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Preface

Preface

This manual is written for Tensilica customers who are experienced in working with mi-
croprocessors or in writing assembly code or compilers. It is NOT a specification for one
particular implementation of the Architecture, but rather a reference for the ongoing
Instruction Set Architecture. For a detailed specification for specific products, refer to a
specific Tensilica processor data book.

Notation

» italic_name indicates a program or file name, document title, or term being defined.
» S represents your shell prompt, in user-session examples.

» literal_ input indicates literal command-line input.

» variable indicates a user parameter.

» literal keyword (in text paragraphs) indicates a literal command keyword.

» literal output indicates literal program output.

= ... output ... indicates unspecified program output.

» [optional-variable] indicates an optional parameter.

» [variable] indicates a parameter within literal square-braces.

» {variable}indicates a parameter within literal curly-braces.

» (variable) indicates a parameter within literal parentheses.

= | means OR.

» (varl | varZ2) indicates a required choice between one of multiple parameters.
» [varl | varZ2] indicates an optional choice between one of multiple parameters.
» varl [, varn]*indicates a list of 1 or more parameters (0O or more repetitions).
= 4'b0010 is a 4-bit value specified in binary.

= 12'07016 is a 12-bit value specified in octal.

= 10'd4839 is a 10-bit value specified in decimal.

= 32'hff2aor 32'HFF2A is a 32-bit value specified in hexadecimal.

Terms

» Ox at the beginning of a value indicates a hexadecimal value.
= b means bit.

» B means byte.
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XX

flush is deprecated due to potential ambiguity (it may mean write-back or discard).

Mb means megabit.
MB means megabyte.

PC means program counter.

word means 4 bytes.
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Changes from the Previous Version

Changes from the Previous Version

The following changes have been made to this document for the Tensilica RC-2010.1
release:

Deleted several extraneous blank pages in between each chapter in previous re-
lease.

Corrected erroneous cross-references to Table 4-55 through Table 4-58 in
Section 4.4.1.1 on page 83

Clarified information about lookup rings in Section 4.6.2.2 and Section 4.6.2.3.

The following changes have been made to this document for the Tensilica RC-2009.0
release:

A new register, ATOMCL, has been added to Section 4.3.13 “Conditional Store Op-
tion” on page 91. The ATOMCTL register controls the interaction of the S32C1l in-
struction with the memory system.

The description of attributes for the Section 4.6.3 “Region Protection Option” on
page 187 and the Section 4.6.5.10 “MMU Option Memory Attributes” on page 213
have been improved. There are no actual changes to the attributes.

The Section 4.6.5 “MMU Option” on page 196 has gained a new option. Way5 and
Way6 can now be either variable or fixed. The variable version provides more flexi-
bility in the address map and has a setting where the MMU puts out a physical ad-
dress equal to the virtual address and is, in that sense, turned off.

Many of the SYNC instruction requirements listed in Section 5.3 “Special Registers”
on page 259 have not actually been needed after T1050. Those requirements have
now been removed from Section 5.3 but retained in Appendix A.

The RER and WER instructions have been added to Chapter 6.
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Chapter 1. Introduction

1. Introduction

This chapter provides an overview of Tensilica, the Xtensa Instruction Set Architecture
(ISA), and the Xtensa Processor Generator.

1.1 What Problem is Tensilica Solving?

Processors have traditionally been extremely difficult to design and modify. Therefore,
most systems contain rigid processors that were designed and verified once for general-
purpose use and then embedded into multiple applications over time. Because these
processors are general-purpose designs, their suitability to any particular application is
less than ideal. Although it would be preferable to have a processor specifically de-
signed to execute a particular application’s code better (for example, to run faster, or
consume less power, or cost less), this is rarely possible because of the difficulty; the
time, cost, and risk of modifying an existing processor or developing a new processor is
very high.

It is also not appropriate to simply design traditional processors with more features to
cover all applications, because any given application only requires a particular set of
features — a processor with features not required by the application is overly costly and
consumes unnecessary power. It is also not possible to know all of the potential applica-
tion targets when a processor is initially designed.

If processor configuration could be automated and made reliable, then system designers
would have the option and ability to create truly efficient application solutions.

This is just what Tensilica is about: Tensilica provides a set of techniques and tools for
designing an application solution that contains one or more processors, each one con-
figured and enhanced at design-time to fine-tune its suitability for a specific application.
Fine-tuning an architecture can consist of any combination of:

» Extensibility: Adding architectural enhancements.
»  Configurability: Creating custom processor configurations.
» Retargetability: Mapping the architecture into hardware to meet different speed, ar-

ea, and power targets in different processes.
1.1.1  Adding Architectural Enhancements

As an example of an architectural enhancement, consider a device designed to transmit
and receive data over a channel using a complex protocol. Because the protocol is com-
plex, the processing cannot be reasonably accomplished entirely in hard logic, and in-
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stead a programmable processor is introduced into the system for protocol processing.
This processor’s programmability also allows bug fixes and upgrades to later protocols
to be done by loading the instruction memories with new software. However, the proces-
sor was probably not designed for this particular application (the application may not
have even existed when the processor was designed), and the application may perform
operations that require many instructions — operations that could be accomplished with
a trivial amount of additional processor logic.

Before the introduction of Tensilica’s Xtensa technology, processors could not be
enhanced easily. Because of this, many system designers are forced to solve problems
by executing the inefficient pure-software solution on the available general-purpose
processor. This results in a solution that may be slower, or higher power, or costlier than
necessary (for example, it may require a larger, more powerful processor to execute the
program at sufficient speed).

Other designers choose to provide some of the processing requirements in special-
purpose hardware that they design for the application. This approach requires special
code to access the custom hardware at various points in the program. However, the time
to transfer data between the processor and the custom hardware limits the utility of this
approach to fairly large units of work; small computations cannot sufficiently amortize
the communication overhead introduced by this approach to provide a reasonable
speed-up.

In the communication-channel application example, the protocol might require encryp-
tion, error-correction, or compression/decompression processing. Such processing
often operates on individual bits rather than a processor’s larger words. The circuitry for
a computation may be rather modest, but the need for the processor to extract each bit,
sequentially process it, and then repack the bits adds considerable overhead.

As a specific example, consider the Huffman decode shown in Table 1-1.

Table 1-1. Huffman Decode Example

Input Value Length
00xXXXXXX 0 2
01xXxXXXXX 1 2
10xXXXXXX 2 2
110xxxxX 3 3
1110xxxx 4 4
11110xxx 5 5
111110xx 6 6
1111110x 7 7
11111110 8 8
11111111 9 8
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Both the value and the length must be computed, so that length bits can be shifted off to
find the start of the next token. (A similar encoding is used in the MPEG compression
standard.) There are many ways to code this for a conventional RISC instruction set, but
all of them require many instructions, because there are many tests to be done, and
each test requires a single cycle (as opposed to a single gate delay for logic). For exam-
ple, in the MIPS instruction set, the above decode procedure might look like this:

/* input in t0O, value out in tl, length out in t2 */
srl tl1, t0O, 6

1i t3, 3
beqg t3, t4, 2f
1i t2, 2

andi t3, t0, 0x20

begq t3, r0, 1f
1i t2, 3

andi t3, t0, 0x10

beqg t3, r0, 1f
11 t2, 4

andi t3, t0, 0x08

begq t3, r0, 1f
1i t2, 5

andi t3, t0, 0x04

beqg t3, r0, 1f
11 t2, 6

andi t3, t0, 0x02

begq t3, r0, 1f
i t2, 7

andi t3, t0, 0x01

beqg t3, r0, 1f
11 t2, 8

b 2f
i tl, 9

1: /* length = value */
move tl, t2
2 /* done */

This is so expensive that a 256-entry lookup table is typically used instead. However, a
256-entry lookup table takes significant space and can take many cycles to access. For
longer Huffman encodings, the table size would become prohibitive, leading to more
complex and slower code.

The logic to decode this requires roughly 30 gates (just the combinatorial logic function,
not counting instruction decode and so forth) — less than 0.1% of a processor gate-
count — and can be computed by a special-purpose processor instruction in a single cy-
cle. This is a factor of 4 to 20 speed-up over using general-purpose instructions only. A
processor extended to have this logic in the form of an instruction would simply do:

huff8tl, tO /* t1[3:0] is length, t1[7:0] is value */
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Tensilica’s solution is to provide a mechanism with which to easily and efficiently extend
processor architecture with application-specific instructions.

1.1.2 Creating Custom Processor Configurations

While the ability to extend processor architecture, which we call extensibility, lets system
designers incorporate new functionality into a processor, configurability lets processor
designers specify whether (or how much) pre-designed functionality is required for a
particular product.

The simplest sort of configurability is a binary choice: an architectural feature is either
present or absent in a particular processor configuration. For example, a processor
might be offered either with or without floating-point hardware. Multiple configurations of
a set of architectural features could be created by the processor designer, not the
system designer.

System-design flexibility is improved by having finer gradations in processor-configura-
tion choices. For example, a processor configuration might allow the system designer to
specify the number of registers in the register file, memory width, cache size, cache
associativity, and so on.

1.1.3 Mapping the Architecture into Hardware

Extensibility and configurability provide great flexibility. However, the resulting design
must still be mapped into physical hardware. Synthesis, placement, and routing tools
allow high-level representations of a design to be automatically mapped into more
detailed designs. While these mapping operations do not change the functionality of the
design, they are important building blocks that facilitate extensibility and configurability.

Many processors are manually designed all the way to the layout. For such a processor
design, extensibility and configurability would require changes to the layout. By contrast,
the Tensilica system builds on existing synthesis, placement, and routing tools so that
configuration need only change the input to synthesis, and conventional mapping tech-
niques are used to create physical hardware.

