in Kernel mode, it initializes registers before
switching modes, and saves (or restores, whichever is appropriate)
register values on context switches. In 32-bit mode, a valid address
must be a 32-bit signed number, where bits 63:32 = bit 31. In normal
operation it is not possible for a 32-bit User-mode program to produce
invalid addresses. However, although it would be an error, it is
possible for a Kernel-mode program to erroneously place a value that
is not a 32-bit signed number into a 64-bit register, in which case the
User-mode program generates an invalid address.
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The User segment starts at address 0 and the current active user process
resides in either useg (in 32-bit mode) or xuseg (in 64-bit mode). The TLB
identically maps all references to useg/xuseg from all modes, and controls
cache accessibility.t

The processor operates in User mode when the Status register contains the
following bit-values:

* KSU bits = 10,

e EXL=0

e ERL=0
In conjunction with these bits, the UX bit in the Status register selects
between 32- or 64-bit User mode addressing as follows:

e when UX = 0, 32-bit useg space is selected and TLB misses are
handled by the 32-bit TLB refill exception handler

¢ when UX =1, 64-bit xuseg space is selected and TLB misses are
handled by the 64-bit XTLB refill exception handler

Table 3-1 lists the characteristics of the two user mode segments, useg and
xuseg.

Table 3-1 32-bit and 64-bit User Mode Segments

. Status Register
Address Bit Bit Values Segment Address Range Segment Size
Values Name
KSU|EXL|ERL| UX

T 0x0000 0000
3AZ ,;)ll)t -0 10, | 0 0 0 useg through 2231G§ yte

(31 = Ox7FFF FFFF (2° bytes)

b ' 0x0000 0000 0000 0000
64 b‘.t _ 10,10 |0 1 xuse through %“;r byte
A(63:40) = 0 8 g 240p

140) = 0x0000 00FF FFFF FFFF | (27 bytes)

+ The cached (C) field in a TLB entry determines whether the reference is cached; see Figure

3-8.
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32-bit User Mode (useg)

In User mode, when UX = 0 in the Status register, User mode addressing
is compatible with the 32-bit addressing model shown in Figure 3-4, and a
2-Gbyte user address space is available, labelled useg.

All valid User mode virtual addresses have their most-significant bit
cleared to 0; 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, and bit settings
within the TLB entry for the page determine the cacheability of a reference.

64-bit User Mode (xuseg)

In User mode, when UX =1 in the Status register, User mode addressing is
extended to the 64-bit model shown in Figure 3-4. In 64-bit User mode, the
processor provides a single, uniform address space of 2 bytes, labelled
xuseg.

All valid User mode virtual addresses have bits 63:40 equal to 0; an
attempt to reference an address with bits 63:40 not equal to 0 causes an
Address Error exception.

Supervisor Mode Operations

Supervisor mode is designed for layered operating systems in which a
true kernel runs in Vg4300 Kernel mode, and the rest of the operating
system runs in Supervisor mode.

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

o KSU =01,
e EXL=0
e ERL=0

In conjunction with these bits, the SX bit in the Status register selects
between 32- or 64-bit Supervisor mode addressing:

¢ when SX =0, 32-bit supervisor space is selected and TLB
misses are handled by the 32-bit TLB refill exception handler

¢ when SX =1, 64-bit supervisor space is selected and TLB
misses are handled by the 64-bit XTLB refill exception handler
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Ox FFFF FFFF
Ox EO0O0 0000

Ox C000 0000

Ox A000 0000

Ox 8000 0000

Ox 0000 0000

Figure 3-5 shows Supervisor mode address mapping. Table 3-2 lists the
characteristics of the supervisor mode segments; descriptions of the

address spaces follow.

