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ABSTRACTS

This project, as stated in the title of the prgjéxto develop exception handling
for b5-stage pipeline Micro-Architecture. CoprocassgCP0) is implemented
independently to receive and decode exception atetrupt signal which come from
CPU or external device. In this project, coprocess¢CPO0) is developed. Component
and exception/interrupt handling mechanism forvgafe and hardware are developed.
CPO architecture and micro-architecture specifocatwill be developed and implemented
with HDL (Hardware Description Language) VERILOG. geries of test cases are
developed to verify CPO functionality. Lastly, t&&0 will integrate with RISC32 core.
Test program will be developed to verify CPO fuactlity. An exception handler is also
developed to complete the whole exception/intertogmidling mechanism. Exception

handler will examine the causes and dispatch CPAppoopriate ISR.
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Chapter 1 Introduction

1.1 Background Information

1.1.1 MIPS — RISC Processor

MIPS(Microprocessor without Interlocked Pipeline ag#s) is a RISC(Reduced
Instruction Set Computing) based processor devdldpe MIPS Technologies which
executes instructions directly using hardware imm@etation without microprogrammed
control. MIPS implementations are primarily usecembedded systems such as routers,
residential gateways in networking and video gaswssole such as Sony Playstation,
Playstation 2, Playsation Portable and later usethany of Silicon Graphics computer

products.

1.1.2 Coprocessor 0 (CP0)

MIPS exceptions/interrupts are handled by a perglhgevice to the CPU known as
coprocessor 0 (CPO). It is named as Coprocess@ubedt is separated from the main
core and it is meant to handle the exceptionabsan. Coprocessor 0 contains several
registers used to configure exception handlingrapdrt the status of current exceptions.
When exception occurs, CPU will suspend normalriicsiopn execution and CPO will
save the exception states. The exception handleexamine the cause and handle the

exception by providing appropriate service [1].

1.1.4 Exception
Exception is something that disrupts the normal ftif instruction. There are two type of

exception which is asynchronous exception and sgmdus exception. Asynchronous
exception is the exception that occurs with noti@hato the program executed while
synchronous exception is exception that occureeasame place every time the program

is executed with the same data and memory allatatio
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1.1.4 Interrupt
Interrupt is an event external to the current indion execution that causes a change to

the normal flow of instruction execution. Interrspare asynchronous exception.
Interrupts can be either software or hardware. Faadware interrupts, external devices
such as mouse, keyboard, printers need CPU serliese interrupts are handled by
Coprocessor 0 (CPO).
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1.2 Project Motivation

A 32-bit 5-stage pipeline RISC soft-core can beaati@geous in creating a core—based
environment to assist research and development workhe area of developing
Intellectual Properties (IP) cores. However, thare limitations in obtaining such

workable core-based design environment.

Microchip design companies develop microprocessmees as IP for commercial
purposes. The microprocessor IP includes informatiothe entire design process for the
front — end (modelling and verification) and backnrd (layout and physical design) IC
design. These are trade secrets of a company atainte not made available in the

market at an affordable price for research purposes

Several freely available microprocessor cores @@y available from source such as the

miniMIPS (vww.opencores.olgthe PH processor (Leicester University), uCdte|ow
Star (Manchester University), etc. Unfortunatehgde processors do not implement the
entire MIPS Instruction Set Architecture (ISA) dadk of comprehensive documentation.

This makes them unsuitable for reuse and customizat

Verification is vital for proving the functionalityof any digital design. The
microprocessor cores mentioned above are handidapgeincomplete and poorly
developed verification specifications. This hamp#re verification process, slowing

down the overall design process.

The lack of well — developed verification specifioas for these microprocessor cores
will inevitably affect the physical design phasedésign needs to be functionally proven
before the physical design can proceed smoothlge@ise, if the front — end design

needs to be changed, the physical process alss teebd redone.

The RISC32 project will look into all the above plems and create a 32-bit RISC core-
based development environment to assist researdhiwthe area of application specific
hardware modeling. In the RISC32 project, it isidizd into several units based on MIPS

architecture.
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Chapter 2 Literature Review

2.1 Exception and interrupt

In MIPS, exception is described as something tistigts the normal flow of execution.
Exception is divided into two types which are asyioaous exception and synchronous
exception. Asynchronous exception is exception thaturs with no relation to the
program executed and normally caused by hardwaite &s1 I/O module called interrupt,
memory error and power supply failure. Synchronexiseption occurs every time when
a program executed with the same data and same matocation which normally

caused by arithmetic overflow, undefined instructémd traps.

In detail, exception can be differentiated into:

1. External events: event outside CPU core whictd saterrupt signal to CPU to get
attention. These are interrupts. Interrupts arel usedirect the attention of the CPU to
some external event [2]. Interrupts are the onlgeption conditions that arise from
something independent from CPU’s normal instrucégacution.

2. Memory translation exception: happens when mgnamtdress decoding error, a
program tried to write to a write-protected page.

3. Program or hardware-detected error: arise whmrexistent instruction is detected
(invalid instruction format), instruction that ijal in user-privilege is used, co-processor
instruction executed when appropriate status regiktg is disabled and integer overflow.
4. Data integrity problem: caused by bus to bussfierred data error (parity errors)

5. System calls and traps: caused by instructi@m#elves, for example system call
instruction, conditional traps and breakpoints. Sehénstructions are used to generate

exception to interrupt the program for certain msg

WiPs erminolosy

1/ 0 device request External Interrupt

Invoke the operating system from user program Internal Exception

Arithmetic overflow Internal Exception

Using an undefined instruction Internal Exception

Hardware malfunctions Either Exception or interrupt

Table 2.1 Examples of event and type of exceptddn [
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2.1.1 Precise Exception

MIPS architecture implements precise exception.ciBee exception means when
exception occurred, the particular exception wiilyopoint to the instruction that cause
the exception. Besides, all the instructions befoié be executed while all the later
instructions will not be executed. This method sabe programmer work because they

can ignore the timing effect of the CPU implementat
The features provided with Precise Exception are:

» Unambiguous proof of cause: EPC will point onlthe instruction that cause the
exception. However, EPC might also point to theceding branch for an
instruction is in a branch delay slot, but will & occurrence of this using the
BD bit.

» Exceptions are seen in instruction sequence: lelipgp CPU, exception can arise
in several different stage of execution. For examnpl lw(load word) instruction
suffer Memory Translation Exception will only arisgception signal in MEM
stage (4 stage in pipeline), but at the same time, a latsiruction that cause
decoding error in ID stage (Instruction decod¥, age in pipeline CPU) will
arise exception first. To avoid this problem, MIBSly serve the exception if all

previous instruction is complete successfully.

* Subsequent Instructions Nullified: Because of piped, instructions lying in
sequence after the victim at EPC have been st@t¢dVIPS guarantee no effect

on visible register or CPU after return from ExceptHandler

2.1.2 Vectored interrupt

Vectored interrupt is an interrupt handling methiodvhich the causes of interrupt will
directly affect the address to be dispatch. Eatlriapt input will be given a unique
address, corresponding to its causes. This intehapdling method is not implemented

in MIPS processor.
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2.1.3 Interrupt Service Routine (ISR)
Interrupt service routine is software that hardwareoftware invokes in response to an

interrupt [4]. Interrupt service routine then welkamine the interrupt and determine ways
to handle it. After handle the interrupt, it witurn from interrupt and then continue the

program execution.

2.1.4 Interrupt Processing
Most processors generally share the same procesgeaiupt processing but only minor

differences in how the processors save their setdscall the interrupt service routine.
When an interrupt occurs, the processor will firtisé& current instruction and store status
and return address. Then the processor will cal ¢brresponding interrupt service
routine and start executes the interrupt servictéine. Finally, when the processor done
the execution of interrupt service routine, it wakurn from the interrupt and resume the

program execution.

15
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Exception/interrupt is issued

\ 4
Processor finishes current instruction

!

Store status/contents and return address

A 4

Jump to address of interrupt service routine

A 4

Execute Interrupt service routine

A 4
Return from interrupt and continue program
execution

Figure 2.1 Interrupt Handling Process
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2.1.5 Exception Handling
Any MIPS exception handler routine has to go thiotige same stages.

» Bootstrapping: When enter the exception handlery \itle of the state of the
interrupted program has been saved. So the fiegt istmake yourself a enough
room to do whatever you want without overwritingmehing vital to the

software that has just been interrupted [2].

» Dispatching different exceptions: Get the exceptiode from the cause register.

It tells what and why the exceptions occur [2].

» Constructing the exception processing environm@otplex exception handling
routines will probably be written in high level lguage and will want to be able
to use standard library routines. A piece of staeknory that isn’'t be used by any
other piece of software has to be provided and sdvihe values of any CPU
registers that might be vital to the interruptedgram and that called subroutines

are allowed to change [2].
* Processing the exception: Here is where you camfddever you like.

» Preparing to return: Return into low level dispatgdde from subroutine (high
level function). Saved registers are restored aRtl Ceturn to its safe (kernel
mode, exceptions off) state by changing statusstegvalue to its postexception

value [2].

» Returning from an exception: instruction eret iedislt clears the status register
EXL bit and return to the address stored in EPC [2]

2.1.6 Exception Handling by MIPS
When exception occurs, CPU suspends normal ingingcexecution. CPO will save the

exception states. CPO records the cause of exceptioause register. It then saves the
return address in exception program counter (EP@cessor will go into kernel mode.
MIPS fixed the exception handling code at 0x8008M@Where the exception handler
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examine the cause of exception and jump to a np®eific code also in kernel to handle

exception. Lastly, eret is used to resume nornmajam execution if not terminated.

2.2 Coprocessor 0 (CPO0)
MIPS coprocessor 0 is a piece of hardware impleatem that implements
independently from the main processor core thattfans to handle interrupt from

hardware or exception from program or the instarcthat is executing.

2.2.1 MIPS CPO Implemented Register

For commercial product, MIPS co-processor 0 impletee 32 registers according to
MIPS R4000 specification [5]. There is only few istgrs which are important for all
type of processor while most of the registers imq@ated only for dedicated function of
specific processor. The registers that are impoftanall processors are Status Register
(SR), Exception Program Counter (EPC) , Cause Rmgi€ount Register, Compare
Register, Bus Control Register (BusCtr), Port SRegister and Bad Virtual Address
(BadVAddr Register).

Name Register no. Usage

BusCitrl $2 Configure bus interface signals. Needbé¢ setup
to match hardware implementation

BadVAddr $8 Offending memory reference

Count $9 Current Timer, which increment every 10ms

PortSize $10 Used to flag some program addressneg@is 8-bit

or 16-bits wide. Must be programmed to match

hardware implementation.

Compare $11 Interrupt when Count Regist€@ompare Register

Status $12 Interrupt mask, enable bits and stabenw
exception occurred

Cause $13 Exception type and pending interrupt

EPC $14 Address of instruction that caused exceptio

Table 2.2 Standard CPO register and usage

18
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2.2.2 BusCitrl Register
This register configures buses in a cheap and sinn@y, without involving extra

circuitry. Figure below shows the layout of BusCatister.