Some synthesis tools choose different mapping based on the designer’s goal specifica-
tions, allowing the mapping to optimize for speed, power, area, or target components.
This is as close to providing configurability that existing mapping tools come: the design-
er can specify different synthesis parameters for a fixed input. By contrast, the Tensilica
approach lets the designer alter the input to synthesis, and change its functionality.
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1.1.4 Development and Verification Tools

Extending an architecture and reconfiguring a processor may require widespread
changes in processor logic to keep pipeline stages synchronized. Such reconfiguration
requires that the processor be re-verified. Tensilica automates these changes and
makes them reliable.

In addition, when the processor changes, the software tool chain — compilers, assem-
blers, linkers, debuggers, simulators, and profilers — must change as well. In the past,
the cost of software changes associated with processor reconfigurations has been a
major impediment. Tensilica automates these changes also.

Finally, it should be possible to get feedback on the performance, cost, power, and other
effects of processor reconfiguration without taking the design through the entire map-
ping process. This feedback can be used to direct further reconfiguration of the proces-
sor until the system design goals are achieved. Tensilica’s technology dramatically
improves the feedback loop.

1.2 The Xtensa Instruction Set Architecture

The Xtensa Instruction Set Architecture (ISA) is a new post-RISC ISA targeted at
embedded, communication, and consumer products. The ISA is designed to provide:

= A high degree of extensibility

» Industry-leading code density

» Optimized low-power implementation
» High performance

» Low-cost implementation

This manual describes the Xtensa ISA — both the core architecture and the architectur-
al options. Figure 1-1 illustrates the general organization of the processor hardware in
which the Xtensa ISA is implemented. This manual does not describe the memory map,
protection model, or peripherals that can be implemented in particular configurations of
the Xtensa ISA.
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Figure 1-1. Xtensa LX Hardware Architecture Block Diagram

Table 1-2 compares the architectural features provided by the Xtensa ISA to those of
typical RISC architectures. Each of the Xtensa features are described in this manual.

Table 1-2. Comparison of Typical RISC and Xtensa ISA Features

Architectural Feature Typical RISC Xtensa
Instruction size 32 bits 24 and 16 bit
Compare and branch no or partial total
Application-specific instructions no yes
Zero-overhead loop no yes
Funnel shift no (except 29000) yes
Variable-increment register windows no yes
Conditional move recently yes
Compound multiply/add recently yes
Advanced multiprocessor synchronization recently yes
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The Xtensa ISA goes further than incorporating post-RISC features: it is modular,
consisting of a core architecture and architectural options. Table 1-3 lists the initial set

of modular components.

Table 1-3. Modular Components

Component

Reference

Core Architecture

Chapter 3, "Core Architecture” on page 23

Core Architecture

Section 4.2 “Core Architecture” on page 50

Options for Additional Instructions

Code Density Option "Code Density Option" on page 53
Loop Option "Loop Option" on page 54
Extended L32R Option "Extended L32R Option" on page 56

16-bit Integer Multiply Option

"16-bit Integer Multiply Option" on page 57

32-bit Integer Multiply Option

"32-bit Integer Multiply Option" on page 58

MAC16 Option

"MAC16 Option" on page 60

Miscellaneous Operations Option

"Miscellaneous Operations Option" on page 62

Coprocessor Option

"Coprocessor Option" on page 63

Boolean Option

"Boolean Option" on page 65

Floating-Point Coprocessor Option

"Floating-Point Coprocessor Option" on page 67

Multiprocessor Synchronization Option

"Multiprocessor Synchronization Option" on page 74

Conditional Store Option

"Conditional Store Option" on page 77

Options for Interrupts and Exceptions

Exception Option

"Exception Option" on page 82

Unaligned Exception Option

"Unaligned Exception Option" on page 99

Interrupt Option

"Interrupt Option" on page 100

High-Priority Interrupt Option

"High-Priority Interrupt Option" on page 106

Timer Interrupt Option

"Timer Interrupt Option" on page 110
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Table 1-3. Modular Components (continued)

Component

Reference

Options for Memory

Instruction Cache Option

"Instruction Cache Option" on page 115

Instruction Cache Test Option

"Instruction Cache Test Option" on page 116

Instruction Cache Index Lock Option

"Instruction Cache Index Lock Option" on page 117

Data Cache Option

"Data Cache Option" on page 118

Data Cache Test Option

"Data Cache Test Option" on page 121

Data Cache Index Lock Option

"Data Cache Index Lock Option" on page 122

Instruction RAM Option

"Instruction RAM Option" on page 124

Instruction ROM Option

"Instruction ROM Option" on page 125

Data RAM Option "Data RAM Option" on page 126

Data ROM Option "Data ROM Option" on page 126

XLMI Option "XLMI Option" on page 127

Hardware Alignment Option "Hardware Alignment Option" on page 128
Memory ECC/Parity Option "Memory ECC/Parity Option" on page 128

Options for Memory Protection

Region Protection Option

"Region Protection Option" on page 150

Region Translation Option

"Region Translation Option" on page 156

MMU Option

"MMU Option" on page 158

Options for Other Purposes

Windowed Register Option

"Windowed Register Option" on page 180

Processor Interface Option

"Processor Interface Option" on page 194

Miscellaneous Special Registers Option

"Miscellaneous Special Registers Option" on page 195

Thread Pointer Option

"Thread Pointer Option" on page 196

Processor ID Option

"Processor ID Option" on page 196

Debug Option

"Debug Option" on page 197

Trace Port Option

"Trace Port Option" on page 203

1.2.2  Extensibility

In addition to the Xtensa components shown in Table 1-3, designers can extend the
Xtensa architecture by adding States, Register Files, and instructions that operate both
on the AR Register File and on the additional states the designer has added. These in-
structions can be single cycle or multiple cycles, and share or re-use logic.
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1.2.2.1 State Extensions

The designer can add State Registers. These State Registers can be the source or
destination of various instructions and are saved and restored by the operating system.

1.2.2.2 Register File Extensions

The designer can add Register Files of widely varying size. These Register Files can be
the source or destination of various instructions and are saved and restored by the
operating system. The registers within them are allocated by the compiler, which can
spill and re-fill them if necessary.

1.2.2.3 Instruction Extensions

The designer can define new instructions that contain simple functions consisting of
combinatorial logic that takes one or two source operands from registers and produces a
result to be written to a register:

AR[r] <« f(AR[s], AR[t])

Instructions can also be much more complex with register file values and State appear-
ing as both inputs and outputs. These Instructions are described using the Tensilica
Instruction Extension (TIE) language (see Section 1.3.2).

1.2.2.4 Coprocessor Extensions

Another mechanism to extend the Xtensa ISA is to use the Coprocessor Option. A co-
processor is defined as a combination of registers, other state, and logic that operates
on that state, including loads, stores and setting of Booleans for branch true/false oper-
ations. A particular coprocessor can be enabled or disabled to control with one bit
whether or not instructions accessing that combination of registers and other state may
or may not execute.

1.2.3 Time-to-Market

The Xtensa Software Development Toolkit includes automatically generated software
that matches the designer’s processor configuration and eliminates tool headaches. The
ISA’s rich set of features (for example, interrupt and debug facilities) makes the system
designer’s job easier. The ability to create custom instructions with the TIE language
allows the designer to reach performance goals with less code-tuning or hard-to-
interface-to external logic.
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1.2.4 Code Density

The Xtensa core ISA is implemented as 24-bit instructions. This instruction width pro-
vides a direct 25% reduction in code size compared with 32-bit ISAs. The instructions
provide access to the entire processor hardware and support special functions, such as
single-instruction compare-and-branch, which reduce the number of instructions re-
quired to implement various applications. These special functions result in further code-
size reductions.

The Xtensa ISA also includes a Code Density Option that further reduces code size.
This option adds 16-bit instructions that are distinguished by opcode, and that can be
freely intermixed with 24-bit instructions to achieve higher code density than competing
ISAs without giving up the performance of a 32-bit ISA. The 16-bit instructions add no
new functionality but provide compact encoding of the most frequently used 24-bit in-
structions. In typical code, roughly half of all instructions can be encoded in 16 bits.

The core ISA omits the branch delay slots required by some RISC ISAs. This increases
code density by eliminating NOPs the compiler uses to fill the slot after a branch when it
cannot find a real instruction to put there (only 50% of the branch delay slots are filled on
some RISC architectures).

The Xtensa ISA provides a Windowed Registers Option. Xtensa windowed registers re-
duce code size by:

« Eliminating register saves and restores at procedure entry and exit
» Reducing argument shuffling
= Allowing more local variables to live permanently in registers

1.2.5 Low Implementation Cost

The Xtensa architecture is designed to facilitate efficient implementation. It can be im-
plemented with simple instruction pipelines and direct hardware execution without micro
code. Operations that are too complex to easily implement with single instructions are
synthesized into appropriate instruction sequences by the compiler. The base architec-
ture avoids instructions that would need extra register file read or write ports. This keeps
the minimal configuration low-cost and low-power.

The Xtensa architecture fully supports the common data types and operations found in a
broad range of applications. The base architecture omits special-purpose data types
and operations. Optional instructions, the TIE language (see Section 1.3.2), and option-
al coprocessors allow the designer to add exactly the functionality needed, thus reduc-
ing the cost and performance due to unused general-purpose functions.
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The Xtensa ISA’'s improvements in code size help reduce system cost (for example, by
reducing the amount of ROM, Flash, or RAM required). Making features like the number
of debug registers configurable allows the system designer, instead of the processor
designer, to decide the cost/benefit trade-off.