32-bit*
Address

error

0.5 GB
Mapped

Address
error

Address
error

2GB
Mapped

Figure 3-5 Supervisor Mode Address Space

sseg

suseg

Ox FFFF FFFF FFFF FFFF

Ox FFFF FFFF EDOO 0000

Ox FFFF FFFF COO0 0000

0x 4000 0100 0000 0000

Ox 4000 0000 0000 Q00O

0x 0000 0100 0000 0000

Ox 0000 0000 0000 0000

64-bit

Address
error

csseg

Address
error

xsseg

Address
error

xsuseg

*NOTE: The V4300 uses 64-bit addresses internally. In 32-bit mode,
a valid address must be a 32-bit signed number, where bits 63:32 = bit
31. In normal operation it is not possible for a 32-bit Supervisor-mode
program to create an invalid address through arithmetic operations.
However 32-bit-mode Supervisor programs must not create addresses
using base register+offset calculations that produce a 32-bit 2’s-
complement overflow; in specific, there are two prohibited cases:

* offset with bit 15 = 0 and base register with bit 31 = 0, but (base
register+offset) bit 31 = 1

» offset with bit 15 = 1 and base register with bit 31 = 1, but (base
register+offset) bit 31 = 0

Using this invalid address produces an undefined result.
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Table 3-2  32-bit and 64-bit Supervisor Mode Segments

. Status Register
Address Bit Bit Values Segment Address Range Segl.nent
Values Name Size
KSU|EXL |ERL| SX
. 0x0000 0000
32-bit 01,{0 |0 |0 |suseg through Za?bytes
ABL =0 Ox7FEF FFFF (2 bytes)
0xC000 0000
32-bit 512 Mbytes
01, |0 0 0 | ssse through
A(31:29) = 110, 2 8 OxDFFll:%FFF (2% bytes)
. 0x0000 0000 0000 0000
64-bit 1 Tbyte
01, |0 0 1 | xsuse through
A(63:62) = 00, ? % | 0x0000 00FF EFFF FEFE | 2 bytes)
. 0x4000 0000 0000 0000
64-bit 1 Tbyte
01, )0 0 1 | xsse through
A(63:62) = 01, 2 % | 0x4000 00FF FrFF FrEE | 2 bytes)
. O0xFFFF FFFF C000 0000
64-bit 512 Mbytes
01,0 0 1 | csse through
A(63:62) = 11, 2 8 OxFFFF FFFF I%FFF FFFF (229 bytes)

32-bit Supervisor Mode, User Space (suseg)

In Supervisor mode, when SX =0 in the Status register and the most-
significant bit of the 32-bit virtual address is set to 0, the suseg virtual
address space is selected; it covers the full 2 bytes (2 Gbytes) of the
current user address space. The virtual address is extended with the
contents of the 8-bit ASID field to form a unique virtual address.

This mapped space starts at virtual address 0x0000 0000 and runs through
Ox7FFF FFFF.

32-bit Supervisor Mode, Supervisor Space (sseg)

In Supervisor mode, when SX =0 in the Status register and the three most-
significant bits of the 32-bit virtual address are 110,, the sseg virtual
address space is selected; it covers 22%-bytes (512 Mbytes) of the current
supervisor address space. The virtual address is extended with the
contents of the 8-bit ASID field to form a unique virtual address.

This mapped space begins at virtual address 0xC000 0000 and runs
through OxDFFF FFFF.
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64-bit Supervisor Mode, User Space (xsuseg)

In Supervisor mode, when SX =1 in the Status register and bits 63:62 of the
virtual address are set to 00,, the xsuseg virtual address space is selected;
it covers the full 24 bytes (1 Tbyte) of the current user address space. The
virtual address is extended with the contents of the 8-bit ASID field to
form a unique virtual address.

This mapped space starts at virtual address 0x0000 0000 0000 0000 and
runs through 0x0000 O0FF FFFF FFFF.

64-bit Supervisor Mode, Current Supervisor Space (xsseg)

In Supervisor mode, when SX =1 in the Status register and bits 63:62 of the
virtual address are set to 01,, the xsseg current supervisor virtual address
space is selected. The virtual address is extended with the contents of the
8-bit ASID field to form a unique virtual address.