31 30-28  2Z7-26 25-2423-22 21 20 19 18-16 15-14 13 12 11 10-0
LOCK | 10 Mem |(ED |10 |BE |1|BE |11 |BTA |DMA | TC | BR | 0x300

Figure 2.2 Bus contrdBusCitr)) register.
* Lock [31]: Is used to prevent changes of the regifield after initialized is done.

Clear when system is reset.
* 10 (can be other value) [30:28]: Specified bit gattis written in this field.

* Mem [27:26]: “MemStrobe Control”. Set in bit positi 27 is to enable memory reads

while set in bit position 26 is to enable memoryteur

» ED [25:24]: “ExtDataEn control”. Encoded as for n@mw In order to make this pin
as output, BR[10] field must be zero[R3000 spec].

* 10 [23:22]: “IOStrobe control”. Encoded as for memoln order to make this pin as
output, BR[10] field must be zero[R3000 spec].

 BE16: “BE16(1:0) read control”. “0” to make thesen® active on write cycles
only[R3000 spec].

 BE: “BE(3:0) read control”. “0” to make these piastive on write cycles only
[R3000 spec].

 BTA [15:14]: “Bus Turn Around Time”. Program with @nary number between 0
and 3 for 0-3 cycle of guaranteed delay betweeretiteof a read cycle and the start
of the address phase of the next cycle. This Belables the use of devices with slow
tri-state time, and enables the system designesale cost by omitting data

transceivers [R3000 spec].
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 DMA [13]: “DMA Protocol Control”. When is set, CPUses its DMA control pins to

communicate its desire for the bus even while a D&l progress[R3000 spec].

 TC [12]: “TC Negation Control”. TC is the outputrpivhich is activated when the
internal timer registeCount reaches the value stored @ompare Clear this field
make TC pin just pulse for a couple of clock pesioset this field TC pin will be
asserted on a compare and remain asserted urnttlasefexplicitly clears it (BY re-

writing Comparewith any value) [R3000 spec].

* BR[11]: “SBrCond(3:2) control”. Clear to recycleetlsBrCond(3:2) pins as I0Strobe
and ExtDateEn respectively [R3000 spec].

2.2.3 BadVAddr Register

This register is used to store memory address wiherexceptions were occurred. For
example, instruction LW (Load Word) from data meyn@ddress X which lead to
memory address translate error (which the addnessded is not valid, wrongly aligned

or outside the range that supposed to be) wilestothis register.

2.2.4 Count and Compare Register

This is a 24-bit counter/timer that running at C&dle rate. Count register is counting
up and reset to zero when the count has reachedtbe in the Compare register. When
Count Register is reset, TC in BusCtrl registet aglserted high for a clock cycle. This is
meant to generate an interrupt signal when TC msiected to interrupt input. After reset,
the Compare register value will set to OXFF_FFFRictv is maximum value of 24-bit,
hence, the counter can runs up 6 2(1677215).

2.2.4 PortSize Register
This register is used to flag different part of ffregram address space for accesses to 8,
16 or 32 bit wide memory. This register must begpmonmed to match hardware

implementation.
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2.2.4 Status Register (SR)
This register contains the interrupt masking biichbhenable/disable particular interrupt
and status information. The layout of status regist shown below.

15-10 9-8 1 0
| | IM7-1M2 | IiMiamvo | | ex. | IE |

Figure 2.3 Status Register Layout

status[15:10] is external hardware Interrupt Magkioit, which used to enable/disable
interrupt level. For example, if IMs set to “1”, interrupt of levélis enable. On the other
hand, status[9:8] (IM1-IMO) is software writeablat, bwhich allowed software to

mask/unmask the interrupt level.

status[1] is exception level (EXL) bit, is useddetermine whether the processor is in
kernel or user mode. It is set by any exceptionekVhet to “1”, it indicates that the
processor is in kernel mode, and hence, disablethalinterrupt. When set to “0”, it

indicates that processor is in user mode, whiadwallinterrupt happen.

Status[0] is global interrupt enable (IE). Whersiset to “1”, processor permits interrupt;
else no interrupt will be permitted. This bit udyatonfigured by OS to control the

process whether accept interrupt or not.

2.2.5 Cause Register
Cause of any exception and pending exception ayeedstin Cause Register. The

exception code is stored as an unsigned integeause[6:2] while pending exception is
stored in cause[15:8]. Figure below shows the C&egpster layout.

31-1% 15 14 12 12z 11 10 9 2 T 65 4 3 2 10

IP7 IP& IPS IF4 IP2 IFZ IF1 IFO ExcCode

Figure 2.4 Cause Register Layout
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When an interrupt occurs, the particular internapel field will be set to “1” and clear
after the interrupt is served. However, SPIM oniydate 6 out of 8 pending interrupt
which is IP7-1P2. IP1 and IPO are software intertupand not visible in SPIM.

The exception code, cause[6:2] is used to inditegecause of particular interrupt. Table
Below shows the exception code implemented by Sktvtesponding to different

exception causes.

Code Name| Description
0 INT Interrupt
4 ADDERL Load from an 1llegal address
5 ADDRS Store to an 1llegal address
6 IBUS Bus error on instruction fetch
7 DBUS Bus error on data reference

8 SYSCALL | svyscall instiuction executed

9 BEKPT break mstruction executed
10 R1 Reserved mstruction
12 OVF Arithmetic overflow

Table 2.3 Exception code and causes [6]

The left over part, exception code 1-3 is reserfiaedvirtual memory (TLB exception),
exception code 11 is to indicate particular copssoe is missing while exception code
above 12 are used for floating point exceptioneserved.

2.2.6 EPC
EPC is used to store the return point when rettom fexception. In other word, EPC is

used to store the address of the instruction tase exception.
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2.2.7 Instructions Associate with Exception Handlig
Some instructions are dedicated to access thetee@isMIPS coprocessor 0. In order to
access coprocessor 0O register, the code must lewelkprivilege. Table below shows

the instruction and usage of the instructions.

Instruction Comment
mfco Rdest, CoOsrc Move the content of coprocessor’s register COsrc to Rdest
mtcO Rsrc, CoOdest Integer register Rsrc 1s moved to coprocessor’s register Codest
lwcO Codest, address Load word from address in register codest
swcO COsrc, address Store the content of register Cosrc at address in memory

Figure 2.5 Instruction used to access CPO rediBler
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2.3 MIPS Memory Map
Memory map in MIPS is not implemented in hardwdtr¢ust a convention followed by

most programmer. However, in real world, this cortien is applied to almost all the

MIPS CPU. Figure below shows MIPS memory map.

Memory Map
00 32’hFFFF FFFC

Kernel

_32'h8000 0000
132’'h7FFF FFFC
| Stack segment

Data segment

321000 8000
| Data segment
_21132'h1000 0000

Program Code

3 Text segment
(Instructions)

- 32'h0040 0000 (PC)

0 - 32'h0000 0000

Total: 23° words
Figure 2.6 MIPS Memory Map [1]
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Memory Map
cOo 32'’hFFFF FFFC

kseg2
(1GB)

| 32'h C000 0000

{1 32’hA000 0000

Exception
kseg0 Entry point
(512MB)
32'’h8000 0000
2 saini) 32'"hFFFF FFFC
Stack segment

Total: 23° words

Figure 2.7 Kernel Segment [1]

MIPS partition memory into 2 major parts, User Spand Kernel Space, where
0x0000_0000 to Ox7FFF_FFFC is user space and éwegyabove Ox7FFF_FFFC is
kernel space. Below are the functions of each mgsjmace.

0x0000_0000 — Ox7FFF_FFFC: This lower 2GB memolgcation is permitted in user

mode. It contains stack segment, data segmentseégxbient and reserved memory space.

kseg0 0x8000_0000 — Ox9FFF_FFFC: This 512MB memagion is normally accessed
through cache. Exception and page table base eegist allocated here. Here is also the

exception entry point (software exception handling)

ksegl O0xA000_0000 — OxBFFF_FFFC: Boot ROM, 512MBnms/ region which

initialize CPU after reset.
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kseg2 0xC000_0000 — OxFFFF_FFFC: Kernel module; antessible in kernel mode.

Chapter 3 Problem Statement, Project Scope and Olgéives

3.1 Problem Statement

Up to date, a new micro architecture is re-implet@@nThere is a need to port CPO to
the newly implemented micro architecture. The nelgronarchitecture only contains
datapath unit, control unit, memory unit. CPO isledi to the new micro architecture in
this project. After port in CPO into the new micaochitecture, the functionality is
verified again to make sure every part is functignproperly. Kernel text segment cache
and kernel data segment cache is added to the gsmcéo store exception handler
instruction. This project aims to implement CPO ebhis able to handle 4 exceptions
which are sign overflow, undefined instruction, s and I/O interrupt. The CPO
needed to be implemented to handle exception wiialy be caused by hardware or

software. Hence, this RISC32 Coprocessor projeaitiated.

3.2 Project Scope
This project aims design a coprocessor 0, implesngid RISC32 microprocessor. The

coprocessor worked as exception handler to handéepdon for 5-stage pipeline
microarchitecture. Specifications at architectensel and micro architecture level will be
developed and the modeling of design will be caséd using Verilog. Functional
behavior verification will be constructed usingtbenich and lastly integrate the design
into 32-bit RISC processor. A set of test prograithlve used to verify the whole system.
Lastly a report will be written. The report will deament chip specification, architecture
specification, microarchitecture specification, ifreation specification, test plan and

verification result.
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3.3 Project Objective
The objectives of this project are as follows:

* To analyze the existing implementation cpO donséior.

* To develop a new coprocessor 0.

» To develop a testbench to verify the functionatityzoprocessor O.
* To develop exception handler to handle exceptions.

* To design kernel text segment cache and kernelsggfaent cache.
* To integrate Coprocessor 0 into the RISC-32 prawess

* To develop test program to test the functionalitgaprocessor 0 to handle 4 type
of exceptions which are sign overflow, undefinedtiaction, syscall and /O

interrupt.
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3.4 Impact and Significance
As a summary to the problem statement, there iack bf well-developed and well-

founded 32-bit RISC microprocessor core-based deweént environment. The

development environment refers to the availabdityhe following:

A well-developed design document, which includeg tthip specification,

architecture specification and micro-architectyrecsfication.

A fully functional well-developed 32-bit RISC art&cture core in the form of

synthesis-ready RTL written in Verilog HDL.

A well-developed verification environment for the2-Bit RISC core. The
verification specification should contain suitablerification methodology,

verification techniques, test plans, testbenchitectures etc.

* A complete physical design in Field ProgrammabldeGarray (FPGA) with
documented timing and resource usage information.