1.2.6 Low-Power

The Xtensa ISA has several energy-efficient attributes that enhance battery-operated
systems. The core ISA is built on 32-bit operations; some embedded processors of sim-
ilar performance have 64-bit base operations, which consumes additional power, often
unnecessarily. (TIE does allow 64-bit or greater computations to be added to the proces-
sor for those algorithms that require it, but these can be used selectively to achieve a
balance between performance and power consumption.)

The core ISA uses a register file with only two read ports and one write port, a configura-
tion that requires fewer transistors and less power than architectures with more ports.

The Xtensa Windowed Registers Option saves power by reducing the number of dy-
namic data-memory references and increasing the opportunities for variables to reside
in registers, where accesses require less power than memory accesses.

The WATTI (Wait for Interrupt) instruction, which is a part of the Interrupt Option, saves
power by setting the current interrupt level, powering down the processor’s logic, and
waiting for an interrupt.

1.2.7 Performance

The Xtensa ISA achieves its extensibility, code density, and low-power advantages with-
out sacrificing performance. For example, the Thumb and MIPS16 extensions of the
ARM and MIPS ISAs, respectively, provide improved code density by using only eight
registers and by reducing operand flexibility. By contrast, the Xtensa 24-bit instructions
can access 16 virtual registers with 3 register operands, and 16-bit instructions can
access all 16 registers with 1 to 3 register operands. The mapping of the 16 virtual
registers to the physical register file can eliminate register saves and restores at proce-
dure entry and exit, also increasing performance.

The Xtensa ISA also enhances performance by providing:

= A complete set of compare-and-branch instructions, eliminating the need for sepa-
rate comparison instructions

= LOOP, LOOPNEZ, and LOOPGTZ instructions that provide zero-overhead looping

These features are described in Section 3.8 of this manual. Other features of the archi-
tecture minimize critical paths, allow better compiler scheduling, and require fewer exe-
cuted instructions to implement a given program.
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1.2.8 Pipelines

The Xtensa ISA can be implemented using a variety of pipelines. A 5-stage load-store
oriented pipeline, such as is used in many RISC processors, is supported by Xtensa im-
plementations and illustrated in Figure 1-2. Many other variations are possible. A 7-
stage load-store oriented pipeline is supported by some Xtensa implementations. In-
structions can also have computation in later pipe stages so that the computation can
use memory data loaded by the same instruction.

Insg::’tlion I"sé::;‘t:’" '"sgg";\;b" I: Instruction Fetch
]
A 4 Al v
General i
Decode Registers Coprocessor R: Instruction Decode/
(AR Registers) Registers Register Fetch Cycle
\ 4 + v v
Address ALU E: Execute/Effective
Generation Coprocessor Address Cycle
ALU
v v v v
Xtensa Local
Memory Data Data Data
Interface RAM Cache ROM .
XLMI M: Memory Access/
( 5 ) v v * Branch Complete Cycle
Y
Y
Exception
Resdolwutl_:)n W: Write Back Cycle
and Write
Back

Figure 1-2. Example Implementation Pipeline

The instruction set was also designed with a 2-read, 1-write general register file (called
Address Registers) in mind. While this approach results in lower implementation cost, it
prevents the inclusion of auto-incrementing loads and indexed stores to or from the
Address Registers. For the sake of symmetry, the ISA therefore does not include auto-
incrementing stores and indexed loads. However, all of these addressing modes are
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possible for designer defined loads and stores. Designers can implement register files
with more read and write ports. For example, the Xtensa Floating-Point Coprocessor
Option contains a floating point register file with three read ports.

1.3 The Xtensa Processor Generator

The Xtensa Processor Generator is the key to rapid, optimal creation of application-
specific processors. Using this tool, the designer can specify and generate a complete
processor subsystem. The designer can select the instruction set, memory hierarchy,
peripherals and interface options to fit the target application.

The Generator user interface captures designer input in several ways, including:
» Configuration of the processor micro-architecture
» Configuration of Tensilica-provided instruction and coprocessor options

» Specification of designer-defined instruction and coprocessor extensions, using the
Tensilica Instruction Extension (TIE) language

Together, these specifications make up the configuration database shown near the top
of Figure 1-3. This file is used to generate all the software tools and hardware descrip-
tions for the final application-specific processor.

1.3.1 Processor Configuration

The Generator interface drives the creation and optimization of all forms of the proces-
sor needed for integration into the system design flow. Based on the designer’s specifi-
cations, it creates synthesizable Verilog or VHDL code, synthesis scripts, an HDL test
bench, and physical placement files. Simultaneously, an optimized C and C++ compiler,
assembler, linker, symbolic debugger, Instruction Set Simulator, libraries and verification
tests are built for the designer’s software development.

The Generator interface lets the designer specify implementation targets for speed, area
and process technology, as well as the optimization priorities used in synthesis and lay-
out.

1.3.2 System-Specific Instructions—The TIE Language

The Tensilica Instruction Extension (TIE) language lets the designer add instructions to
the processor implementation, including full software support for generated instructions.
The specification of instruction extensions can include the following aspects as well as
many others:

» Instruction Operation — Defines the operation of an additional instruction
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Immediate and Constant Tables — Defines constant values in instructions
Register File — Defines new register files
State — Defines new single processor states for instructions to operate on

Length and Format — The FLIX extensions to TIE allow for multiple instruction sizes
and the defining of multiple operations in a single instruction

Queues and Ports — Defines input and output queue ports and other ports for the
Xtensa processor

Types — Defines new C/C++ data types associated with user defined register files.
Allows type checking and automatic loading, storing and register allocation

Prototypes — Defines the argument types of C/C++ intrinsics for each instruction
and the instruction sequences for loading, storing, and moving the added types

Schedule — Defines the pipeline stages at which instructions use input values and
produce output values

In addition to designer-defined register and register file operands, instructions can use
AR registers as source values. They may generate multiple results, including AR register
file results. These instructions should be designed to have circuit delays appropriate to
the number cycles specified in the schedule specifications to avoid limiting the proces-
sor clock frequency. The instruction semantics are expressed in a subset of Verilog,
including all commonly used operators (multiply, add, subtract, minus, not, or, compari-
sons, reduction operators, shifts, concatenation, and conditionals).

The use of TIE for the creation of new instructions and coprocessors is described in the
Tensilica Instruction Extension (TIE) Language User’s Guide. The TIE language is de-
scribed in the Tensilica Instruction Extension (TIE) Language Reference Manual.

14

Xtensa Instruction Set Architecture (ISA) Reference Manual



Chapter 1. Introduction

Figure 1-3 illustrates the Xtensa design flow.
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Figure 1-3. The Xtensa Design Flow
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2. Notation

This manual uses the following notation for instruction descriptions. Additional notation
specific to opcode encodings is provided in "Opcode Encodings" on page 574.

2.1  Bit and Byte Order

This manual consistently uses little-endian bit ordering for describing instructions and
registers. Bits in little-endian notation are numbered starting from 0 for the least-signifi-
cant bit of a field. However, this notation convention is independent of how an Xtensa
processor actually numbers bits, because a given processor can be configured for either
little- or big-endian byte and bit ordering. For most Xtensa instructions, bit numbering is
irrelevant; only the BBC and BBS instructions assign bit numbers to values on which the
processor operates. The BBC/BBS instructions use big-endian bit ordering (0 is the most-
significant bit) on a big-endian processor configuration. Bit numbering by the BBC/BBS
instructions is illustrated in Figure 2—4.

In specifying little- or big-endian ordering during actual processor configuration, you are
specifying both the bit and the byte order; the two orderings have the same most-signifi-
cant and least-significant ends.

Figure 2-5 on page 18 illustrates big- and little-endian byte order, as implemented by
Xtensa load (page 33) and store (page 36) instructions. Xtensa processors transfer data
to and from the system using interfaces that are configurable in width (32, 64, or 128 bits
in current implementations). These interfaces arrange their n bits according to their sig-
nificance representing an n-bit unsigned integer value (that is, 0 to 2"-1). Load and store
instructions that reference quantities less than n bits access different bits of this integer
in little-endian and big-endian byte orderings (for example, by changing the selection al-
gorithm for loads). Xtensa processors do not rearrange bits of a word to implement endi-
anness (for example, swapping bytes for big-endian operation).

Little-Endian bit numbering for BBC/BBS instructions:

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

<—most-significant least-significant—

Big-Endian bit numbering for BBC/BBS instructions:

011]12|3|4|5|6|7|8]|9(10|11(12|13|14(15|16{17|18|19(20|21|22|23|24|25|26|27|28|29|30|31

<—most-significant least-significant—

Figure 2-4. Big and Little Bit Numbering for BBC/BBS Instructions
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Little-Endian byte addresses, 128-bit processor interface:
127 («<—most-significant) (least-significant—) 0

word 0 15 114113 (12|11 [10] 9 8 7 6 5 4 3 2 1 0

word 1 31130 |29 | 28 | 27 | 26 | 25 | 24 | 23 | 22 | 21 | 20 [ 19 | 18 | 17 | 16

word 2 .| 32

Big-Endian byte addresses, 128-bit processor interface:
127 («—most-significant) (least-significant—) 0

word 0 0 1 2 3 4 5 6 7 8 9 10| 11|12 13| 14 | 15
word 1 16 | 17 | 18 | 19 | 20 | 21 | 22 | 23 | 24 | 25 | 26 | 27 | 28 | 29 | 30 | 31
word 2 32

Little-Endian byte addresses, 64-bit processor interface:
63 («<—most-significant) (least-significant—) 0

word 0 7 6 5 4 3 2 1 0
word 1 5114 |13 (12| 11|10 9 8
word 2 .. | 16

Big-Endian byte addresses, 64-bit processor interface:
63 (¢«—most-significant) (least-significant—) 0

word 0 0 1 2 3 4 5 6 7
word 1 8 9 10 | 11| 12 | 13 | 14 | 15
word 2 16

Little-Endian byte addresses, 32-bit processor interface:

31 0
word 0 3 2 1 0
word 1 7 6 5 4
word 2 8

Big-Endian byte addresses, 32-bit processor interface:

31 0
word 0 0 1 2 3
word 1 4 5 6 7
word 2 8

Figure 2-5. Big and Little Endian Byte Ordering
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Table 2—4 defines notational forms used in expressions that describe the operation of in-
structions. In the table, v is an n-bit quantity, u is an m-bit quantity, and t is a 1-bit

quantity.