This mapped space begins at virtual address 0x4000 0000 0000 0000 and
runs through 0x4000 OOFF FFFF FFFF.

64-bit Supervisor Mode, Separate Supervisor Space (csseg)

In Supervisor mode, when SX =1 in the Status register and bits 63:62 of the
virtual address are set to 11,, the csseg separate supervisor virtual address
space is selected. If bits 31:29 of the virtual address are set to 110,,
addressing of the csseg is compatible with addressing sseg in 32-bit mode.
The virtual address is extended with the contents of the 8-bit ASID field to
form a unique virtual address.

This mapped space begins at virtual address OxFFFF FFFF C000 0000 and
runs through OxFFFF FFFF DFFF FFFF.
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Kernel Mode Operations

The processor operates in Kernel mode when the Status register contains
one or more of the following values:

e KSU-= 002
e EXL=1
e ERL=1

In conjunction with these bits, the KX bit in the Status register selects
between 32- or 64-bit Kernel mode addressing:

¢ when KX =0, 32-bit kernel space is selected and all TLB misses
are handled by the 32-bit TLB refill exception handler

e when KX =1, 64-bit kernel space is selected and all TLB misses
are handled by the 64-bit XTLB refill exception handler

The processor enters Kernel mode whenever an exception is detected and
it remains in Kernel mode until an Exception Return (ERET) instruction is
executed and results in ERL and/or EXL = 0. The ERET instruction
restores the processor to the mode existing prior to the exception.

Kernel mode virtual address space is divided into regions differentiated
by the high-order bits of the virtual address, as shown in Figure 3-6. Table
3-3 lists the characteristics of the 32-bit kernel mode segments, and Table
3-4 lists the characteristics of the 64-bit kernel mode segments.
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Ox FFFF FFFF

Ox EO00 0000

Ox CO00 0000

Ox AOOO 0000

Ox 8000 0000

Ox 0000 0000

32-bit*

kseg3

ksseg

Ox FFFF FFFF FFFF FFFF

Ox FFFF FFFF EO00 0000

Ox FFFF FFFF C000 0000

Ox FFFF FFFF A000 0000

64-bit

U 0.5GB g
nmappe
Uncagﬁed

ckseg3

cksseg

cksegl

0.5 GB 0.5GB
. Unmapped [ ckseg0
Unmapped Byseg: Ox FFFF FFFF 8000 0000| Cacheable

Uncached

0.5 GB
Unmapped
Cacheable

kseg0

kuseg

Ox CO00 OOFF 8000 0000

Ox CO00 0000 0000 0000

Ox 9800 0002 0000 0000

Ox 9800 0000 0000 0000

Ox 9000 0002 0000 0000

Ox 9000 0000 0000 0000

Ox 4000 0100 0000 0000

Ox 4000 0000 0000 0000

0x 0000 0100 0000 0000

0x 0000 0000 0000 0000

Address
error

Unmapped
Cached

Address
error

Unmapped
Uncached

Address
error

Address
error

Figure 3-6  Kernel Mode Address Space

XxXkseg

xkphys

xkphys

xksseg

xkuseg

*NOTE: The V4300 uses 64-bit addresses internally. In 32-bit mode,
a valid address must be a 32-bit signed number, where bits 63:32 = bit
31; an invalid address produces an undefined result. In 32-bit mode,
a Kernel-mode program may use 64-bit instructions, but must not
create addresses using base register+offset calculations that produce a
32-bit 2’s-complement overflow; in specific, there are two prohibited
cases:
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e offset with bit 15 = 0 and base register with bit 31 = 0, but (base
register+offset) bit 31 = 1

¢ offset with bit 15 = 1 and base register with bit 31 = 1, but (base
register+offset) bit 31 = 0