With the available well-developed basic 32-bit RIRTL model (which has been fully
functional verified), the verification environmeand the design documents, researchers
can develop their own specific RTL model as parttteé development environment
(whether directly modifying the internals of theopessor or interface to the processor)
and can quickly verify their model to obtain resulvithout having to worry about the
development of the verification environment and thedeling environment. This can
speed up the research work significantly. For exampresearcher may have developed
an image-processing algorithm and modified therélyo to obtain a structure that suits
the hardware implementation. The structure can lbeehted in Verilog as part of a

specialized datapath or as a coprocessor integfdacithe RISC processor.
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3.5 Project Plan

Task Name Duration Start Finish Predecessors Resource| } Jun't4 [Jul'l4 [Aug'l4  |Sep 14
18[25]1 [& [15[22]20] 6 [13]20[27] 3 [10[17[24[31[ 7 [14]21 2
Project1 65days Mon26/5/14  Fii22/8/14 S
Scope, Objective and Impact Gdays Mon26/5/14  Wedd/6/14 -
Research and fact findings 15days.  Thu5/6/4  Wed 25/6/14 (S
Project Methodology Odays Wed25/6/14  Mon7/7/14 -
Preliminary Report 10 days.  Men7/7/14 Fri 18/7/14 -
Correction for Report 10 days:  Mon 2177714 Fri1/8/14 -
Correction and Proposal 6 days Fril/8/14 Frig/a/14 -
Ready for Presentation 8days) Monll/B/14 Wed 20/8/14 @
End of Project 1 lday  Fr22/84 Fri 22/8/14 |

Figure 3.1 Gantt Chart for Project 1

Task Name ‘ Duration Start ‘ Finish Predecessors [Jun 15 [Jul 15 | Aug 15 | Sep 15 |
31]7 [14[2A[28]5 [12[19]26[2 |9 [16]23[30] 6 [13[20[27
Project 2 70days.  Mon8/6/15  Frill/9/15 s ——
Specification Development 35days  Mon8/6/15 Fri 24/7/15 _
Test and verification 16 days Fri 24/7/15 Fri14/8/15 _l
Decumentation 6 days| Monl7/8/15 Mon 24/8/15 3
FYP Submission 9days  Tue25/8/15 Fri4/9/15 4 ;

Figure 3.2 Gantt Chart for Project 2
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Chapter 4 Methods/Technologies Involved

4.1 Design Methodology

Design methodology is the method of developmerd efstem. It provides guideline to

successfully carry out a design work. Good Desigithmdology needs to ensure correct

functionality, catching bugs early, satisfaction p#rformance and power goals, good

documentation [7]. There are two type of designhméblogy which are Top-down and

Bottom-up. In this project, Top-down design metHody is used since digital system

always uses the abstraction concepts to simpléydésign process.

Written Specifications

l

C

Executable Specification

|

Architecture Specification

1

C Architecture Level Modeling and

Werification

Micro-Architecture Specification

C RTL Modeling and Verification

P

¢ System Level Design
{Chip Specifications)

¢ Architecture Level Design

¥ Micro-Architecture Level

Design

Figure 4.1 General Design Flow without Logic Syisiseand Physical Desid8].
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4.1.1 System Level Design
System level design includes Written Specificatiand Executable Specification is level

where chip specifications are developed.

Written Specification- using English to write obietfunction, performance, cost and time
constrain of a design.

Executable Specification-features and functioreditiare described in high level

programming language such as System C, Verilog.

4.1.2 Architecture Level Design
Architecture level design includes Architecture @peation and Architecture Level
Modelling and Verification.

Architecture Specification- describes the interoéla chip and may contain design
hierarchy, functional partitioning of the chip intimits and inter-unit signaling and worst

case timing.

Architecture Level Modelling and Verification- Algthms are developed based on
information from architecture specification to mbdée units that make up the
architecture. The algorithms are then coded usargware description language (HDL).
Each unit is verified for functional correctness.
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4.1.3 RTL Design
Micro-Architecture Specification- describes intdraga unit and may include:

Unit interfaces and 1/0O pin description
» Unit functionality description
» Unit internal operation, function table etc to asgest plan
» Timing requirement
* Testplan
* Unit functional partitioning into blocks and intblecks signaling
* For each blocks/sub-blocks, may include
i.  Block interfaces and I/O pin description
ii. A description of functionality of each block
iii.  Internal operation such as function table and destription
iv.  Finite-state machine (FSM) and Algorithmic-stateclnae (ASM)
v.  Timing requirements
vi. TestPlan

RTL Modeling and Verification- RTL coding can begaiter the micro-architecture
specification has been developed. After models H@een coded, they are verified for

functional correctness.
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4.2 Design Tools

Since this project is implemented using Verilog HDdimulation tools that support
Verilog HDL is needed. There are a lot simulationl$ created by different companies
which has their own advantages and disadvantage®ng them, 3 of the famous

simulation tools will be discussed here.

(i) vCs

-Developed by Synopsys

-based on multi-core technology which cuts dowrification time
-supports all popular design and verification |aages

- Powerful debug and visualization environment

(i) ModelSim

-Developed by Mentor Graphics

-Complete HDL simulation and debugging environment
-Provide Student Edition (SE) which limits to 100dihes of code
(i) Quartus 11

-Developed by Altera

-Provides complete design environment for systera programmable chip (SOPC)

-Can work with multiple files at the same time.
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Simulator VCS ModelSim Quartus I
Company M
SYNOPSYS™ | Graphics | /AOERYA,
Language VHDL-2002 VHDL-2002 VHDL
Supported .
V2001 V2002 Verilog HDL
SV2005 SV2005
Platform Linux -Windows -Windows XP/7/8
Supported XP/Vista/7/8 _
-Linux
-Linux
Availability for No YES (SE Edition No
free only)

Table 4.1 Comparison Between Simulators

Based on Table 4.1, ModelSim PE Student Editio2d.@& chosen because it is available

for free while other simulators may need to paylifmense which may not be affordable.
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4.3 Exception/Interrupt Handling Mechanism

4.3.1 Exception/Interrupt Handling
Exception/interrupt handling is very vital for aopessor to function well and interface

with external devices. Without exception/interriggindling mechanism, processor may
not be able to deal with event which is not belot@gsiormal program execution. For
example, arithmetic overflow, syscall function, efided instruction and external device
interrupt request.

4.3.2 RISC32 Exception/Interrupt Handling Mechanism
RISC32 exception/interrupt handling mechanism iegarized into 2 parts, which is

hardware handling and software handling.

4.3.2.1 Hardware Handling
When exception/interrupt arises in processor, CHfivet check the EXL and IE bit of

the status register (status [1] and status [O]¢elgxion/interrupt will be prohibited if EXL
bit is set to “1”. All interrupt can be further gnibited if IE bit is set to “0”, which means

no interrupt is allowed.

After ensure the exception/interrupt can be prqc€s® will update the cause register
with value associate to the causes. Then curresgram counter (PC) value will be
stored in EPC as a return point after exceptiordiwagn Exception handler entry address
will be output to PC to force the processor intaeption handler. Finally, EXL bit will

be set to “1” to prevent any other exception/iniptrservice.
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Exception arise

)

CPO identify the causes
of exception

\ 4

CPO set cause register

[6:2] with appropriate
value

A\ 4
CPO save current PC
value to EPC

A 4
CPO output exception
handler entry address t(

PC

4

A\ 4
CPO set status [1] to “1”
to disable further
interrupt

v
CPO output flush contro
to flush the pipeline
(IF/ID, ID/IEX &
EX/MEM)

!

To software Handling

Figure 4.2 Hardware Exception Handling Flow Chart
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Interrupt arise

>
«

A 4

CPO check status [1] to
see whether in user or
kernel mode

!

Status [1

1: kernel mod

External interrupt is
pending, wait until status
[1] become “0".

0: user mode

CPO update exception code (cause [6:2
and interrupt pending bit (cause [15:8]) i
cause register with appropriate value

N—r

—

\ 4
CPO save current PC intp
EPC

\ 4
CPO output exception
handler entry address to
PC

\4

CPO set status [1] to “1”
to disable further
interrupt

!

To software Handling

Figure 4.3 Hardware Interrupt Handling Flow Chart
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4.3.2.1 Software Handling
In software handling, cause of exception/interrupll be determined in Exception

Handler and appropriate service routine will beesigld. The handler code is placed in

kernel segment in memory, which starts from 0x8@Q@0.
The sequence of process:

1. Save register state into memory stack to alparegister space so that register can be

used by interrupt process.

2. Load CPO cause register into register kO usisguction mfcO.

3. Extract and mask the exception code (cause)[@2]etermine the cause of exception.
4. Jump to appropriate service routine.

5. Clear cause register and reset status register.

5. Restore register from memory stack.

6. Return to user program execution using instonctiret.
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Exception Handler entry

!

Exception Handler load
cause register into
register file using mfcO

\4
Check cause register by extrad
and mask exception code to
determine causes

—t

A 4
Jump to appropriate
service routine

A 4
Clear cause register an
reset status register

|

A\ 4
Restore register from
memory stack

\4
Return to user program
execution using
instruction eret

Figure 4.4 Software Exception Handling Flow Chart
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4.4 Instruction used in Exception/Interrupt Handling
Two register accessing instructions are mtcO andontd transfer data between CPO

register and processor register. A special instoceret is used to return processor to
normal program. The instruction format is showrohel

mfcO rt,rd : move data from CPO register to CPglster.

31-26

25-21

20-16

15-11

10-0

010000

00000

rt

rd

Figure 4.5 mfcO Instruction Format

mtcO rt,rd : move data from CPU register to CRfister.

00000000000

31-26 25-21 20-16 15-11 10-0
010000 00100 rt rd 000000000("0
Figure 4.6 mtcO Instruction Format '
31-26 25 24-6 5-0
010000 1 00000000000000000¢ 011000

Figure 4.7 EPC Instruction Format
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4.5 Pipeline Flushing
When an exception occurs, there are different ustibns in different pipeline stages.

Since, we don’t want the instruction causing exocepto save any of its state into
processor, either memory or register file, we needse pipeline flushing to9 flush the
pipeline stage. When exception occurs, CPO wilkirex signal from processor, decode
and update register and output exception handigread to PC. At the same time, CPO
will send signal to flush the pipeline. Only insttion come after the exception is flushed.
The instructions before the instruction which cauerception is left to be finished. For
sign overflow, IF/ID, ID/EX and EX/MEM are flushe&or undefined instruction, IF/ID

and ID/EX are flushed while for syscall, only IF/H&ed to be flushed. I/O interrupt does
not need to flush the pipeline but let the normadtruction finishes only jump to

exception handler to handle interrupt. Pipelinestiing is just simply change all the
control signal in pipeline to “0” which turn thesitmuction into nop (no operation). Thus,

it can prevents faulty value to be written intoistgr or memory.
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Chapter 5 System Specification

5.1 System Feature

RISC32 with CPO

Dummy Instruction Cache (KB) 16
Dummy Data Cache (KB) 16
Data width (bits) 32
Instruction width (bits) 32
General Purpose Register 32
Special Purpose Register HILO, PC
Co-Processor Register 32
Pipelined Stage 5
Data Hazard Handling Yes
Control Hazard Handling Yes
Interlock Handling Yes
Exception Handling Yes (4)
Data Dependency Forwarding Yes

Branch Prediction

Dynamic — 2bits scheme

Multiplication (size of multiplier yes — 32 bits
and multiplicand)

Branch Delay Slot Not supported
Instruction supported 40

Table 5.1 RISC32 Features
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5.1.1 System Functionality
1. Divide execution of instruction into 5 stages:

- IF(Instruction Fetch) Fetch instruction from insgttion cache into the datapath.