Table 2—4. Instruction-Description Expressions

Expression Notation'

Definition

Bit x of v. The result is 1 bit.

VX
VX. .Y Bits from position x to y of v. The result is x-y+1 bits.
vy The value v replicated y times. The result is nxy bits.
array[i] Reference to element i of array.
u |l v The catenation of bit strings u and v. The result is m+n bits.
not v Bitwise logical complement of v. The result is n bits.
Bitwise logical and of u and v. u and v must be the same width. The result is n
u and v \
bits.
Bitwise logical or of u and v. u and v must be the same width. The result is n
u or v .
bits.
Bitwise logical exclusive or of u and v. u and v must be the same width. The
u Xor v . .
result is n bits.
B Test for exact equality of u and v. u and v must be the same width. The result
vy is 1 bit.
"z Test for inequality of u and v. u and v must be the same width. The result is 1
bit.
Two’s complement less-than test on u and v. u and v must be the same width.
u < v . .
The result is 1 bit.
< Two'’s complement less-than or equal-to test on u and v. u and v must be the
vV same width. The result is 1 bit.
N Two's complement greater-than test on u and v. u and v must be the same
vV width. The resultis 1 bit.
> Two’s complement greater-than or equal-to test on u and v. u and v must be
v=v the same width. The result is 1 bit.
N Two'’s complement addition of u and v. u and v must be the same width. The
“ v result is n bits.
Y Two’s complement subtraction of u and v. u and v must be the same width.
“ The result is n bits.
Ux v Low-order product of two’s complement multiplication of u and v. u and v must

be the same width. The result is n bits.

t is a 1-bit quantity, u is a m-bit quantity, v is an n-bit quantity. Constants are written either as decimal numbers, in which case the width is

determined from context, or in binary.
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Table 2—4. Instruction-Description Expressions (continued)

Expression Notation' Definition
v Quotient of two’s complement division of u by v. u and v must be the same
0oane width. The result is n bits.
Remainder of two’s complement division of u by v. u and v must be the same
u rem v . . .
width. The result is n bits.
if t then u else v Conditional expression. The value is u if t=1. The value is v if t = 0.
N IEEE754 single-precision floating-point addition of u and v. u and v must be
B s Y 32 bits. The result is 32 bits.
- v IEEE754 single-precision floating-point subtraction of u and v. u and v must

S be 32 bits. The result is 32 bits.
IEEE754 single-precision floating-point multiplication of u and v. u and v must

v s v be 32 bits. The resultis 32 bits.
. IEEE754 single-precision floating-point division of u by v. u and v must be 32
UTs ¥ bits. The result is 32 bits.
IEEE754 single-precision floating-point square root of u. u must be 32 bits. The
sqrtg (u)

result is 32 bits.

IEEE754 single-precision floating-point power function where u is raised to the

pows (u,v) v power. u must be 32 bits. The result is 32 bits.

1. t is a 1-bit quantity, u is a m-bit quantity, v is an n-bit quantity. Constants are written either as decimal numbers, in which case the width is
determined from context, or in binary.

2.3 Unsigned Semantics

In this notation, prepending a zero bit is often used for unsigned semantics. For
example, the following notation indicates an unsigned less-than test:

O Jlw < ] v

2.4 Case

Processor-state variables (for example, registers) are shown in UPPER CASE.
Temporary variables are shown in lower case. If a particular variable is in italics
(variable), itis local in the sense that it has no meaning outside the local instruction

flow. If it is plain (variable), it comes from or is used outside of the local instruction
flow such as an instruction field or the next PC.
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2.5 Statements

Table 2-5 defines notational forms used in statements used to describe the operation of

instructions.

Table 2-5. Instruction-Description Statements

Statement Notation

Definition

V ¢~ expr Assignment of expr to v.
if t1 then Conditional statement. If £ 1 = 1 then execute statements s1. Otherwise, if t2 =
sl 1 then execute statements s 2, etc. Finally if none of the previous tests are true,
[elseif t2 then execute statements sn.
s2]
[else
sn]
endif
label: Define 1abel for use as a goto target.
goto label Transfer control to 1abel.

2.6 Instruction Fields

The fields in Table 2—6 are used in the descriptions of the instructions. Instruction for-
mats and opcodes are described in Chapter 7, "Instruction Formats and Opcodes" on

page 569.
Table 2—6. Uses Of Instruction Fields
Field Definition
op0 Major opcode
opl 4-bit sub-opcode for 24-bit instructions
op2 4-bit sub-opcode for 24-bit instructions
AR farget (result), BR target (result),
r 4-bit immediate,
4-bit sub-opcode
AR source, BR source,
° AR target
AR target, BR target,
t AR source, BR source,

4-bit sub-opcode
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Table 2-6. Uses Of Instruction Fields (continued)

Field Definition
Register window increment,
n 2-bit sub-opcode,
n||2'b00isused as a AR targeton CALLn/CALLXn
m 2-bit sub-opcode
i 1-bit sub-opcode
z 1-bit sub-opcode
imm4 4-bit immediate
imm6 6-bit immediate (PC-relative offset)
imm7 7-bit immediate (for MOV T . N)
imm8 8-bit immediate
imml?2 12-bit immediate
imml6 16-bit immediate
offset 18-bit PC-relative offset
aidconst 4-bit immediate, if 0 interpreted as -1, else sign-extended
bdconst 4-bit encoded constant value
bbi 5-bit selector for Booleans in registers
sa 4- or 5-bit shift amount
sr 8-bit special register selector
x 1-bit MAC16 data register selector (m0 or m1 only)

1-bit MAC16 data register selector (m2 or m3 only)

2-bit MAC16 data register selector (m0, m1, m2, or m3)
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3. Core Architecture

The Xtensa Core Architecture provides a baseline set of instructions available in every
Xtensa implementation. Having such a baseline eases the implementation of core soft-
ware such as operating system ports and a compiler. This chapter describes that Core
Architecture.

3.1 Overview of the Core Architecture

The Xtensa Instruction Set is the product of extensive research into the right balance of
features to best address the needs of the embedded processor market. It borrows the
best features of other architectures as well as bringing new ISA innovations of its own.
While the Xtensa ISA derives most of its features from RISC, it has targeted areas in
which older CISC architectures have been strongest, such as compact code.

The Xtensa core ISA is implemented as a set of 24-bit instructions that perform 32-bit
operations. The instruction width was chosen primarily with code-size economy in mind.
The instructions themselves were selected for their utility in a wide range of embedded
applications. The core ISA has many powerful features, such as compound operation
instructions, that enhance its fit to embedded applications, but it avoids features that
would benefit some applications at the expense of cost or power on others (for example,
features that require extra register-file ports). Such features can be implemented in the
Xtensa architecture using options and coprocessors specifically targeted at a particular
application area.

The Xtensa ISA is organized as a core set of instructions with various optional packages
that extend the functionality for specific application areas. This allows the designer to
include only the required functionality in the processor core, maximizing the efficiency of
the solution. The core ISA provides the functionality required for general control applica-
tions, and excels at decision-making and bit and byte manipulation. The core also pro-
vides a target for third-party software, and for this reason deletions from the core are not
supported. Conversely, numeric computing applications such as digital signal process-
ing are best done with optional ISA packages appropriate for specific application areas,
such as the MAC16 Option for integer filters, or the Floating-Point Coprocessor Option
for high-end audio processing.

3.2 Processor-Configuration Parameters
Table 3-7 lists the processor-configuration parameters that are required in the core ar-

chitecture. Additional processor-configuration parameters are listed with each option
described in Chapter 4, "Architectural Options" on page 47.

Xtensa Instruction Set Architecture (ISA) Reference Manual 23



Chapter 3. Core Architecture

Table 3-7. Core Processor-Configuration Parameters

Parameter Description Valid Values
Oor1
msbFirst Byte order 0 — Little-endian (least significant bit first)

1 — Big-endian (most significant bit first)

3.3 Registers

Table 3-8 lists the core-architecture registers. Each register is described in the sections
that follow. Additional registers are added with many of the options described in

Chapter 4. The complete set of registers that are predefined in the architecture, includ-
ing all registers used by the architectural options, is listed in Table 5-127 on page 205.

Table 3-8. Core-Architecture Set

. . Special
Reglster_ Quantity W!dth Register Name R/W Register
Mnemonic (bits) 1

Number
162 32 Address registers R/W —
AR .
(general registers)
PC 1 32 Program counter R/W —
SAR 1 6 Shift-amount register R/W 3

1. Registers with a Special Register assignment are read and/or written with the RSR, WSR, and X SR instructions. See Table 5-127 on
page 205. A dash (—) means that the register is not a Special Register.

2. See "Windowed Register Option" on page 180.

3.3.1 General (AR) Registers

Each instruction contains up to three 4-bit general-register specifiers, each of which can
select one of 16 32-bit registers. These general registers are named address registers
(AR) to distinguish them from coprocessor registers, which in many systems might serve
as “data” registers. However, the AR registers are not restricted to holding addresses;
they can also hold data.

If the Windowed Register Option is configured, the address register file is extended and
a mapping from virtual to physical registers is used.