Table 3-3 32-bit Kernel Mode Segments

Status Register
Address Bit | Is One Of These | Segment Segment
Values Values Name Address Range Size
KSU|EXL|ERL| KX
0x0000 0000
A(G1)=0 0 | kuseg through ga(lll;ytes
Ox7FFF FFFF (2" bytes)
0x8000 0000
A(31:29) = 100, 0 | ksego through 5;%3‘;‘)"{*35
KSU = 00, Ox9FFF FFFF (27 bytes)
or 0xA000 0000
AG1:29)=101, | EXL=1 | 0 |ksegl through 5%%5‘{[)"3’*95
or OXBEFF FFFF (2™ bytes)
ERL =1 0xC000 0000
512 Mbytes
A(31:29) = 110 0 | ksse, through 29
2 g OXDFFF FFFF (27 bytes)
0xE000 0000
A(31:29) = 111, 0 | kseg3 through 5;%}{‘)"3’“*5
OXFFFF EFFF (2™ bytes)
- _________________________________________________________

32-bit Kernel Mode, User Space (kuseg)

In Kernel mode, when KX = 0 in the Status register, and the most-
significant bit of the virtual address, A31, is cleared, the 32-bit kuseg virtual
address space is selected; it covers the full 231 bytes (2 Gbytes) of the
current user address space. The virtual address is extended with the
contents of the 8-bit ASID field to form a unique virtual address.

When ERL = 1 in the Status register, the user address region becomes a
2%L.byte unmapped (that is, mapped directly to physical addresses)
uncached address space. See the Cache Error exception in Chapter 4 for
more information.
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32-bit Kernel Mode, Kernel Space 0 (kseg0)

In Kernel mode, when KX = 0 in the Status register and the most-
significant three bits of the virtual address are 100,, 32-bit kseg0 virtual
address space is selected; it is the 22%-byte (512-Mbyte) kernel physical
space.

References to kseg0 are not mapped through the TLB; the physical address
selected is defined by subtracting 0x8000 0000 from the virtual address.

The KO field of the Config register, described in this chapter, controls
cacheability and coherency.

32-bit Kernel Mode, Kernel Space 1 (kseg1)

In Kernel mode, when KX = 0 in the Status register and the most-
significant three bits of the 32-bit virtual address are 101,, 32-bit kseg1
virtual address space is selected; it is the 22°-byte (512-Mbyte) kernel
physical space.

References to kseg1 are not mapped through the TLB; 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 I/O device registers) are accessed directly.

32-bit Kernel Mode, Supervisor Space (ksseg)

In Kernel mode, when KX = 0 in the Status register and the most-
significant three bits of the 32-bit virtual address are 110,, the ksseg virtual
address space is selected; it is the current 22*-byte (512-Mbyte) supervisor
virtual space. The virtual address is extended with the contents of the 8-
bit ASID field to form a unique virtual address.

32-bit Kernel Mode, Kernel Space 3 (kseg3)

In Kernel mode, when KX = 0 in the Status register and the most-
significant three bits of the 32-bit virtual address are 1115, the kseg3 virtual
address space is selected; it is the current 22°-byte (512-Mbyte) kernel
virtual space. The virtual address is extended with the contents of the 8-
bit ASID field to form a unique virtual address.
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Table 3-4 64-bit Kernel Mode Segments

Status Register
Address Bit Val-| Is One Of These | Segment Segment
Values Name Address Range Size

ues

IKSUEXL|ERL| KX

A(63:62) = 00,

0x0000 0000 0000 0000 1 Tbyte
1 | xksuseg through 0 0y
0x0000 OOFF FFEF FFFF | ( ytes)

A(63:62) = 01,

0x4000 000000000000 | 1 Thyte
1 | xksseg through 240 pot
0x4000 0OFF FFFF FFFE | (2* bytes)