- ID(Instruction Decode) Decode instruction analiebrs & $rt registers.

- EX(Execute) Execute instruction in the ALB.
- MEM(Memory) Access data cache, load or store.
- WB(Write Back) Write back the result to the regidfile.

2. Resolve data hazard by data forwarding.

3. Resolve load-use instructions problem usindistal

4. Resolve structural hazards using separatingagatanstruction cache.
5. Resolve control hazards by branch prediction.

6. Resolve exception/interrupt using CPO and exaetandler.
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5.2 Operating Procedure
Start the system.

Porting sequence of instruction into instructionte

Reset the system for at least 2 clocks.

P 0N PE

After the reset, the system will automatically fe@nd run the program inside
instruction cache.

5. Observe the waveform from the development toolsd@lsim).

5.3 Naming Convention

Module — [IVI]_[mod. name]
Instantiation  — [Ivl]_[abbr. mod. name]
Pin — [Ivl][type]_[abbr. mod. name]_[pin name]
Signal — [type]_[abbr. mod. name] _<stagemn [ame]
Abbreviation | Description Case Available Remark
vl level lower c: Chip
u: Unit
b: block
mod. name Module name  Lower all  Any
abbr. Mod. | Abbreviated Lower all | Any Maximum 3 characters
name module name
Type Pin type Lower 0: output
i: input
r: register
W: wire
Stage Stage name Lower all  If, id, ex, mem, wh Qi
Pin name Pin name Lower all any Several word sépéna“ "

Table 5.2 Naming Convention
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5.4 RISC32 Pipeline Processor with CP0O and I/0O Desgtion

5.4.1 Processor Interface

C_risc

ui_cd_clk

ui_cd_rst

5.4.2 1/0O Pin Description

C_risc

Input:

Pin name : ui_cd_clk

Pin Class : Global

Registered: Yes

Source->Destination: Externgtc_risc

Pin Function: Provide clock signal for the pipelprecessor.

Pin name : ui_cd_rst

Pin Class : Global

Registered: Yes

Source->Destination: Externatc_risc

Pin Function: Provide reset signal for the pipejmecessor.

Table 5.3 RISC32 Processor 1/0O Description
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5.5 Memory Map

Purpose start address DirectioBegment
Kernel module 0xC000 0000 Up Ksegp
Boot Rom Up Kseql
I/O register(if below 512MB) 0xA000 0000 Up g
Direct view of memory to 512MB linux U
kernel code and data P Kseg0
Exception Entry point 0x8000 0000 Up
Stack Ox7FFF FFFC Down
Program heap 0x1000 8000 Up
Dynamic library code and data 0x1000 0000 Up Kuseg
Main program 0x0040 0000 Up
Reserved 0x0000 0000 Up
Table 5.4 Memory Map
5.5.1 Memory map description
Kernel module
-Accessible by kernel*
Boot Rom
-Start-up ROM which keep the system configurgtio
I/O registers (if below 512MB)
-External 10 device register*
Direct view of memory to 512MB linux kernel codedadiata
-Memory allocation to view linux kernel code ashata*
Exception Entry point
-Software exception handling *
Stack
-Use for argument passing
Program heap
-Dynamic memory allocation such as malloc()
Dynamic library code and data
-Data segment which is access by variable
Main program
-Text segment which contain the main program
Note *: required CPO

BIT(Hons) Computer Engineering
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Memory Map

32'hFFFFE FFFC
ksegl
(1GB)
32'hC0O00 0000
32'hBFFF FFEC
ksegl
(312MB)
32'hA000 0000
32'h9FFF FFEC
ksegl
(512MEB)
32'h8000 0000 Exception entry point
32'h7FFF FFEC
stack

Stack Segment

X

Dynamic Data(heap)

32'h1000 800D pata Segment

Static Data
3201000 0000
Program Code Text Segment
3200040 0000
Reserved

32'h0000 0000

Figure 5.1 Memory Map

However, due to the limitation of modelsim studedition which only support up to 8k
memory, the cache size will set text segment fr@&in@40_0000 to 32'h0040_1FFC,
data segment from 32'h1000_0000 to 32'h1000_1FFnek text segment from
32'h8000_0000 to 32'h8000_1FFC and kernel data essigfnom 32'h9000_0000 to
32'h9000_OFFC.
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5.6 System Register

5.6.1 General Purpose Register

Width

Size

: 32-bits

: 32 units

Retrieving method : 5-bits address as index

Name Address | Use Preserved Across A Cd
$zero 0 Constant Value 0 (hardwired) N.A.
$at 1 Assembler Temporary No
$0 - $v1 » 3 Value for Function Results and No
Expression Evaluation
$a0 - $a3 4-7 Arguments No
$t0 - $t7 815 Temporaries No
$s0 - $s7 16 - 23 Saved temporaries Yes
$t8 - $t9 24 — 25 | Temporaries No
$kO - $k1 26 -27 Reserved for OS kernel No
$agp 28 Global Pointer Yes
$sp 29 Stack Pointer Yes
$fp 30 Frame Pointer Yes
$ra 31 Return Address Yes

Table 5.5 General Purpose Register

5.6.2 Special Purpose Register

Width
Size

: 32-bits
;2 units

Retrieving method : Via instructions: MFHI, MTHWFLO, MTLO, MULT or MULTU

Name definition location in double [64:0]
HI Most Significant Word Double [63:32]
LO Least Significant Word Double [31:0]

Table 5.6 Special Purpose Register
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5.6.3 Program Counter Register

Width

Size

: 32-bits

11 unit

Retrieving method : Control by instruction addrgeserator control.

5.6.4 CPO Register

Name Address Use
Interrupt mask, enable bits and status when exaepti
$b_cpO_stat 12
occurred
$b_cp0_causg 13 Exception type and pending interrup
$b_cp0_epc 14 Address of instruction that causedmion

Table 5.7 CPO Register
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5.7 Instruction Formats and Addressing Modes

5.7.1 Instruction Formats

Gbits 5Sbits 5bits 5 bits 5 bits 6 bits
| op | rs | n | rd | shamt | funct | R-format
[ op [ s | nt | immediate (16-bit) | I-format(immediate Instructions)
| op | s | | dataaddress offset | |-format(Data Transfer Instructions)
[ op | s | n | branchaddressoffset | I-format(Branch Instructions)
| op | jump address (26-bit) | J-format

Figure 5.2 Instruction Format

Abbreviation Definitiion Width
op Operation code 6
rs Source register 5
rt Target register 5
rd Destination register 5
shamt Shift amount 5
funct Function field 6
immediate Immediate 16
data address offset Data address offset 16
branch address offset Branch address offset 16
jump address Jump address 26

Table 5.8 Instruction Format Definition
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5.7.2 Addressing Modes
a) R-format

Register addressing: Perform operation on sourdetanget register and store the result
into destination register.

| op [rs |t | rd] | funct | Register File
> Destinationreg |«
»| word operand 2 |—[ Operator J
|
|

word operand 1 }—» (ALU)

b) I-format

i. Immediate addressing: Perform operation on sotggister and immediate and store
the result into target register.

Data value — the 16-bit is sign-extended/zero-
extended to 32-bit before adding to source reg

| op [ rs | it | datavalue |/
' /

P

32 u
e
Register File

| Destinationreg |«

—— | wordoperand 1 |—

ii. Based displacement addressing: Perform operaiiosource register and immediate,
the result is then uses as address to access thenganory to load/store data to/from
target register.
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Byte address - the 16-bit is sign-extended
to 32-bit before adding to base addr

| op | rs | t | dataaddroffset M Data Memory

: \-@—Vl word or byte operand |
| base address |

- | Operand's memory address |

Register File \

Contain an address or pointer
acting as a base address.

iii. PC-relative addressing: Perform operation onrse and target register to determine
next PC condition, the immediate is uses as adadifésst for next PC.

Word address — the 16-bit is sign-extended,
then left-shifted 2 bits (to convert word addr to
byte addr) before adding to PC+4

7

| op | rs | rt | branch addr offset | Instr Memory

— ) afch
1 3 ﬂ branch target instruction

| PC + 4 (byte address) HK

The address is pointing to the
next instruction (PC+4)

c) J-format

Pseudo-direct addressing: Perform operation byatenating the upper bits of PC with
the jump address.

Word address — the 26-bit is left-shifted 2
bits (to convert word addr to byte addr)
before concatenating to (PC+4)[31:28]

| op |  jumpaddress offset | Instr Memory

TID*| jump destination instruction |
| 4-bit | PC (byte address) J\‘

The next instruction
address (PC+4)
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5.8 Supported Instructions Set

Instruction | Format | Addr. Mode | Machine Language Register Transfer Notation | Assembly Format | Over
OpCo| Rs Rt | Rd | Shamt| Func flow
de