The contents of the address register file are undefined after reset.
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3.3.2 Shifts and the Shift Amount Register (SAR)

The ISA provides conventional immediate shifts (logical left, logical right, and arithmetic
right), but it does not provide single-instruction shifts in which the shift amount is a regis-
ter operand. Taking the shift amount from a general register can create a critical timing
path. Also, simple shifts do not extend efficiently to larger widths. Funnel shifts (where
two data values are catenated on input to the shifter) solve this problem, but require too
many operands. The ISA solves both problems by providing a funnel shift in which the
shift amount is taken from the SAR register. Variable shifts are synthesized by the com-
piler using an instruction to compute SAR from the shift amount in a general register,
followed by a funnel shift.

Another advantage is that a unidirectional funnel shifter can be manipulated to provide
either right or left shifts based on the order of the source operands and transformation of
the shift amount. The ISA facilitates implementations that exploit this to reduce the logic
required by the shifter.

Funnel shifts are also useful for working with the 40-bit accumulator values created by
the MAC16 Option.

To facilitate unsigned bit-field extraction, the EXTUT instructions take a 4-bit mask field
that specifies the number of bits to mask the result of the shift. The 4-bit field specifies
masks of one to 16 ones. The SRLI instruction provides shifting without a mask.

The legal range of values for SAR is zero to 32, not zero to 31, so SAR is defined as six
bits. The use of SRC, SRA, SLL, or SRL when SAR > 32 is undefined.

SAR is undefined after processor reset.

The funnel shifter can also be used efficiently for byte alignment of unaligned memory
data. To load four bytes from an arbitrary byte boundary (in a processor that does not
have the Unaligned Exception Option), use the following code:

1321 a4,a3,0
1321 ab,a3,4
ssa8l a3

src ad,a5,a4d

An unaligned block copy can be done (in a processor that does not have the Unaligned
Exception Option) with the following code for little-endian and small changes for big-en-
dian:

1321 a6,a3, 0

ssa8l a3

loopnez a4,endloop
loop:

1321 a7l,a3,4
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src a8,a’,a6
s321 a8,a2,0
1321 a6,a3,8
src a8,a6,a’
s321 ag8,a2,4
addi a2,a2,8
addi a3,a3, 8
endloop:

The overhead, compared to an aligned copy, is only one SRC per L321T.

3.3.3 Reading and Writing the Special Registers

The SAR register is part of the Non-Privileged Special Register set in the Xtensa ISA (the
other registers in this set are associated with the architectural options). The contents of
the special register in the Core Architecture can be read to an AR register with the read
special register (RSR. SAR) instruction or written from an AR register with the write spe-
cial register (WSR. SAR) instruction as shown in Table 3—9. The exchange special regis-
ter (XxSR. SAR) instruction accomplishes the combined action of the read and write in-
structions.

Table 3-9. Reading and Writing Special Registers
Register Name Special Register Number RSR .SAR Instruction WSR .SAR Instruction
SAR 3 AR[t] <« 02°||sAR SAR < AR[t]s g

3.4 Data Formats and Alignment

The Core Architecture supports byte, 2-byte, and 4-byte data formats. Two additional
data formats are used in architectural options — a 32-bit single-precision format for the
Floating-Point Coprocessor Option, and a 40-bit accumulator value for the MAC16 Op-
tion. The MAC16 format is not a memory-operand format, but rather a temporary format
held in a special 40-bit accumulator register during MAC16 execution; the result can be
moved to two 32-bit registers for further operation or storage.

Table 3—-10 summarizes the width and alignment of each data type. The processor uses
byte addressing for all data types stored in memory (that is, all except the MAC16 accu-
mulator). Byte order can be specified as either big-endian or little-endian. In big-endian
byte order, byte 0 is the most-significant (left-most) byte. In little-endian byte order, byte
0 is the least-significant (right-most) byte. When specifying a byte order, both the byte
order and the bit order are specified: the two orderings always have the same most-
significant and least-significant ends.
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Table 3—10. Operand Formats and Alignment

Operand Length  Alignment Address in Memory

Byte 8 bit XXXX

2-byte 16 bits xxx0

4-byte (word) 32 bits xx00

IEEE-754 single-precision (Floating-Point Coprocessor Option) 32 bits xx00

MAC16 accumulator (MAC16 Option) 40 bits register image only (not in memory)
3.5 Memory

The Xtensa ISA is based on 32-bit virtual and physical memory addresses, which
provides a 232 or 4 GB address space for instructions and data.

3.5.1 Memory Addressing

Figure 3—-6 shows an example of the processor’s interpretation of addresses when con-
figured with caches. The widths of all fields are configurable, and in some cases the
width may be zero (in particular, there are always zero ignored bits today). The cache in-
dex and cache tag will overlap if the page size is smaller than the size of a single way of
the cache and if physical tags are used.

32-Bit Virtual Address

<« >
Ignored Cache Tag Offset in Page
“—r < > < >
31 0
< > -
Attribute Line Index
Regi < >
egion Cache Index

v

i
<

Physical Address
Figure 3-6. Virtual Address Fields

Without the Region Protection Option or the MMU Option, virtual and physical address-
es are identical; if physical addresses are configured to be smaller than virtual address-
es, virtual addresses are mapped to physical addresses only by truncation (high-order
bits are ignored). With the Region Protection Option or the MMU Option, virtual page
numbers are translated to physical page numbers.
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Without the Region Protection Option or the MMU Option, the formal definition of virtual
to physical translation is as follows (note that the ring parameter is ignored):

function ftranslate (vAddr, ring)-- fetch translate

b < VAdAr (yap1TS-1).. (VABITS-3)
cacheattr < CACHEATTR y|21511) .. (b]|2'b00)

attributes <« fcadecode (cacheattr)
cause €« invalid(attributes) then InstructionFetchErrorCause else 0
ftranslate < (vAddrpaprrs-1..0r attributes, cause)

endfunction ftranslate

function ltranslate(vAddr, ring)-- load translate

b < vAddr (yaprrs-1).. (VABITS-3)
cacheattr < CACHEATTR (p|21p11) .. (b]|2'b00)

attributes < lcadecode (cacheattr)

cause <« invalid(attributes) then LoadStoreErrorCause else 0

ltranslate <« (vAddrpapirs-1..0r attributes, cause)
endfunction ltranslate

function stranslate (vAddr, ring)-- store translate

b < vAddr (yapITsS-1).. (VABITS-3)
cacheattr < CACHEATTR (5)2'p11). . (b|j2'b00)

attributes < scadecode (cacheattr)

cause ¢ invalid(attributes) then LoadStoreErrorCause else 0

stranslate <« (vAddrpapirs-1..9r attributes, cause)
endfunction stranslate

Translation with the MMU Option is described in Section 4.6.5.

The core ISA supports both little-endian (PC compatible) and big-endian (Internet com-
patible) address models as a configuration parameter. In this manual:

» msbFirst =1 is big-endian.

» msbFirst =0 is little-endian.

3.5.2 Addressing Modes
The core instruction set implements the register + immediate addressing mode. The
core ISA does not implement auto-incrementing stores or indexed loads. However, such

addressing modes are possible for coprocessors. For example, the Floating-Point
Coprocessor Option implements indexed as well as immediate addressing modes.
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3.5.3 Program Counter

The 32-bit program counter (PC) holds a byte address and can address 4 GB of virtual
memory for instructions. However, when the Windowed Register Option is configured,
the register-window call instructions only store the low 30 bits of the return address.
Register-window return instructions leave the two most-significant bits of the PC un-
changed. Therefore, subroutines called using register window instructions must be
placed in the same 1 GB address region as the call.

3.5.4 Instruction Fetch

This section describes the execution loop of the processor using the notation of
Chapter 2. The individual instruction actions are represented by the Inst () statement,
and are detailed in subsequent sections. Two versions of this code are supported; one
for little-endian (msbFirst = 0) and one for big-endian (msbFirst = 1). This definition
is in terms of a hypothetical aligned 64-bit fetch, and should not be confused with the
fetch algorithms used by specific Xtensa ISA implementations. Aligned 32-bit fetch and
unaligned fetch are other possible implementations, which would produce logically
equivalent results, but with different timings. Also, actual implementations would be ex-
pected to access memory only once for each fetch unit, not once per instruction as in the
definition in Section 3.5.4.1 and Section 3.5.4.2.

The processor may speculatively fetch instructions following the address in the program
counter. To facilitate this and to allow flexibility in the implementation, software must not
position instructions within the last 64 bytes before a boundary where protection or
cache attributes change. This exclusion does not apply if one of the two protections or
attributes is invalid. Instructions may be placed within 64 bytes before a transition from
valid to invalid or from invalid to valid — but not before any other transition. In addition, if
the Windowed Register Option is implemented, software must not position instructions
within the last 16 bytes of a 23 (1 GB) boundary, to allow flexibility in the implementation
of the register-window call and return instructions. The operation of the processor in
these exclusion regions is not defined.