A(63:62) = 10,

0x8000 0000 0000 0000 36_
1 | xkphys through 827-byte

A(63:62) = 11,

A(63:62) = 11,
A(61:31) = -1

A(63:62) = 11,
A(61:31) = -1

OxBFFF FFFF FFFF FFFF spaces
KSU = 00, 0xC000 0000 00000000 | 40 _ 531
1 | xkseg through byt
XL < 1 0xC000 OOFF 7FFF FFFF ytes
- OxEFFF FFEFF 8000 0000
g;“‘ -1 1 | ckseg0 through 5591\/1[? )trtes
= OXFFFF FFFF SFFF FFFF | (27 bytes)
OXFFFF FFFF A000 0000
1 | cksegl through 512 Mbytes

29
OXFFFF FFFF BFFF FFFE | (27 bytes)

A(63:62) = 11,
A(61:31) = -1

OXFFFF FFFF C000 0000 | 519 Mbytes
1 | cksseg through 229,
OXFFFF FFFF DFFF FFFE | (2 bytes)

A(63:62) = 11,
A(61:31) = -1

1 | ckseg3 through 229 hot
OXFFFF FFFF FFFF FFFF | (27 bytes)

64-bit Kernel Mode, User Space (xkuseg)

In Kernel mode, when KX =1 in the Status register and bits 63:62 of the 64-
bit virtual address are 00,, the xkuseg virtual address space is selected; it
covers the current user address space. The virtual address is extended
with the contents of the 8-bit ASID field to form a unique virtual address.

When ERL = 1 in the Status register, the user address region becomes a
231 pyte unmapped (that is, mapped directly to physical addresses)
uncached address space. See the Cache Error exception in Chapter 4 for
more information.
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64-bit Kernel Mode, Current Supervisor Space (xksseg)

In Kernel mode, when KX =1 in the Status register and bits 63:62 of the 64-
bit virtual address are 01,, the xksseg virtual address space is selected; it is
the current supervisor virtual space. The virtual address is extended with
the contents of the 8-bit ASID field to form a unique virtual address.

64-bit Kernel Mode, Physical Spaces (xkphys)

In Kernel mode, when KX =1 in the Status register and bits 63:62 of the 64-
bit virtual address are 105, one of the two unmapped xkphys address
spaces are selected, either cached or uncached. Accesses with address bits
58:32 not equal to 0 cause an address error.

64-bit Kernel Mode, Kernel Space (xkseg)

In Kernel mode, when KX =1 in the Status register and bits 63:62 of the 64-
bit virtual address are 11,, the address space selected is one of the
following:

* kernel virtual space, xkseg, the current kernel virtual space; the
virtual address is extended with the contents of the 8-bit ASID
field to form a unique virtual address

* one of the four 32-bit kernel compatibility spaces, as described
in the next section.
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64-bit Kernel Mode, Compatibility Spaces (ckseg1:0, cksseg, ckseg3)

In Kernel mode, when KX = 1 in the Status register, bits 63:62 of the 64-bit
virtual address are 11,, and bits 61:31 of the virtual address equal -1, the
lower two bytes of address, as shown in Figure 3-6, select one of the
following 512-Mbyte compatibility spaces.

® ckseg0. This 64-bit virtual address space is an unmapped
region, compatible with the 32-bit address model kseg0. The KO
field of the Config register, described in this chapter, controls
cacheability and coherency.

® cksegl. This 64-bit virtual address space is an unmapped and
uncached region, compatible with the 32-bit address model
ksegl.

® cksseg. This 64-bit virtual address space is the current
supervisor virtual space, compatible with the 32-bit address
model ksseg.

* ckseg3. This 64-bit virtual address space is kernel virtual space,
compatible with the 32-bit address model kseg3.
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3.3 System Control Coprocessor

bV 4

The System Control Coprocessor (CP0) is implemented as an integral part
of the CPU, and supports memory management, address translation,
exception handling, and other privileged operations. CP0 contains the
registers shown in Figure 3-7 plus a 32-entry TLB. The sections that follow
describe how the processor uses each of the memory management-related

registers*.

Each CPO register has a unique number that identifies it; this number is
referred to as the register number. For instance, the Page Mask register is

register number 5.