sll R Register 0x00| O $rf $rd n 0x01 R[rd] =R[rs] ® sll $rd, $rt, n no

srl R Register 0x00| O $rt $rd n 0x03 R[rd] =R[rs] m srl $rd, $rt, n no

sra R Register 0x0Q O St $rd n 0xp4 R[rd] =R[rsP>n sra $rd, $rt, n no

ir R Register 0x00| $rs 0 0 0 0x0 PC = R][rs] jr $rs no
A

jalr R Register 0x00| $rs 0 0 0 0xQ PC = R[rs], R[81]=PC + 4 jalr $rs no
B

mfhi R Register 0x00| O 0 $rd 0 0x10 R[rd] = HI m$rd no

mthi R Register 0x00] $rs| O O O 0x11 HI=RJrs] nihs no

mflo R Register 0x00| O 0 $rd 0 0x12 R[rd]=LO mfiad no
mtlo R Register 0x00| $rs 0 0 0 0x13 LO = R[rs] ngts no
mult R Register 0x00, $rs| St O 0 0x24 HILO = Rfr$3[rt] mult $rs, $rt no
multu R Register 0x00 $rs| $nt O 0 0x24 HILO = UERIr* U(R[rt]) multu $rs, $rt no
add R Register Ox0Q $rs| St $d O 0x20 R[rd] = Rfr&|[rt] add $rd, $rs, $rt yes
addu R Register 0x00 $rs| St $d O 0x21 RJrd] = &R + U(R]rt]) addu $rd, $rs, $rt no
sub R Register 0x00 $rs| St $rd O 0xR2 R[rd] = R{R[rt] sub $rd, $rs, $rt yes
subu R Register 0x0Q $rs| St $rd O 0x23 R[rd] = KR - U(R[rt]) subu $rd, $rs, $rt no
and R Register Ox0Q $rs| St $d O 0xR4 R[rd] = R&R[rt] and $rd, $rs, $rt no
or R Register 0x00] $rs| St $nd O 0x25 R[rd] = R[rE][rt] or $rd, $rs, $rt no
xor R Register 0x00] $rs| St $d O 0x26 R[rd] = RyR[rt] xor $rd, $rs, $rt no
nor R Register 0x00, $rs| St $1d O 0xR7 R[rd] = +&R[ R[rt]) nor $rd, $rs, $rt no
slt R Register 0x00| $rs| St $nd O Ox2R[rd] = (R[rs] <R[rt])) ?1:0 | slt $rd, $rs, $rt on
A
sltu R Register Ox00 $rs| &t $nd O Ox2R[rd] = (U(R[rs]) < U(R][rt])) ?| sltu $rd, $rs, $rt no
B 1:0
j J Pseudo- 0x02| JumpAddr (Label) PC = {(PC+4) [8],:2 | label no
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Direct JumpAddr, 2'b00}
jal J Pseudo- 0x03 | JumpAddr (Label) PC = {(PC+4) [31:28], jal label no
Direct JumpAddr, 2'b00}
R[31] = PC + 4
beq I PC-Relative| 0x04 $rs| $nt BranchAddr PC = (R[rs] == R][rt]) ? beq $rs, $rt, label no
(Label) (PC+4+
(SE(BranchAddr)<<2)) :
(PC + 4)
bne I PC-Relative| 0x05 $rs $rt  BranchAddr PC = (R[rs] '= R][rt]) ? bne $rs, $rt, label no
(Label) (PC+4+
(SE(BranchAddr)<<2)) :
(PC + 4)
blez I PC-Relative| 0x06| $rs 0 BranchAddr PC = (R[rs] <=0) ? blez $rs, $rt, label no
(Label) (PC+4+
(SE(BranchAddr)<<2)) :
(PC + 4)
bgtz I PC-Relative| 0x07| $rs 0 BranchAddr PC=(R[rs] >0) ? bgtz $rs, $rt, label no
(Label) (PC+4+
(SE(BranchAddr)<<2)) :
(PC + 4)
addi [ Immediate | Ox08| $rs| $rt  Imm R[rt] = R[rs] E@mm) addi $rt, $rs, imm yes
addiu I Immediate | Ox09 $rs| $nt Imm R[rt] = U(R[rs]) addiu $rt, $rs, imm | no
U(ZE(Imm))
slti I Immediate | OxOA| $rs | $rff Imm R[rt] = (R[rs]SE(Imm)) ? 1 :| slti $rt, $rs, imm no
0
sltiu I Immediate | OxOB| $rs | $rf Imm R[rt] = (U(R[)s% sltiu $rt, $rs, imm no
U(SE(Imm)))?1:0
andi I Immediate | 0x0Q $rs| $rf  Imm R[rt] = R[rs] &Zmm) andi $rt, $rs, imm no
ori I Immediate | OxOD| $rs | $rf  Imm R[rt] = R[rs] | ZBnmM) ori $rt, $rs, imm no
XOri I Immediate | OxOE| $rs | $rf  Imm R[rt] = R[rs] "EZiImm) xori $rt, $rs, imm no
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lui Immediate | OxOF| $rs | $rf  Imm R[rt] = Imm << 16 lui $rt, imm no
Iw Based- 0x23 | $rs | $rt| Imm R[rt] = MEM[ R[rs] + Iw $rt, imm($rs) no
Displaceme SE(Imm) ]
nt
S Based- Ox2B | $rs | $rt| Imm MEM[ R[rs] + SE(Imm) ] = | sw $rt, imm($rs) no
Displaceme R[rt]
nt
mfcO Register 0x10| Ox0Q $rtf $rd | 0x00 0x00 | R[rt] = R[rd] (from CPO) mfcO $rt, $rd no
mtcO Register 0x10| O0x04 $rtf $rd | 0x00 0x00 | R[rd] (from CPO) = R|rt] mtcO $rt, $rd no
eret Register 0x10| Ox1Q0 Ox| 0x00 | 0x00 | 0x18 | PC = R[epc] (from CPO0) eret no
00
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Chapter 6 Micro Architecture Specification

6.1 Design Hierarchy and Partitioning

Chip Partitioning
(Top Level) at
Architecture Level

Unit Partitioning at
Micro-
Architecture Level

Block and Functional Block Partitionin
at RTL (Micro-Architecture Level)

RISC32 Pipeline | Datapath Branch Predictor (b_bp_4way)

Processor (u_dp) Register File (b_rf)

(c_risc) Interlock Control (b_itl_ctrl)
Forward Control (b_fw_ctrl)
32-bit Multiplier (b_mult32)
ALB (b_alb)
CoprocessorO(b_cp0)

Controlpath Main Control (b_main_ctrl)
(u_cp) ALB Control (b_alb_ctrl)
Cache Cache(u_cache)
(u_cache)
Table 6.1 Design Hierarchy
C risc
u_ctrl_path
b_main_ctrl b_alb_ctrl
u_data_path
b _alb b rf b _mult32 b _itl_ctrl
b _bp b_fw_ctrl b _cp0
u_cache u_cache u_cache u_cache

Figure 6.1 Block Partitioning
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6.2 Micro-Architecture (Block Level)

6.2.1 Micro-Architecture without CPO

u cirl path =

Comtrol signals from control unit are indicated in red color.
They are not connected directly 1o the blocks to improve readability.

— o ,E
5
Extend il
n Comgas b_albr

b
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1
o
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6.2.2 Micro-Architecture with CPO

u_eirl path

Exc addr

CPO
T !

= Control signals from control unit are indicated in red color.
They are not connecied directly to the blocks to improve readabiliry.
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6.3 Coprocessor 0 Block

6.3.1 Coprocessor 0 Block interface

b _cp0

bi_cpO_read_addr [4:0]
bi_cpO_wr_addr [4:0]
bi_cpO_wr_data [31:0]
bi_cpO_current_pc [31:0]
bi_cpO_eret
bi_cp0_mtcO
bi_cpO_undef _instr
bi_cp0_syscall
bi_cp0_irg[5:0]
bi_cpO_sovf
bi_cp0_clk

EERJENNRAAN

bi_cpO_rst

bo cpO flush_jg———
bo cpO flush ex———

bo cpO_flush_mem—-

bo_ch_exc_addQBl%L
bo cpO_read d ata[3:L'QJ§L
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6.3.2 1/0 Pin Description

b cp0

Input:

Pin name: bi_cp0_read_addr[4:0]

Pin Class: Address

Registered No

Source->Destination Datapath(ID)> b_cp0

Pin Function: 5 bit rd address to indicate CPO register filgatoon.

Pin name: bi_cp0_wr_addr[4:0]

Pin Class: Address

Registered No

Source->DestinationDatapath(ID)> b_cp0

Pin Function: 5 bit rd address to indicate CPO register filgatoon.

Pin name: bi_cpO_wr_data[31:0]

Pin Class: Data

Registered No

Source->Destination Datapath(ID)> b_cp0O

Pin Function: 32 bit data to be stored to CPO register file.

Pin name: bi_cpO_current_pc[31:0]

Pin Class: Address

Registered No

Source->Destination Datapath(ID)> b_cp0

Pin Function: 32 bit current Program Counter (PC) value.

Pin name: bi_cp0_eret

Pin Class: Control

Registered No

Source->Destination Control-> Datapath> b_cp0

Pin Function: Indicate current instruction is eret when asseligh.

Pin name: bi_cp0_mtcO

Pin Class: Control

Registered No

Source->Destination Control-> Datapath> b_cp0O

Pin Function: Indicate current instruction is mtcO when asskhigh.

Pin name: bi_cpO_undef_instr

Pin Class: Control

Registered No

Source->Destination Control-> Datapath> b_cp0

Pin Function: Indicate current instruction is undefined whesesed high.
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Pin name: bi_cp0_syscall

Pin Class: Control

Registered No

Source->Destination Control-> Datapath> b_cp0

Pin Function: Indicate current instruction is syscall when agskhigh.

Pin name: bi_cp0_irq[5:0]

Pin Class: Control

Registered No

Source->Destination Datapath> b_cp0

Pin Function: Each bit indicates interrupt signal from exterdavice.

Pin name: bi_cp0_sovf

Pin Class: Control

Registered No

Source->Destination Control-> Datapath> b_cp0

Pin Function: Indicate sign overflow has occurred when assdrighl.

Pin name: bi_cp0_clk

Pin Class: Global

Registered No

Source->Destination System—> b_cp0
Pin Function: Clock signal for CPO

Pin name: bi_cp0_rst

Pin Class: Global

Registered No

Source->Destination Systen> b_cp0
Pin Function: Reset signal for the CPO.

Output:

Pin name: bo_cp0_flush_id

Pin Class: Control

Registered No

Source->Destination b_cp0-> Datapath

Pin Function: Flush IF/ID pipe when asserted high.

Pin name: bo_cp0_flush_ex

Pin Class: Control

Registered No

Source->Destination b_cp0-> Datapath

Pin Function: Flush ID/EX pipe when asserted high.

Pin name: bo_cp0_flush_mem

Pin Class: Control

Registered No

Source->Destination b_cp0-> Datapath

Pin Function: Flush EX/MEM pipe when asserted high.
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Pin name: bo_cp0_exc_addr[31:0]

Pin Class: Address

Registered No

Source->Destination b_cp0-> Datapath

Pin Function: Contain EPC value to be passed to PC.
Pin name: bo_cp0_read_data[31:0]

Pin Class: Data

Registered No

Source->Destination b_cp0-> Datapath

Pin Function: Data read out from CPO register.

Table 6.2 CPO I/O Pin Description

6.3.3 Internal Operation
CPO is a block that used to process and store @anépterrupt information. CPO is

placed in ID stage. Once mtcO is decoded, the cbsignal, address and dat will travel

straight into CPO block, which means CPO will psxeand store exception/interrupt

information at next clock cycle. While for mfcO,etlsignal and address will go straight
into CPO block in ID stage but the data will trat@vards the end of WB stage then only
it will store into register file at negative edgkeatock. The data cannot direct store into
register in ID stage to prevent 2 data write irggister at the same time (one from CPO
output, one from WB stage).

Overflow Exception: Detected by ALB block in stageX and overflow signal is
generated. Flush If/ID, ID/EX and EX/MEM pipe toepent wrong update of information

into register file and data cache. Then jump teepkon handler to handle exception.

Undefined Instruction Exception: Detected in stag@ by main control and
undefined_instr signal is generated. Flush IF/ID &X/MEM pipe to prevent update
wrong information into register file and data cacliben jump to exception handler to
handle exception.

Syscall Exception: Detected in stage ID by maintmdrand syscall signal is generated.
Flush IF/ID pipe to prevent update wrong informatiato register file and data cache.

Then jump to exception handler to handle exception.
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I/O interrupt: Interrupt is asynchronous relatigeatprogram execution. No need pipeline
flushing, but let the current instruction in thag#s complete their execution. Then jump

to exception handler to handle exception.
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Chapter 7 Verification

7.1 CPO Test Program

The following program is designed to verify the étionality of CPO block.

Instruction Address| Instruction Code Instruction pExation

0x00400024 00008824 and $s1,%$0,$0 Initialize cause register.

0x00400028 00000000 sll $zero,$zero,0 Cause register = $13.

0x0040002C 00000000 sll $zero,$zero,0

0x00400030 40916800 mtcO $s1,$13

0x00400034 34116601 ori $s51,$0,0xff01  Initialize status

0x00400038 00000000 sll $zero,$zero,0  register.

0x0040003C 00000000 sll $zero,$zero,0 = status register = $12.