3.5.4.1 Little-Endian Fetch Semantics

Little-endian instruction fetch is defined as follows for a 64-bit fetch width (other fetch
sizes are similar):

checkInterrupts () -- see "Checking for Interrupts" on page 109
vAddr0 < PCs;_ 5||3'b000 -- this example is 64-bit fetch
(pAddr0, attributes, cause) < ftranslate (vAddr0, CRING)
if invalid(attributes) then
EXCVADDR < VvVAddr0
Exception (cause)
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goto abortInstruction
endif
(mem0O, error) < ReadInstMemory (pAddr0, attributes, 8'b11111111)
-- get start of instruction
if error then
EXCVADDR < VvVAddr0
Exception (InstructionFetchErrorCause)
goto abortInstruction

endif
b « 0|[PC;. o
if by = 0 or by = 0 or (byg = 0 and mem0 p3rp011) = 1) then

-- instruction contained within a single fetch (64 bits in this example)
. . 6
inst <« (undeflned-4Hmem0)((b+2MB'b11n..(dB'boom

else
-- instruction crosses a fetch boundary (64 bits in this example)
vAddrl < vaddr0 + 32'ds8
(pAddrl, attributes, cause) < ftranslate (vAddrl, CRING)
if invalid(attributes) then
EXCVADDR <« vAddrl
Exception (cause)
goto abortInstruction
endif
(meml, error) < ReadInstMemory (pAddrl,
attributes, 8'b11111111)
if error then
EXCVADDR <« VvAddrl
Exception (InstructionFetchErrorCause)
goto abortInstruction
endif
inst <« (meml|lmem0) ((p12)|3'b111) . . (13'H000)
endif

-- now have a 24-bit instruction (8 bits undefined if 16-bit), break it into fields

op0 <« insts

t <« instq 4

s ¢ 1instqq g

r < instys, 12

opl ¢« insti;g ¢

Op2 < insty3 o

imm8 < inst,s3 14

imml2 < instys 1,

imml6 < inst,3 g

offset <« inst,3

n < instg, 4

m < inst; ¢

-- compute nextPC (may be overridden by branches, etc.)

nextPC <« PC + (03° || (if op03 then 2'b10 else 2'bll))

if LCOUNT # 0°? and CLOOPENABLE and nextPC = LEND then
LCOUNT <— LCOUNT — 1
nextPC < LBEG
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endif

—-— execute instruction
Inst ()
checkIcount ()

abortInstruction:

PC < nextPC

3.5.4.2 Big-Endian Fetch Semantics

Big-endian instruction fetch is defined as follows for a 64-bit fetch width (other fetch
sizes are similar):

then
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checkInterrupts () -- see "Checking for Interrupts" on page 109
vAddr0 < PCs;_3||3'b000 -- this example is 64-bit fetch
(pAddr0, attributes, cause) <« ftranslate (vAddr0, CRING)
if invalid(attributes) then
EXCVADDR < VvVAddr0
Exception (cause)
goto abortInstruction
endif
(mem0O, error) <« ReadInstMemory (pAddr0, attributes, 8'b11111111)
-- get start of instruction
if error then
EXCVADDR < vAddr0
Exception (InstructionFetchErrorCause)
goto abortInstruction
endif
b <« 0|[PC;y. o
p0 < b xor 14
p2 < (b + 2) xor 1%
if by =0 or by = 0 or (by = 0 and (memOHundefined§4)(me.le) =1)

-- instruction contained within a single fetch (64 bits in this example)
inst <« (memOHundefinedﬁ4)(pmb.blll)“(pzwyboom
else

-- instruction crosses a fetch boundary (64 bits in this example)
vAddrl <« vaddr0 + 32'd8
(pAddrl, attributes, cause) < ftranslate (vAddrl, CRING)
if invalid(attributes) then

EXCVADDR < vVAddrl

Exception (cause)

goto abortInstruction
endif
(meml, error) < ReadInstMemory (pAddrl,

attributes, 8'b11111111)

if error then

EXCVADDR < vVAddrl

Exception (InstructionFetchErrorCause)
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goto abortInstruction
endif
inst <« (mem0|lmeml) (no|3'p111) .. (p2||3'5000)
endif
-- now have a 24-bit instruction (8 bits undefined if 16-bit), break it into fields
op0 <« instys 5o
t < instig, 16
s € instys, .12
r < insty;. . g
opl <« inst; 4
op2 ¢ insts
imm8 < insty |
imml2 <« instqi; o
imml6 <« instqis. g
offset <« instqy; g
n < instyg, 13
m < instig g6
-- compute nextPC (may be overridden by branches, etc.)
nextPC < PC + (03° || (if opO; then 2'b10 else 3'b11))
if LCOUNT # 03?2 and CLOOPENABLE and nextPC = LEND then
LCOUNT < LCOUNT — 1
nextPC < LBEG
endif
-- execute instruction
Inst ()
checkIcount ()
abortInstruction:
PC <« nextPC

3.6 Reset

When the processor emerges from the reset state, it initializes many registers. The ISA
guarantees the values of some states after reset but leaves many others undefined.
Actual Xtensa processor implementations will often define the values of state left
undefined by the ISA. Chapter 5, "Processor State" on page 205 contains information
about each state value, including the value to which it is reset.

3.7 Exceptions and Interrupts

The core ISA does not include support for exceptions or interrupts. These are architec-
tural options are described in Section 4.4. Software running on a processor that is con-
figured without an Exception Option should be well tested, as such a processor will do
something unexpected if it encounters a software error.
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3.8 Instruction Summary

Table 3—-11 summarizes the core instructions included in all versions of the Xtensa archi-
tecture. The remainder of this section gives an overview of the core instructions.

Table 3—11. Core Instruction Summary

1

Instruction Category Instructions Reference
Load L8UI, L16SI, L16UI, L32I, "Load Instructions" on page 33
L32R
Store S8I, S16I, S321I "Store Instructions" on page 36
Memory ordering MEMW, EXTW "Memory Access Ordering" on page 39
Jump, Call CALLO, CALLX0, RET "Jump and Call Instructions" on page
J, JX 40
Conditional branch BALL, BNALL, BANY, BNONE "Conditional Branch Instructions" on
BBC, BBCI, BBS, BBSI page 40
BEQ, BEQI, BEQZ
BNE, BNEI, BNEZ
BGE, BGEI, BGEU, BGEUI, BGEZ
BLT, BLTI, BLTU, BLTUI, BLTZ
Move MOVI, MOVEQZ, MOVGEZ, "Move Instructions" on page 42
MOVLTZ, MOVNEZ
Arithmetic ADDI, ADDMI, "Arithmetic Instructions" on page 43
ADD, ADDX2, ADDX4, ADDXS8,
SUB, SUBX2, SUBX4, SUBXS,
NEG, ABS
Bitwise logical "Bitwise Logical Instructions" on page
AND, OR, XOR
44
Shift EXTUI, SRLI, SRAI, SLLI "Shift Instructions" on page 44
SRC, SLL, SRL, SRA
SSL, SSR, SSAI, SSA8B, SSAS8L
Processor control RSR, WSR, XSR, RUR, WUR, "Processor Control Instructions" on
ISYNC, RSYNC, ESYNC, DSYNC, page 45

NOP

1. These instructions are fully described in Chapter 6, "Instruction Descriptions" on page 243.

3.8.1 Load Instructions

Load instructions form a virtual address by adding a base register and an 8-bit unsigned
offset. This virtual address is translated to a physical address if necessary. The physical
address is then used to access the memory system (often through a cache). The memo-
ry system returns a data item (either 32, 64, or 128 bits, depending on the configura-
tion). The load instructions then extract the referenced data from that memory item and
either zero-extend or sign-extend the result to be written into a register. Unless the
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Unaligned Exception Option is enabled, the processor does not handle misaligned data
or trap when a misaligned address is used; instead it simply loads the aligned data item
containing the computed virtual address. This allows the funnel shifter to be used with a
pair of loads to reference data on any byte address.

Only the loads 1.321, L.32I.N, and L32R can access InstRAM and InstROM locations.
Table 3—12 shows the loads in the Core Architecture.

Table 3-12. Load Instructions

Instruction Format Definition

L8UI RRI8 8-bit unsigned load (8-bit offset)

L16SI RRI8 16-bit signed load (8-bit shifted offset)

L16UI RRI8 16-bit unsigned load (8-bit shifted offset)

1321 RRI8 32-bit load (8-bit shifted offset)

L32R RI16 32-bit load PC-relative (16-bit negative word offset)

Because the operation of caches is implementation-specific, this manual does not pro-
vide a formal specification of cache access.

The following routines define the load instructions:

function ReadMemory (pAddr, attributes, bytemask)
ReadMemory < (Memory|[pAddr], O0) -- for now, no cache
endfunction ReadMemory

function Load8 (vAddr)
(pAddr, attributes, cause) <« ltranslate (vAddr, CRING)
if invalid(attributes) then
EXCVADDR < vAddr
Exception (cause)
goto abortInstruction
endif
p < pAddr, , xor msbFirst3
(mem64, error) < ReadMemory (pAddrs; 3, attributes, 0 P||1]|0P)
mem8 < memé64 (315111 . . (p||3'H000)
Load8 < (mem8, error)
endfunction Load8

function Loadl6é (vAddr)
if UnalignedExceptionOption & Vaddry # 1’b0 then
EXCVADDR <« vAddr
Exception (LoadStoreAlignmentCause)
goto abortInstruction
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endif
(pAddr, attributes, cause) < ltranslate (vAddr, CRING)
if invalid(attributes) then
EXCVADDR < vAddr
Exception (cause)
goto abortInstruction
endif
p ¢« pAddr, 1 xor msbFirst?
(memé64, error) < ReadMemory (pAddrs, .3, attributes,
(2'bOO)3_pH2'bllH(2'bOO)p)
meml6 <= mem64 5a1p1111) .. (p[|4'00000)
Loadl6 <« (memlé6, error)
endfunction Loadlé6

function Load32 (vAddr)
if UnalignedExceptionOption & Vaddr; o # 2’b00 then
EXCVADDR < vAddr
Exception (LoadStoreAlignmentCause)
goto abortInstruction
endif
(pAddr, attributes, cause) < ltranslate (vAddr, CRING)
if invalid(attributes) then
EXCVADDR < vAddr
Exception (cause)
goto abortInstruction
endif
p < pAddr2 xor msbFirst
(memé64, error) < ReadMemory (pAddr3l..3, attributes,
(4'bOOOO)1_pH4'b1111H(4'bOOOO)p)
mem32 <= mem64 (p)51511111) . . (p]|5'b00000)
Load32 <« (mem32, error)
endfunction Load32

function Load32Ring (vAddr, ring)
if UnalignedExceptionOption & Vaddr; o # 2’b00 then
EXCVADDR < vAddr
Exception (LoadStoreAlignmentCause)
goto abortInstruction
endif
(pAddr, attributes, cause) < ltranslate(vAddr, ring)
if invalid(attributes) then
EXCVADDR < vAddr
Exception (cause)
goto abortInstruction
endif
p ¢ pAddr, xor msbFirst
(memé64, error) < ReadMemory (pAddrs; .3, attributes,
(4'bOOOO)1_pH4'b1111H(4'bOOOO)p)
mem32 <= memé64 (g||51p11111) .. (p||5'b00000)