EntryLoO
2*

EntryLo1
3*

TLB

(“Safe” entries)
(See Random Register,
contents of TLB Wired)

127 0

Index

(=]
*

Random

Y
»

Page Mask
5*

Wired

PRId
15*

Config
16*

LLAddr TaglLo
17* 28*

TagHi
29*

Used with memory
management system.

*Register number »
Figure 3-7 CPO Registers and the TLB

aadl

7 Used with exception

processing. See

J Chapter 5 for details.

t For a description of CP0 data dependencies and hazards, please see Appendix B.
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Format of a TLB Entry

Figure 3-8 shows the TLB entry formats for both 32- and 64-bit modes.
Each field of an entry has a corresponding field in the EntryHi, EntryLo0,
EntryLol, or PageMask registers, as shown in Figures 3-9 and 3-10; for
example the Mask field of the TLB entry is also held in the PageMask

register.
32-bit Mode
( 127 121 120 109 108 %
0 MASK 0] I
12 13
5 77 76 75 72 71 64
VPN2 Gf O ASID I
128-bit TLB
entry in 32-bit 19 ro4 8
mode of th 63 58 57 38 37 35 34 33 32
Vg4300 pro-
cessor 0 PFN ¢ |o|vlo I
6 20 3 111
31 26 25 6 5 32 1 0
0 PFN C |D|V| OI
\ 6 20 3 111
( 64-bit Mode
255 217 216 205 204 192
0 MASK 0 I
39 12 13
191 190 189 168 167 141 140 139 136 135 128
256-bit TLB R 0 VPN2 G| O ASID I
entry in 64-bit -
mode of ﬂ,e< 2 22 27 1T 4 8
V4300 pro- | 127 90 89 70 69 67 66 65 64
cessor 0 PFN c (p|v ol
20 3 111
63 26 25 6 5 32 1 0
0] PFN C |D|V OI
\ 20 3 111
Figure 3-8 Format of a TLB Entry
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The format of the EntryHi, EntryLo0, EntryLol, and PageMask registers are
nearly the same as the TLB entry. The one exception is the Global field
(G bit), which is used in the TLB, but is reserved in the EntryHi register.
Figures 3-9 and 3-10 describe the TLB entry fields shown in Figure 3-8.

PageMask Register
32-bit 31 25 24 13 12 0
e L0 MASK 0
7 12 13

Mask....Page comparison mask.
[/ Reserved. Must be written as zeroes, and returns zeroes when read.

a4 EntryHi Register 3 1 8 7 0
32-bit
Mode VPN2 0 ASID

19 5 8

63 62 61 40 39 13 12 8 7 0
64-bit
Mode LR FILL VPN2 0 ASID

2 22 27 5 8

VPNZ....Virtual page number divided by two (maps to two pages).

ASID.....Address space ID field. An 8-bit field that lets multiple processes share the TLB; each
process has a distinct mapping of otherwise identical virtual page numbers.
A..........Region. (00 — user, 01 — supervisor, 11 — kernel) used to match VA(63:62)
Fill.........Reserved. 0 on read; ignored on write.
0........Reserved. Must be written as zeroes, and returns zeroes when read.
Figure 3-9  Fields of the PageMask and EntryHi Registers
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a1 2625 EntryLoO and EntryLo1 Registers 65 3210
32-bit
32bit [ g PFN olvia |
6 20 3 111
63 26 25 6 5 3210
64-bit 0
64-bit PFN c [olvja |
20 3 111
PFN......Page frame number; the upper bits of the physical address.
C.cen. Specifies the TLB page attribute; see Table 3-5.
D...... Dirty. If this bit is set, the page is marked as dirty and, therefore, writable. This bit is
actually a write-protect bit that software can use to prevent alteration of data.
Vi Valid. If this bit is set, it indicates that the TLB entry is valid; otherwise, a TLBL or TLBS
miss occurs.
G Global. If this bit is set in both Lo0 and Lo1, then the processor ignores the ASID during
TLB lookup.
(7 S Must be written as zeroes, and returns zeroes when read.