0x00400040 40916000 mtcO $s1,$12

0x00400044 00000000 sll $zero,$zero,0 Nop

0x00400048 3C107FFF lui $s0,0x7fff $s0 = 7fff_0000

0x0040004C 3612FFFF ori $s2,$s0,0xffff $s2 = 7Hif f

0x00400050 3C148000 lui $s4,0x8000 $s4 = 8000_0000

0x00400054 36940300 ori $s4,$s4,0x0300  $s4 = 8(EWD O
Address of selected
case item in exception
handler.

0x00400058 3C158000 lui $s5,0x8000 $s5 = 8000_0000

0x0040005C 36B501CO ori $s5,$s5,0x01c0  $s5 = 800000
Address of clean_up in
exception handler

0x00400060 00000000 sll $zero,$zero,0 Nop

0x00400064 FFFFFFFF Undefined Creating undefined

instruction instruction to test

exception.

0x00400068 0000000C Syscall Creating syscall to t
exception.

0x0040006C 02524020 add $t0,$s2,$s2 Sign overflow

0x00400070 00000000 sll $zero,$zero,0 Nop

0x00400074 20120012 addi $s2,%$zero,19 Create normal
instruction and 1/0
interrupt occurs at
same time.

0x00400078 00000000 sll $zero,$zero,0 Nop
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7.1.1 Exception Handler
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to register file
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Instruction Address| Instruction Coc Instruction pExation
0x80000180 0020D820 add $k1,%at,$0 Save register in dat
0x80000184 AC040000 sw $a0,0($zero) memory so
0x80000188 ACO050004 sw $al,4($zero) exception handler
can use it.
0x8000018C 401A6800 mfcO $k0,$13 Move casue register
to $k0
0x80000190 00000000 sll $zero,$zero,0 Nop
0x80000194 00000000 sll $zero,$zero,0 Nop
0x80000198 001A2082 srl $a0,$k0,2 Extract ExcCode
field
0x8000019C 3084001F andi $a0,$a0,0x1f Mask cause regi
[6:2]
0x800001A0 0080502A slt $t2,$a0,$0 Testif $a0 <0
0x800001A4 15400006 bne $t2,$0,clean_up If $a0 < 0 branc
clean_up
0x800001A8 288A000D slti $t2,$a0,13 Test if $a0 > =13
0x800001AC 11400004 beq $t2,$0,clean_up If $a0 >= 13 bra
to clean_up
0x800001B0 00844820 add $t1,$a0,%a0 Turn $a0 into byte
address.
0x800001B4 01294820 add $t1,$t1,$t1 $tl = 4*$tl
0x800001B8 01344820 add $t1,$t1,$s4 Determine address
of ISR
0x800001BC 01200008 jr $t0 Jump to the address
of selected case
item
clean _up
0x800001CO0 401A7000 mfcO $ko,$14 Move EPC to
register file
0x800001C4 00000000 sll $zero,$zero,0 Nop
0x800001C8 00000000 sll $zero,$zero,0 Nop
0x800001CC 275A0004 addiu $k0,$k0 EPC + 4. Donot r
execute faulting
instruction when
return
0x800001DO0O 00000000 sll $zero,$zero,0 Nop
0x800001D4 00000000 sll $zero,$zero,0 Nop
0x800001D8 409A7000 mtcO $k0,$14 Update EPC
0x800001DC 40806800 mtc0 $0,$13 Clear cause regis
0x800001EO 401A6000 mfcO $k0,$12 Move status reg




0x800001E4 00000000 sll $zero,$zero,0 Nop
0x800001ES8 00000000 sll $zero,$zero,0 Nop
0x800001EC 335AFFFD andi $k0,0xfffd Mask status register
0x800001F0 375A0001 ori $k0,0x1 Set status[0] to 1
0x800001F4 00000000 sll $zero,$zero,0 Nop
0x800001F8 00000000 sll $zero,$zero,0 Nop
0x800001FC 409A6000 mtcO $k0,$12 Update status
register
0x80000200 8C040000 Iw $a0,0($zero) Restore registe
value
0x80000204 8C050004 Iw $al,4($zero) Restore register
value
0x80000208 03600820 add $at,$k1,$0 Restore register
value
0x8000020C 42000018 eret Eret. Return to
normal program
execution
0x80000210 00000000 sll $zero,$zero,0 Nop
TEST CASE SELECTED ITEM
0x80000300 02A00008 jr $s5 Jump to clean_up
0x80000304 02A00008 jr $s5 Jump to clean_up
0x80000308 02A00008 jr $s5 Jump to clean_up
0x8000030C 02A00008 jr $s5 Jump to clean_up
0x80000310 02A00008 jr $s5 Jump to clean_up
0x80000314 02A00008 jr $s5 Jump to clean_up
0x80000318 02A00008 jr $s5 Jump to clean_up
0x8000031C 02A00008 jr $s5 Jump to clean_up
0x80000320 02A00008 jr $s5 Jump to clean_up
0x80000324 02A00008 jr $s5 Jump to clean_up
0x80000328 02A00008 jr $s5 Jump to clean_up
0x8000032C 02A00008 jr $s5 Jump to clean_up
0x80000330 02A00008 jr $s5 Jump to clean_up
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7.1.2 Simulation Result
Instructions Cache (Text Segment)

EE Memory Data - ftb_r32_pipeline/dut_c_riscfu_text_segfu_cm_r_memory - Default =:

00400018 [|®M XX HX XX
0040001c XM XM HX HX
00400020 |Xx XX HX XX
00400024 (00 00 28 24
00400028 (00 00 Q40 00
0040002c (00 00 OO0 OO0
00400030 |40 91 &8 00
00400034 |34 11 ££ 01
00400038 |00 00 OO0 00
0040003c (00 00 40 00
00400040 (40 81 &0 00
00400044 (00 00 Q40 OO0
00400048 |3c 10 7£f ££
0040004 |36 12 ££f £
00400050 |3c 14 £0 00
00400054 |36 94 03 00
00400058 |3c 15 &80 00
0040005c |36 b5 01 cO
00400060 (00 00 040 OO0
00400084 |££ ££ ££ ££
004000&8 |00 00 OO0 Oc
00400062 |02 52 40 20
00400070 |00 00 OO0 00
00400074 |20 12 40 12
a0400078 (00 00 40 00

0040007c |HEx XX HX XX
AAAAAASA  Jaewe arar aese acae

Joi il

Data Cache (Data Segment)

EE it_c_riscfu_data_segfu_cm_r_memory - Default :
10000000 oo a0 oo a0
10000004 (OO0 OO0 OO0 OO0
10000008 |[|Hx HHX HX HH
1000000z XX HH HX HH
10000010 |3 M HX HNK
10000014 |3 K HX HNK
10000018 (3 2HH HX MNK
1000001c MM MM HN XN
10000020 XM MM HN XN
10000024 MM MY HN XN
10000028 |[|Hx HH HX HH
1000002c [|HH HH HX HH
10000030 |[|Hx HHX HX HH
10000034 [ M HX MNK
10000038 (M 2x HX HNK
1000003 c (M M HX HNK
10000040 IMH MM HN XN
10000044 NN MM HN XN
10000048 MM MM HN XN
1000004 |HH HH HX HH
10000050 |Hx HH HX HH
10000054 |HH HH HX HH
10000058 [ 2x HX HNK
1000005c [ M HX MNK
10000060 [ Hx HX HNK
10000064 NN MM HN XN
10000068 MM MM HN XN
1000006C MM MM HN XN

<1 3 ER 21 -

BIT(Hons) Computer Engineering
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Exception Handler (ktext Segment)

H-=

EH Memory Data - fth_r32_pipelinefdut_c_riscfu_ktext_kseg0ju_cm_r_memory - Default
= Py

&3 B
8 BoiEh R ,,z, \“3" *

g00001a0
80000134
80000133
8000018c
20000150
80000194
80000198
800001%¢c
800001a0
800001a4
g00001asd
800001ac
200001k0
8000014
800001kE
g800001bc
800001co
800001c4
g00001ca
800001cc
20000140
80000144
80000148
g800001dc
800001ed0
800001e4
800001e8
800001ec
200001£0
800001£4
800001£8
g00001fc
g0000200
80000204
80000208
8000020c
20000210
80000214

ao
ac
ac
40
ao
ao
ao
30
ao
15
28
11
i}
0l
0l
ol
40
ao
ag
27
i}
ao
40
40
40
ao
ao
a3
37
ao
ao
4an
gc
gc
03
42
an
ao

4] v 4]

20
04
035
la
[}
[}
la
24
a0
40
Za
40
24
29
34
20
la
[}
ag
Sa
[}
[}
9a
a0
la
[}
[}
Sa
Sa
[}
[}
Sa
04
05
al
[}
an
[}

dg 20
a0 00
a0 04
a8 00
a0 oo
a0 00
20 82
00 1f
30 2a
00 06
00 od
00 04
48 20
43 20
43 20
0o as
70 00
a0 00
oo oo
00 04
a0 ao
a0 00
70 00
ag 00
a0 00
a0 00
a0 00
ff fd
0o 01
a0 00
a0 00
a0 00
a0 00
00 04
08 20
0o 18
oo ao
a0 00

BIT(Hons) Computer Engineering
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Test Program waveform

& bi_cpo_ck 0

< bi_cp0_rst 0
)+ u_dp_id_pc 00400030
=« u_dp_id_instr 40916800
— Cro

\\v bo_cp0_flush_id ]
& bo_cp0_flush ex |0
\\' bo_cp0_flush_mem |0
|« bo_cp0_exc_addr | 00000000

=
)« bo_cp0_read _data | 00000000
)+ bi_cp0_read_addr | 13
2 bi_cp0_wr_data | 00000000
+ ,} bi_cp0_wr_addr 13

& bi_cp0_mtc0 1

,> bi_cp0_eret 0

;} bi_cp0_undef_instr |0

& bi_cp0_syscal 0

;) bi_cp0_sovf 0
%<4 bi_cp0_irq 0o
)+ bi_cp0_current_pc | 00400030
+ 4 b_cp0_stat 00000000
) b_cp0_cause 00000000
)+ b_cp0_epc 00000000
— Register used
=P 5D 00000000
st 00000000
& 82 00000000
& st 00000000
g &5 00000000
& §t0 00000000
R Xl 00000000
R 2 00000000

l l / | l l l / l l l N
00000000 0400024 00400023 0040002¢ 00400030 s 00400038 0040003 00400040 00400044
00000000 D0008824 00000000 40516800 E Rl 00000000 40516000 00000000
00000000
00000000 00000000
0 i 0 13 gl 0 12 0
00000000 10000.., ] 00000000
0 7 0 13 gl 0 17 0
\
00
00000000 Do400024 00400023 0040002¢ 00400030 0b40003% 00400038 0040003 D0400040 00400044
00000000 000001
00000000
00000000
———{000000dp
|—oooooo | ooooffo
(00000000 /
———{00000000 £
——— 000000
———{000o0odD /
———{ 00000000 \ A /
——— 000000 \ \ //
Reset for 2 clock Initialize cause register to O. T .
Initialize status register
cycle Move $s1 to cause $13. t0 OXffO1L

BIT(Hons) Computer Engineering
Faculty of Information and Communication Technology, UTAR