Xtensa Instruction Set Architecture (ISA) Reference Manual 35



Chapter 3. Core Architecture

Load32 <« (mem32, error)
endfunction Load32Ring

function Load64 (vAddr)
if UnalignedExceptionOption & Vaddr, o # 3’b000 then
EXCVADDR < vAddr
Exception (LoadStoreAlignmentCause)
goto abortInstruction
endif
(pAddr, attributes, cause) <« ltranslate(vAddr, CRING)
if invalid(attributes) then
EXCVADDR < vAddr
Exception (cause)
goto abortInstruction
endif
Load64 < ReadMemory (pAddrsq 3, attributes, 8'b11111111)
endfunction Loadé64

3.8.2 Store Instructions

Store instructions are similar to load instructions in address formation. Store memory
errors are not synchronous exceptions; it is expected that the memory system will use
an interrupt to indicate an error on a store.

Only the stores $S32T and S321.N can access InstRAM.
Table 3-13 shows the loads in the Core Architecture.

Table 3—-13. Store Instructions

Instruction Format  Definition

S81 RRI8 8-bit store (8-bit offset)

S161I RRI8 16-bit store (8-bit shifted offset)
S321 RRI8 32-bit store (8-bit shifted offset)

The following routines define the store instructions:

procedure WriteMemory (pAddr, attributes, bytemask, data64)
-- for now, no cache
if bytemasky then
Memory [pAddr],. o < data6d,
endif
if bytemask; then
Memory [pAddr];s g < data6d;s g
endif
if bytemask, then
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Memory [pAddr],3, 15 ¢ data6d,z 15
endif
if bytemasks then

Memory [pAddr]s3y o4 € datab6ds; o4
endif
if bytemask, then

Memory [pAddr]sg, 3 <= databdzg, 3o
endif
if bytemasks then

Memory [PAddr] 7. 49 €< datab64d,;. 49
endif
if bytemaskg then

Memory [pAddr]ss, 48 < databdss g4
endif
if bytemask; then

Memory [pAddr]gs. 5 € databidgs. sg
endif

endprocedure WriteMemory

procedure Store8 (vAddr, data8)
(pAddr, attributes, cause) < stranslate (vAddr, CRING)
if invalid(attributes) then
EXCVADDR < vAddr
Exception (cause)
goto abortInstruction
endif
p < pAddr, oy xor msbFirst?
WriteMemory (pAddrs, 5, attributes, 0'—P||1|0P,
undefined (7—P)||3'2999||dat a8|junde finedPl3'©000)
endprocedure Store8

procedure Storel6 (vAddr, datal6)
if UnalignedExceptionOption & Vaddrp # 1’b0 then
EXCVADDR < vAddr
Exception (LoadStoreAlignmentCause)
goto abortInstruction
endif
(pAddr, attributes, cause) < stranslate (vAddr, CRING)
if invalid(attributes) then
EXCVADDR < vAddr
Exception (cause)
goto abortInstruction
endif
p ¢« pAddr, 1 xor msbFirst?
WriteMemory (pAddrs, 3, attributes, (2'000)37P||2'b11]|(2'b00)P,
undefined 3P 140000043t 41 6|lunde finedPll4'20000)
endprocedure Storelb

procedure Store32 (vAddr, data32)
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if UnalignedExceptionOption & Vaddr; o # 2’b00 then
EXCVADDR < vAddr
Exception (LoadStoreAlignmentCause)
goto abortInstruction
endif
(pAddr, attributes, cause) < stranslate (vAddr, CRING)
if invalid(attributes) then
EXCVADDR < vAddr
Exception (cause)
goto abortInstruction
endif
p < pAddr, xor msbFirst
WriteMemory (pAddrs, 5, attributes, (4'00000)?1"
Pll4'b1111||(4'b0000)P,
undefined(lﬂnH5quOMMdata32Hundefineddb'mmoom

endprocedure Store32

procedure Store32Ring (vAddr, data32, ring)
if UnalignedExceptionOption & Vaddr; o # 2’b00 then
EXCVADDR <« vAddr
Exception (LoadStoreAlignmentCause)
goto abortInstruction
endif
(pAddr, attributes, cause) < stranslate (vAddr, ring)
if invalid(attributes) then
EXCVADDR <« vAddr
Exception (cause)
goto abortInstruction
endif
p < pAddr, xor msbFirst
WriteMemory (pAddrsy, 5, attributes, (4'00000)?1"
Pll4'b1111||(4'b0000)P,
undefined(lﬂnH5quOMMdata32Hundefineddb'mmoom

endprocedure Store32Ring

procedure Store64 (vAddr, data64)
if UnalignedExceptionOption & Vaddr, o # 3’b000 then
EXCVADDR <« vAddr
Exception (LoadStoreAlignmentCause)
goto abortInstruction
endif
(pAddr, attributes, cause) < stranslate (vAddr, CRING)
if invalid(attributes) then
EXCVADDR <« vAddr
Exception (cause)
goto abortInstruction
endif
WriteMemory (pAddrsy 3, attributes, 8'b11111111, data64)
endprocedure Store6cd
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3.8.3 Memory Access Ordering

Xtensa implementations can perform ordinary load and store operations in any order, as
long as loads return the last (as defined by program execution order) values stored to
each byte of the load address for a single processor and a simple memory. This flexibili-
ty is appropriate because most memory accesses require only these semantics and
some implementations may be able to execute programs significantly faster by exploit-
ing non-program order memory access. The Xtensa ISA only requires that implementa-
tions follow a simplified version of the Release Consistency model! of memory access
ordering, although many implement stricter orderings for simplicity. For more on the
Xtensa memory order semantics, see "Multiprocessor Synchronization Option" on page
74.

However, some load and store instructions are executed not just to read and write stor-
age, but to cause some side effects on some other part of the system (for example,
another processor or an I/O device). In C and C++, such variables must be declared
volatile. Loads and stores to such locations must be executed in program order. The
Xtensa ISA therefore provides an instruction that can be used to give program ordering
of load and store memory accesses.

The MEMW instruction causes all memory and cache accesses (loads, stores, acquires,
releases, prefetches, and cache operations, but not instruction fetches) before itself in
program order to access memory before all memory and cache accesses (but not in-
struction fetches) after. At least one MEMW should be executed in between every load or
store to a volatile variable. The Multiprocessor Synchronization Option provides
some additional instructions that also affect memory ordering in a more focused fashion.
MEMW has broader applications than these other instructions (for example, when reading
and writing device registers), but it also may affect performance more than the synchro-
nization instructions.

The EXTW instruction is similar to MEMW, but it separates all external effects of instruc-
tions before the ExTwW in program order from all external effects of instructions after the
EXTW in program order. EXTW is a superset of MEMW, and includes memory accesses in
what it orders.

Table 3—14 shows the memory ordering instructions in the Core Architecture.

Table 3—-14. Memory Order Instructions

Instruction Format Definition
MEMW RRR Order memory accesses before with memory access after
EXTW RRR Order all external effects before with all external effects after

1. Kourosh Gharachorloo, Dan Lenoski, James Laudon, Phillip Gibbons, Anoop Gupta, and John Hennessy, “Memory consistency and event order-
ing in scalable shared-memory multiprocessors,” Proceedings of the 17th Annual International Symposium on Computer Architecture, pages 15-
26, May 1990.
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3.8.4 Jump and Call Instructions

The unconditional branch instruction, J, has a longer range (pPC-relative) than condition-
al branches. Calls have a slightly longer range because they target 32-bit aligned
addresses. In addition, jump and call indirect instructions provide support for case
dispatch, function variables, and dynamic linking.

Table 3—15 shows the jump and call instructions.

Table 3—-15. Jump and Call Instructions

Instruction Format Definition

CALLO CALL Call subroutine, PC-relative

CALLXO0 CALLX Call subroutine, address in register

J CALL Unconditional jump, PC-relative

JX CALLX Unconditional jump, address in register

CALLX Subroutine return—jump to return address. Used to return from a routine

RET called by CALL0/CALLXO.

3.8.5 Conditional Branch Instructions

The branch instructions in Table 3—16 compare a register operand against zero, an im-
mediate, or a second register value and conditional branch based on the result of the
comparison. Compound compare and branch instructions improve code density and
performance compared to other ISAs. All branches are pcC-relative; the immediate field
contains the difference between the target PC and the current PC plus four. The use of a
pcC-relative offset of minus three to zero is illegal and reserved for future use.

Table 3-16. Conditional Branch Instructions

Instruction Format  Definition

BEQZ BRI12 Branch if equal to zero

BNEZ BRI12 Branch if not equal to zero

BGEZ BRI12 Branch if greater than or equal to zero

BLTZ BRI12 Branch if less than zero

BEQI BRIS Branch if equal immediate’

BNET BRI8 Branch if not equal immediate’

BGEI BRI Branch if greater than or equal immediate’

BLTI BRI8 Branch if less than immediate’

BGEUI BRI Branch if greater than or equal unsigned immediate?