Rsvd..... Reserved. Must be written as zeroes, and returns zeroes when read.

Figure 3-10 Fields of the EntryLo0 and EntryLol Registers
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The TLB page coherency attribute (C) bits specify whether references to
the page should be cached; if cached, the algorithm selects between cached
and uncached page attribute. Table 3-5 shows the cache algorithms
selected by the C bits. Although technically undefined, any value other
than 1 or 2 defaults to cached.

Table 3-5 TLB Cache Algorithm (C) Bit Values

'C(5:3) Value Page Attribute

0 Cached
1 Cached

Uncached

Cached
Cached

Cached

Cached

N| |G| ] W

Cached

CP0 Registers

The following sections describe the CP0 registers, shown in Figure 3-7,
that are assigned specifically as a software interface with memory
management (each register is followed by its register number in
parentheses).

* Index register (CPO register number 0)
*  Random register (1)

* EntryLo0 (2) and EntryLol (3) registers
®  PageMask register (5)

*  Wired register (6)

¢ EntryHi register (10)

* PRId register (15)

* Config register (16)

e LLAddr register (17)

e TagLo (28) and TagHi (29) registers
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Index Register (0)

The Index register is a 32-bit, read /write register containing six bits to
index an entry in the TLB. The high-order bit of the register shows the
success or failure of a TLB Probe (TLBP) instruction.

The Index register also specifies the TLB entry affected by TLB Read
(TLBR) or TLB Write Index (TLBWI) instructions.

Although the Index register Index field is six bits wide, only the five least-
significant bits (4:0) are used in TLB operations, since the Vg4300 TLB has
32 entries. Bit 5 is readable and writeable by software, but is ignored
during TLB operations. The Index field should not contain any value
greater than 31.

Figure 3-11 shows the format of the Index register; Table 3-6 describes the
Index register fields.

Index Register

31 30 6 5 0
P Y Index I
1 25 6

Figure 3-11 Index Register

Table 3-6 Index Register Field Descriptions

Field Description
P Probe failure. Set to 1 when the previous TLBProbe
(TLBP) instruction was unsuccessful.
Index Index to the TLB entry affected by the TLBRead and
TLBWrite instructions
0 Reserved. Must be written as zeroes, and returns zeroes
when read.
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Random Register (1)

The Random register is a read-only register of which six bits index an entry
in the TLB. Although the Random field is six bits wide, only the five least-
significant bits (4:0) are used in TLB operations, since the Vg4300 TLB has
32 entries. Bit 5 is readable and writeable by software, but is ignored
during TLB operations.

This register decrements as each instruction executes, and its values range
between an upper and a lower bound, as follows:

e Alower bound is set by the number of TLB entries reserved for
exclusive use by the operating system (the contents of the
Wired register).

¢ Anupper bound is set by the total number of TLB entries-1
(31).

The Random register specifies the entry in the TLB that is affected by the
TLB Write Random instruction. The register does not need to be read for
this purpose; however, the register is readable to verify proper operation
of the processor.

To simplify testing, the Random register is set to the value of the upper
bound upon Cold Reset. This register is also set to the upper bound when
the Wired register is written.

Figure 3-12 shows the format of the Random register; Table 3-7 describes
the Random register fields.

Random Register
31 6 5 0

Y Random l

26 6
Figure 3-12 Random Register

Table 3-7 Random Register Field Descriptions

Field Description
Random | TLB Random index
0 Reserved. Must be written as zeroes, and returns zeroes
when read.

80 NEC MIPS VR4300 Microprocessor User’s Manual



Memory Management

EntryLoO (2), and EntryLol (3) Registers

The EntryLo register consists of two registers that have identical formats:
e EntryLo0 is used for even virtual pages.
e EntryLol is used for odd virtual pages.
The EntryLo0 and EntryLol registers are read /write registers. They hold
the physical page frame number (PFN) of the TLB entry for even and odd

pages, respectively, when performing TLB read and write operations.
Figure 3-10 shows the format of these registers.