$s1=0

Immediately update
after $s1 become 0xff01
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| ![ Wave - Default

. 5
‘lv Msgs
4 bi_cp0_dk 0 1 | | | | | | | | | N | |
& bi_cp0_rst 1
[ u_dp_id_pc OB 00400048 004000% 00400050 00400054 00400058 0030005¢ 00400060 00400064 00000000 50000180 30000184 30000188
+ « u_dp_id_instr HXKXXNXN 3c107fff 36 12ffff 3148000 36340300 3c158000 36b501c0 00000000 A 00000000 0020d&20 2c040000 ac050004
—cro
& bo_cp0_flush_id ® %—/
w& ba_cp0_flush_ex s \
b bo_cp0_flush_mem  |x \‘
+ -g”; bo_cp0_exc_addr HHHNHHHN 00000000 |
) 1& bo_cp0_read_data | ook \‘
[+ 59 bi_cp0_read addr |3 of if 10 00 10 00 if 00 1b | il
e } bi_cp0_wr_data HANHHHKN 00000000 '\l
{#) 3 bi_cp0_wr_addr 0 of if 10 [ii] 10 00 L3 00 b | [ili]
2 bi_cp0_mtco ® \
;'9 bi_cp0_eret s \
& bi_cp0_undef instr | x |
& bi_cp0_syscal x \
< bi_cp0_sovf X |
[+ 49 bi_cp0_irg 0o 00 ‘\
+ o bi_cp0_current pe | xxaoooo 00400043 0040004 00400050 00400054 00400058 0040005¢ 00400060 TjAhnoea 00000000 80000180 \| 30000184 30000168
{4« b_cpd_stat KAAXKHAK 000001 00ooffoz |
+ g b_cp0_cause HHUNNHHH 00000000 // 00000028 ‘ll
+ 4 b_cp0_epc HXHXXHKH 00000000 / 00400064 |
— Register used s // " \
[+ 9 50 00000000 00000000 {7rrroo0d / l |
g 881 00000000 000001 /' ! \
[+ @ 82 00000000 00000000 b Wiiininid / | |
T &4 00000000 | TO00OG0 /5060000 {00003tk ] {
=@ &5 00000000 00000000 / {&000000p | {S00001c |
P &t DD0000DD | GGO0BOG0 7 i i
9 stl 00000000 00000000 VA |
IEE 3.7 00000000 | (00D000BD 7 I
= '...|........|....M.....|........|...../i........|........|........i........|........|........i....
W Mow 9600 ns SV. 750 ns 800 ns 850 n 900 ns 350 ns 1000 1050 ns 1100|ns 1150 ns
Using load upper immediate to Undefined instructi Undate stat Go to Exception Handler at
create 7fff_ffff, 80000300 and naetined instruction pate stalus, cause an ,j4ress 80000180
- . . detected. Flush IF/ID and EPC register
800001c0 and save in register $s2, ID/EX bi
$s4 and $s5 pipe
70
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M Wave - Default

L

—

30000210

00400065

00pQ0000

30000180

00000000

0000000c

00pQ0000

0020d820

1

0400063

0

0000000

0

]

20000210

00400063

Q0000000

g0000130

000ff1

noooffo2

0020000

00000020

0400063

‘I - Ms=gs
=& bi_cp0_dk 0
& bi_cp0_rst 1
+ \> u_dp_id_pc HHHNNHNH
+ \> u_dp_id_instr HHHNNHNH
— CPO
\-"; bo_cp0_flush_id X
\-"; bo_cpd_flush_ex i
\-E bo_cp0_flush_mem | x
+ \} bo_cp0_exc_addr WK
+ \} bo_cpl_read_data | o000
+ :_) bi_cp0_read_addr N
= ,_} bi_cp0_wr_data HNNHHHNN,
+ ;_) bi_cp0_wr_addr WK
& bi_cp0_mtcd X
:_) bi_cp0_eret i
& bi_cp0_undef_instr | x
:_) bi_cp0_syscall i
:_) bi_cp0_sowf i
= :_} bi_cp0_irg i}
+] ,_} bi_cp0_current_pc HHAHHHNK
+ 4 b_cp0_stat KHHKHHHK
= \> b_cp0_cause NN
+ 4 b_cp0_epc HHHHNHHN
— Reagister used
+ 4 580 00000000
= 81 00000000
P 82 00000000
+ 4 =4 00000000
+ P 855 00000000
+ P St 00000000
i sl 00000000
P 5t2 00000000

D000

00offol

T

0000300

000010

0000000

0000325

F,
d
4
3
3
(]
3
d

0020001

-

Faculty of Information and Communication | echnoidgy; UTAR "

Go to Exception Handler at
address 80000180

Syscall instruction detected.
Flush IF/IF pipeline.

Update status, cause and
EPC register
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ﬂ Wave - Default

‘. - Msgs
P bi_cpo_ck 0
& bi_cp0_rst i
+) 4 u_dp_id_pc HHHHHNNK
+ \> u_dp_id_instr HHHHNN
— CPO

]

I —

00400062

00400070

Q0000000

20000130

02524020

00000000

0020ds20

\‘-}r bo_cp0_flush_id s
& bo_cp0_flush_ex X
\\7 bo_cp0_flush_mem |x

Go to Exception Handler at
address 80000180

0040

DOGC

g

05

g

00000000

oa

05

U]

Add 7Fff_ffff with 7Fff_ffff.

Sign overflow detected.
Flush IF/ID, ID/EX and

EX/MEM pipe.

g

0040006c

00400070

00000000

20000130

Q0oa

o1

noooffo2

00oa

D00

00000030

0040

DOGC

+ \} bo_cp0_exc_addr HHHNNAIN
+ \} bo_cpl_read_data | xo0o000
+ :_} bi_cp0_read_addr W
+ :_} bi_cp0_wr_data HHHHNN
= :_} bi_cp0_wr_addr N

«P bi_cp0_mtc0 X

:_} bi_cp0_eret X

:_} bi_cp0_undef_instr | x

& bi_cp0_syscall X

:_} bi_cp0_sowf i
+ = bi_cp0_irg i
+) ,_} bi_cp0_current_pc WHNHHNHN
+ ‘) b_cpl_stat HHHNNAIN
= \> b_cpl_cause WK
+ 4 b_cp0_epc HHHHHHHN
— Register used
+ 4 &0 00000000
+ 9 851 00000000
+ P ss2 00000000
&P Ss4 00000000
+ 4 855 00000000
+ P St0 00000000
P st 00000000
9 st2 00000000

—— Update status, cause and

Fiiiil]

pog

EPC register

00oa

o1

Fiiiii

il

2000

0300

2000

D1cO

00oa

D00

000

0320

00oa

pO01

72
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ﬂ_ Wave -Default .

N [ |

30000210 00400070

00400074

00400073

30000180

BO000 154

30000188

00000000

20120012

00000000

0020d820

CUSLAUILY

=05000T '
>

ﬁ x Msgs
=& bi_cp0_dk 0
=& bi_cp0_rst 1
1+ -@ u_dp_id_pc | 300000000
+) -@ u_dp_id_instr ;xxxxxxxx
— CPO |
% bo_cp0_flush_id I
-@; bo_cp0_flush_ex | %
-é bo_cp0_flugh_mem | x
4 {E bo_cp0_exc_addr HHHHHHNH
E9} -é; bo_cpl_read_data | xo0oomx
1+ & bi_cp0_read_addr | xx
) _vb bi_cp0_wr_data WIHHHHHN
& = bi_cpO_wr_addr | xx
;,-} bi_cp0_mtcO | %
;_-} bi_cp0_eret | %
;} bi_cp0_undef_instr | x
;;} bi_cp0_syscall *®
;} bi_cp0_sowf %
+) =& bi_cp0_irg |00
4 = bi_cp0_current_pc | XxXxXXXX
-+ b_cp0_stat | 20000000
+ 4 b_cp0_cause | HHHHHHHH
+ -@ b_cp0_epc | HHHHHHHH
— Register used
o 80 00000000
sl 00000000
+ 4 §s2 | 00000000
) 554 00000000
44 585 | 00000000
& S0 00000000
= 5t | 00000000
= stz | 00000000

-

00400070

0o

ag

00000000

00000000

0o

ao

0o

04

0o

20000210 00400070

00400074

00400078

30000130

FEROOOTET

20000188

0000ff01

000ofoz

00000000

00001000

00400070

00400074

FH0000

0000ff01

THIFFAT

fooooood

20000300

300001c0

00000000

280000330

]
|
!l
i
i
i
i

i

i

|

00000001

Execute normal instruction. Add 19 to $s2. At thens
time 1/O interrupt come in. Processor finishes narm
instruction and goes to exception handler.

BIT(Hons) Computer Engineering
Faculty of Information and Communication Technology, UTAR

Go to Exception
Handler at address
80000180

Update status,

—, cause and EPC

register
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Exception Handler Waveform

M Wave - Default

&I Msgs /
4 bi_cp0_ck a 1 | | | | | | | | | | L
& bi_cp0_rst 1 /
+ \> u_dp_id_pc HWHNNNHHNK 00000000 ] 80000180 30000154 80000188 3000018c 30000190 30000194 30000198 3000019¢ 300001&0 30000154 30000158
+ \> u_dp_id_instr HHHHHHHK 00000000 ] 0020d320 ac040000 5c050004 40156800 00000000 00152082 3084001f 00805025 154000086 2385000d
— CPO
& bo_cp0_flush_id X
\} bo_cp0_flush_ex x 7
\,\' bo_cp0_flush_mem | x /
+ \> bo_cp0_exc_addr HHEKNHEK 00000000 /
+ \,\' bo_cp0_read_data | xoooooo / 00000028
+ =9 bi_cp0_read_addr | ax 00 b (i 0d 00 0% 00 0a 00
E3} ,,} bi_cp0_wr_data HHHHHHHK 00000000 ,/ 1.0000... | 00000000
+ ;_,) bi_cp0_wr_addr XX [ili] 1b / loo 0d 00 04 [ili] Oa [ili]
& bi_cp0_mtco x /
& bi_cp0_eret X /
;_,) bi_cp0_undef_instr | x /
;_> bi_cp0_syscall x /
& bi_p0_sovf X /
+ =9 bi_cp0_irg a0 00 y i
) ;'> bi_cp0_current_pc HHHHHHNK 00000000 BDgﬂD 150 80000154 80000133 80000158c 80000190 80000194 80000193 8000019¢ 80000120 80000154 80000158
+ @ b_cp0_stat XXKKNHXX D000ff02
£ \> b_cp0_cause HNXHHHHK 00000028 |/
+ \> b_cp0_epc HHHHHHHK 00400064
— Register used
+ P 550 00000000 FH0000/
= st 00000000 D0D0FL
& $s2 00000000 vy
= 54 00000000 _B00§0300
+ @ 585 00000000 /a00001c
& St 00000000 70000000
B -l 00000000 /onoooooo
= st2 00000000 00000000
P Sa0 32h0000000¢ | _527h000000(0 \ 132'ho00doo0a
[ $ko 32h00000g40 32'h000000$0 1 32h000d0028

Save register $a0 and
$al before use.