1. See Table 3-17 for encoding of signed immediate constants.
2. See Table 3-18 for encoding of unsigned immediate constants.
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Instruction Format  Definition

BLTUI BRI8 Branch if less than unsigned immediate?
BBCI RRI8 Branch if bit clear immediate

BBSI RRI8 Branch if bit set immediate

BEQ RRI8 Branch if equal

BNE RRI8 Branch if not equal

BGE RRI8 Branch if greater than or equal

BLT RRI8 Branch if less than

BGEU RRI8 Branch if greater than or equal unsigned
BLTU RRI8 Branch if less than Unsigned

BANY RRI8 Branch if any of masked bits set
BNONE RRI8 Branch if none of masked bits set (All Clear)
BALL RRI8 Branch if all of masked bits set

BNALL RRI8 Branch if not all of masked bits set

BBC RRI8 Branch if bit clear

BBS RRI8 Branch if bit set

1. See Table 3-17 for encoding of signed immediate constants.

2. See Table 3-18 for encoding of unsigned immediate constants.

The encodings for the branch immediate constant (b4const) field and the branch
unsigned immediate constant (b4constu) fields, shown in Table 3—-17 and Table 3-18,
specify one of the sixteen most frequent compare immediates for each type of constant.

Table 3-17. Branch Immediate (b4const) Encodings

Encoding

Decimal Value of Immediate

Hex Value of Immediate

0

-1

32 hFFFFFFFF

32'h00000001

32'h00000002

32'h00000003

32'h00000004

32'h00000005

32'h00000006

32'h00000007

O N[Ol B~ WO

32'h00000008

Ol N | DWW —

—
o

32'h0000000A

—_
o

—_
N

32'h0000000C
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Table 3-17. Branch Immediate (b4const) Encodings (continued)

Encoding Decimal Value of Inmediate Hex Value of Inmediate
1" 16 32'h00000010
12 32 32'h00000020
13 64 32'h00000040
14 128 32'h00000080
15 256 32'h00000100

Table 3—18. Branch Unsigned Immediate (b4constu) Encodings

Encoding Decimal Value of Inmediate Hex Value of Inmediate
0 32768 32'h00008000
1 65536 32'h00010000
2 2 32'h00000002
3 3 32'h00000003
4 4 32'h00000004
5 5 32'h00000005
6 6 32'h00000006
7 7 32'h00000007
8 8 32'h00000008
9 10 32'h0000000A
10 12 32'’h0000000C
" 16 32'h00000010
12 32 32'h00000020
13 64 32'h00000040
14 128 32'h00000080
15 256 32'h00000100

3.8.6 Move Instructions

MOVTI sets a register to a constant encoded in the instruction. The conditional move
instructions shown in Table 3—-19 are used for branch avoidance.
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Table 3-19. Move Instructions

Instruction Format Definition

MOVI RRI8 Load register with 12-bit signed constant
MOVEQZ RRR Conditional move if zero

MOVNEZ RRR Conditional move if non-zero

MOVLTZ RRR Conditional move if less than zero

MOVGEZ RRR Conditional move if greater than or equal to zero

3.8.7 Arithmetic Instructions

The arithmetic instructions that Table 3-20 lists include add and subtract with a small
shift for address calculations and for synthesizing constant multiplies. The ADDMT in-
struction is included for extending the range of load and store instructions.

Table 3-20. Arithmetic Instructions

Instruction Format Definition
ADD RRR Add two registers
AR[r] <« AR[s] + AR[t]
RRR Add register to register shifted by 1
ADDX2
AR[r] <« (AR[sl3p. .o || 0) + AR[t]
RRR Add register to register shifted by 2
ADDX4 5
AR[r] < (AR[sly9. o || 0°) + AR[t]
ADDXS RRR Add register to register shifted by 3 ,
AR[r] <« (AR[slyg. o || 0°) + AR[t]
RRR Subtract two registers
SUB
AR[r] <« AR[s] — AR[t]
RRR Subtract register from register shifted by 1
SUBX2
AR[r] < (AR[sl3p. .o || 0) — AR[t]
RRR Subtract register from register shifted by 2
SUBX4 P
AR[r] <« (AR[sl,e. o || 0°) — AR[t]
RRR Subtract register from register shifted by 3
SUBX8 3
AR[r] < (AR[sl,g. o || 0°) — AR[t]
RRR Negate
NEG

AR[r] <« 0 — AR[t]
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Table 3-20. Arithmetic Instructions (continued)

Instruction Format Definition
ABS RRR Absolute value
AR[r] <« if AR([s]3; then 0 — AR[s] else AR[s]
ADDT RRI8 Add signed constant to register
AR[t] < AR[s] + (imm8,2%||imm8)
RRI8 Add signed constant shifted by 8 to register
ADDMI

AR[t] <« AR[s] + (imm8,'°||imm8||0®)

3.8.8 Bitwise Logical Instructions

The bitwise logical instructions in Table 3-21 provide a core set from which other logi-
cals can be synthesized. Immediate forms of these instructions are not provided be-
cause the immediate would be only four bits.

Table 3-21. Bitwise Logical Instructions

Instruction Format Definition
AND RRR Bitwise logical AND

AR[r] <« AR[s] and AR[t]
OR RRR Bitwise logical OR

AR[r] <« AR[s] or AR[t]

RRR Bitwise logical exclusive OR

XOR AR[r] <« AR[s] xor AR[t]

3.8.9 Shift Instructions

The shift instructions in Table 3—22 provide a rich set of operations while avoiding critical
timing paths. See Section 3.3.2 on page 25 for more information.

Table 3—-22. Shift Instructions

Instruction Format Definition

RRR Extract unsigned field immediate
Shifts right by 0. . 31 and ANDs with a mask of 1. . 16 ones

EXTUI
The operation of this instruction when the number of mask bits exceeds the number of
significant bits remaining after the shift is undefined and reserved for future use.
SILT RRR Shift left logical immediate by 1. . 31 bit positions (see page 525 for encoding of the
immediate value).
SRLT RRR Shift right logical immediate by 0 . . 15 bit positions
There is no SRLI for shifts > 16; use EXTUT instead.
SRAI RRR Shift right arithmetic immediate by 0. . 31 bit positions
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Table 3-22. Shift Instructions (continued)

Instruction Format Definition

RRR Shift right combined (a funnel shift with shift amount from SAR)

SRC The two source registers are catenated, shifted, and the least significant 32 bits
returned.
SRA RRR Shift right arithmetic (shift amount from SAR)
LI RRR Shift left logical
(Funnel shift AR [s] and 0 by shift amount from SAR)
SRIL RRR Shift right logical
(Funnel shift 0 and AR [s] by shift amount from SAR)
SSABE RRR Set shift amount register (SAR) for big-endian byte align
The t field must be zero.
SSA8L RRR Set shift amount register (SAR) for little-endian byte align

RRR Set shift amount register (SAR) for shift right logical

SSR This instruction differs from WSR to SAR in that only the five least significant bits of the
register are used.

SSL RRR Set shift amount register (SAR) for shift left logical

SSAT RRR Set shift amount register (SAR) immediate

3.8.10 Processor Control Instructions

Table 3—-23 contains processor control instructions. The RSR. *, WSR. *, and XSR. *
instructions read, write, and exchange Special Registers for both the Core Architecture
and the architectural options, as detailed in Table 5-128 on page 209. They save and
restore context, process interrupts and exceptions, and control address translation and
attributes. The xSR. * instruction reads and writes both the Special Register, and
AR[t]. It combines the RSR. * and WSR. * operations to exchange the Special Register
with AR [t]. The XSR. * instruction is not present in T1030 and earlier processors.

The xSYNC instructions synchronize Special Register writes and their uses. See
Chapter 5 for more information on how xSYNC instructions are used. These synchroni-
zation instructions are separate from the synchronization instructions used for multipro-
cessors, which are described in Section 4.3.12 on page 74.

On some Xtensa implementations the latency of RSR is greater than one cycle, and so it
is advantageous to schedule uses of the RSR result away from the RSR to avoid an
interlock.

The point at which WSR. * or XSR. * to most Special Registers affects subsequent in-
structions is not defined (SAR and ACC are exceptions). In these cases, Table 5-128 on
page 209 explains how to ensure the effects are seen by a particular point in the instruc-
tion stream (typically involving the use of one of the ISYNC, RSYNC, ESYNC, or DSYNC
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instructions). A WSR. * or XSR. * followed by a RSR. * of the same register must be sep-
arated by an ESYNC instruction to guarantee the value written is read back. AWSR. PS or
XSR.PS followed by a RSIL also requires an ESYNC instruction.

Table 3-23. Processor Control Instructions

Instruction Format Definition
RSR RSR Read Special Register
WSR RSR Write Special Register
RSR Exchange Special Register
XSR (combined RSR and WSR)
Not present in T1030 and earlier processors
RRR Instruction fetch synchronize: Waits for all previously fetched load, store, cache, and
ISYNC special register write instructions that affect instruction fetch to be performed before
fetching the next instruction.
RRR Instruction register synchronize: Waits for all previously fetched WSR and XSR
RSYNC instructions to be performed before interpreting the register fields of the next
instruction. This operation is also performed as part of ISYNC.
RRR Register value synchronize: Waits for all previously fetched WSR and X SR instructions
ESYNC to be performed before the next instruction uses any register values. This operation is
also performed as part of ISYNC and RSYNC.
RRR Load/store synchronize: Waits for all previously fetched WSR and X SR instructions to
DSYNC be performed before interpreting the virtual address of the next load or store
instruc