PageMask Register (5)

The PageMask register is a read /write register used for reading from or
writing to the TLB; it holds a comparison mask that sets the page size for
each TLB entry, as shown in Table 3-8. Page sizes range from 4 Kbytes to
16 Mbytes, in increments of four. The format of the PageMask register is
shown in Figure 3-9.

TLB read and write operations use this register as either a source or a
destination; when virtual addresses are presented for translation into
physical address, the corresponding bits in the TLB identify which virtual
address bits among bits 24:13 are used in the comparison. When the Mask
field is not one of the values shown in Table 3-8, the operation of the TLB
is undefined.

Table 3-8 Mask Field Values for Page Sizes

Page Size

Bit

24 | 23 | 22 |21 (20|19 | 18 | 17 | 16 | 15 | 14 | 13

4 Kbytes

16 Kbytes

64 Kbytes

256 Kbytes

1 Mbyte

4 Mbytes

16 Mbytes
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Wired Register (6)

The Wired register is a read /write register that specifies the boundary
between the wired and random entries of the TLB as shown in Figure 3-13.
Wired entries are fixed, nonreplaceable entries, which cannot be
overwritten by a TLBWR (TLB Write Random) operation. They can,
however, be overwritten by a TLBWI (TLB Write Indexed) instruction.
Random entries can be overwritten.

31 f
Range of Random entries
|z Wired ¢
‘ Register
Range of Wired entries boundary
Y 0

Figure 3-13 Wired Register Boundary

Although the Wired field is six bits wide, only the five least-significant bits
(4:0) are used in TLB operations, since the Vg4300 TLB has 32 entries. Bit
5is readable and writeable by software, but is ignored during TLB
operations. The TLB entry specified by the Wired field is not considered to
be in the Wired portion of the TLB; it is considered to be in the Random
portion. The Wired register is set to 0 upon Cold Reset. Writing this
register also sets the Random register to the value of its upper bound of 31
(see Random register, above). Figure 3-14 shows the format of the Wired
register; Table 3-9 describes the register fields.

Wired Register
31 65 0
Y Wired I
26 6

Figure 3-14 Wired Register

Table 3-9 Wired Register Field Descriptions

Field Description

Wired TLB Wired boundary
0 Reserved. Must be written as zeroes, and returns zeroes
when read.
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EntryHi Register (CP0 Register 10)

The EntryHi register holds the high-order bits of a TLB entry for TLB read
and write operations.

The EntryHi register is accessed by the TLB Probe, TLB Write Random,
TLB Write Indexed, and TLB Read Indexed instructions.

Figure 3-9 shows the format of this register.

When either a TLB refill, TLB invalid, or TLB modified exception occurs,
the EntryHi register is loaded with the virtual page number (VPN2) and
the ASID of the virtual address that did not have a matching TLB entry.
(See Chapter 5 for more information about these exceptions.)
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Processor Revision Identifier (PRId) Register (15)

The 32-bit, read-only Processor Revision Identifier (PRId) register contains
information identifying the implementation and revision level of the CPU
and CP0. Figure 3-15 shows the format of the PRId register; Table 3-10
describes the PRId register fields.

PRId Register

31 16 15 87 0
0] Imp Rev

16 8 8

Figure 3-15 Processor Revision Identifier Register Format

Table 3-10 PRId Register Fields

Field Description
Imp Implementation number (0x0B for the V¢4300)
Rev Revision number
0 Reserved. Must be written as zeroes, and returns zeroes
when read.

The low-order byte (bits 7:0) of the PRId register is interpreted as a revision
number, and the high-order byte (bits 15:8) is interpreted as an
implementation number. The content of the high-order halfword (bits
31:16) of the register are reserved.

The revision number is stored as a value in the form y.x, where y is a major
revision number in bits 7:4 and x is a minor revision number in bits 3:0.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>