BIT(Hons) Computer Engineering

Faculty of Information and Communication Technology, UTAR

Move cause register to $k0, extract exception codk

mask it.

Extracted and

masked value of

exception cod:
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M Wave-Defalt —mmop0 00  —776¢6¢6¢@?>"76°0o0o—o2o————-—-———:=

‘] - Msgs

= bi_cp0_dk 0 1 | | | | | | | | N\ | | I

= bi_cp0_rst 1
+ \> u_dp_id_pc MO 80000... | 800001a0 30000124 80000128 30000 1ac 300001b0 300001b4 20000168 300001k 80000333 000010 a
+ \> u_dp_id_instr HHKHHHNN 30340... [ 00805023 15400008 288a000d 11400004 00844320 01294820 01344390 01200003 02500003 40157000 o
— CPO

\-\' bo_cp0_flush_id b3 ~ /

\-\' bo_cp0_flush_ex b3 / /

\-\' bo_cp0_flush_mem | x 1/ ,/
+ \5 bo_cp0_exc_addr HHAHKKKKK 0000000 /
+ \§ bo_cp0_read_data | xoooo / 7 00400064 —
+ 9 bi_cp0_read_addr | xx 00 05 00 y 05 00 / Oe i
+ __} bi_cp0_wr_data A0 0000000 / 0000000& 00000000 20000300 00000000 / 00000028 ]
+ =9 bi_cp0_wr_addr X 00 0a 00 / 03 00 / Oe i]

= bi_p0_mtcd X / /

=% bi_p0_eret X / /

= bi_cp0_undef instr | x / /

=4 bi_cp0_syscall X / /

= bi_cp0_sovf X 1/ )
+ 4% bi_cp0_irg 00 o0 7 /
) 49 bi_cp0_current_pc | oo B0000... | 80000140 (0000154 80000128 80000 1ac 80000160 80000 1b4 80000168/ {800001bc 80000328 800001c0 ]
+ Q b_cp0_stat HHHKHHKK 0000ffoz 4 ,/
3} \> b_cp0_cause HHHHHHHK 0000002 / /
+ 9 b_cpo_epc KXHKNKXX 00400064 / /
— Registerused ————— / /
P 50 00000000 FFT0000 7 /
=P sl 00000000 00001 Wi /
+ < 882 00000000 Biiiiiid / y
+ < Ss4 00000000 2000030 7 A
& 585 00000000 500001c0] / /
£~ St 00000000 00000000 / A
= St 00000000 00000003 ,/ 1000000 14 00000028 (80000326
= 52 00000000 DO00D0ZY /[ o000000]1
) Sa0 32h00000000 | 32h0gh0q000 [ 3Zho00g000a /
IER 32h00000000 | 3ZhA000d028 K/

Switch case Jump to ISR
statement.
address. Calculate an

determine the
address of IS}

75
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£8| Wave - Default

‘I - Msgs
P bi_cpo_ck o 1 | | | | | | | | I
+& bi_cp0_rst 1
£ \> u_dp_id_pc J0OO00OMK 30000328 (3000010 800001cH 300001cs 800001cc 300001d0 300001d4 300001d3 300001dc 000010
+ \> u_dp_id_instr KANNARKH 02a00008 140127000 00000000 275a0004 00000000 40827000 408058800 40126000
— CPO
& bo_cp0_flush_id x
& bo_cp0_flush_ex x N p
\,\' ba_cp0_flush_mem | x //
+ \> bo_cp0_exc_addr HHHHHHHH 00000000 / R
) « bo_cpO_read_data | xoo0cooe ———{ 00400064 / 00400064 00000028 0000ff02 - C|ear
+ «% bi_cp0_read_addr | xx 00 0e 00 / O od 0c
%) o bi_cp0_wr_data XHNHHHHK 00000000 D0000028 00000000 7 0000, 10040, | 00000000 0040... 10040, 00000000 00400068 cause
+ 249 bi_cp0_wr_addr XX 00 Oe 00 / i) od Oc .
3 bi_cp0_mtco X * reQISter
+9 bi_cp0_eret x / /
;'> bi_cp0_undef_instr | x / /
+9 bi_cp0_syscal X / /
;'> bi_cp0_sovf X // /
+ +9 bi_cp0_irg 00 00 / /
£ :,> bi_cp0_current_pc J0OO00OMK 30000328 B00001c0 BUU,JZD 1cd 300001cs 800001cc 300001d0 300001d4 300001d3 300001dc 80000 IEIIJ'
+ < b_cp0_stat HHNHNHHN DO00F0Z / ——7—
+ 4 b_cp0_cause HHHHHHHH 00000028 00000000
+ @ b_cp0_epc XXHNXHXK 00400064 7/ / 00400068 \
— Registerused —————————— /
= 50 00000000 THO000 /
& @ 51 00000000 000001 /
= ss2 00000000 hiiaiiid /
=@ Ss4 00000000 30000300 7
=P &5 00000000 3000010 A
= S0 00000000 00000000 7
=P st 00000000 0... f0000002€ R
o st2 00000000 00000001/
= sa0 32h00000000 | "3Zh0000070a
(5 Sk 32h00000000 | 37H0000A028 Iaz‘hou@{oum Iaz‘houag[ooss

Move EPC to register file $k0 and
update EPC EPC +4
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£E| Wave - Default

‘] - Msgs
=% bi_cpo_dk 0 ] | | | | | | | I
=P bi_cp0_rst 1
+ 4 u_dp_id_pc XK B00001dc | 800001e0 BO00D 104 B00001e8 80000 1ec 8000010 BO0001FS 8000013 BO0001fc B00(
+) g u_dp_id_instr HHHHKKRK 40306800 | 40126000 00000000 335aftrd 37520001 00000000 40326000 Bel:
— CFO
\‘-; bo_cp0_flush_id x N /
& bo_cp0_flush_ex X /
4 bo_cp0_flush_mem | x //
+ \,\' bo_cp0_exc_addr HHHNHHNK 00000000 /
+ < bo_cp0_read_data | xooomxx 00000028 | 0000f02 ~ D000ff02 —
+ =9 bi_cp0_read_addr | xx od Oc il / if 7] Oc 0
1_;} bi_cp0_wr_data HHHHHHNH 00000000 | 00400068 00000000 /I 0040... [0000ff0d 00000000 0000... {0000... {0000
+} =9 bi_cp0_wr_addr ¥ od Oc 00 / if 00 Oc ili]
=P bi_cpl_mtcd X / -
=% bi_cp0_eret X /
;} bi_cp0_undef_instr | x /
=9 bi_cp0_syscal X /
=% bi_cp0_sovf X
+ 29 bi_cp0_irg 0o a0 /
+) =9 bi_cpO_current_pc | xacookxx B00001dc | B00001e0 / BO00D1e4 BO0001e8 B00001ec 8000010 80000174 500001f3 B00001fc B00(
3] \> b_cp0_stat XHXHNNNX 0000ff02 / 000(
=+ b_cp0_cause XHHHKHHK 00000028 nnnnnnll)ﬁ
+  b_cp0_epc KHNHHKHK 00400068 /
— Reaqister used /
= 50 00000000 7i0000 |/
+ 4 Ss1 00000000 0000F0L
2 00000000 Tt  /
554 00000000 8000037
= 885 00000000 B00071c0
& §t0 00000000 | 00000
g 5t1 00000000 30000328
st 00000000 00000001
+ 4 sal 32h0000000y | ~37h0000000.
2 S0 32'ho0000p00 | “32h0040006 I 32hooogdffoz [ 32hooodffod  {32hoo0dffol
¥ |4
(. J
Move status register value to register file ¥
$kO and reset value of status register. Reset status register
to enable interruj 77
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g Wave - Default

‘I - Msgs
=& bi_cp0_dk 0
=% bi_cp0_rst 1
+ < u_dp_id_pc KHAHHHKK
+ \> u_dp_id_instr N
— CPO

& bo_cp0_flush_id X
& bo_cp0_flush_ex X
\-\' bo_cp0_flush_mem | x

+) \} bo_cp0_exc_addr HHHHHNNK
+ \} bo_cp0_read_data | xxxxxxxx
+) 29 bi_cp0_read_addr | xx
+ ;_> bi_cp0_wr_data N
+ =4 bi_cp0_wr_addr e

=% bi_cp0_mtc0 X

9 bi_cp0_eret X

;_> bi_cp0_undef_instr | x

% bi_cp0_syscall X

=% bi_cp0_sovf X
+! =4 bi_cp0_irg 0o
[+ ;_> bi_cp0_current_pc HHHHHNKH
+ + b_p0_stat HHHKHNNK
+ \> b_cp0_cause KEKXHNHKK
+ 4 b_cpl_epc XHHOONH
— Register used
4 550 00000000
= S8l 00000000
= Ss2 00000000
E3] \> Ss4
+ \> 855
1_\> St0
=P 6t1
o st2
4 520 32h00000000
[ S0 32h00000000

Restore Register

1 [

—t—

/

f )
]

800001fc [30000200

80000204

80000208

8000020c

80000210

00400068

40936, .,

8c040000

8c050004

03600820

42000018

Q0000000

0000000

00000000

00400058

0000ff02

Oc 00

01

00

0000... 0000000

0000000

Oc 0a

01

00

/

/

/

Z

00 /

80000 1fc

Z
0000200

80000204

80000208

8000020

80000210

00400068

DDDDfﬁJ/?/ 0000ff01

DDDUDIBTJD

00470068

/ZFFfo000

0000ff1

TP

80000300

800001ch

00000000

80000328

00000001

3 Z'hDDDUDUIJDa

J 32hoong

0000

i 32'huun[!ffu1

BIT(Hons) Computer Engineering
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eret. Return to
address saved in
EPC.
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Register File

Register file when first start up and reset.

B ry Data - ftb_r32_pipeline/dut_c_risc/u_datapath/b_rf/b_rf_reg_ram - Default ::: H &1 %]

00000001 (00000000 00000000 00000000 00000000 00000000 .:J
00000006 (00000000 00000000 00000000 00000000 00000000

0000000k (00000000 00000000 00000000 00000000 00000000

00000010 (00000000 00000000 00000000 00000000 00000000

00000015 (00000000 Q0000000 00000000 00000000 00000000

0000001a (00000000 Q0000000 00000000 00000000 00000000

0000001E (00000000

oo 2l

Register file after $s0, $s1, $s2, $s4, $s5 igevritvith value. (partial test program
before exception)

B ry Data - ftb_r32_pipeline/dut_c_risc/u_datapath/b_rf/b_rf_reg_ram - Default i H 1 =

00000001 (00000000 Q0000000 Q0000000 Q0000000 00000000 .:J
00000006 (00000000 Q0000000 Q0000000 Q0000000 00000000

0000000k (00000000 Q0000000 Q0000000 Q0000000 00000000

00000010 (7E£E££0000 0000££01 TEELE£E£F 00000000 80000300

00000015 (80000000 00000000 Q0000000 00000000 00000000

0000001a (00000000 00000000 Q0000000 00000000 00000000

0000001£ (00000000

Dis Sl 2l
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Chapter 8 Conclusion

8.1 Conclusion
Exception/interrupt handling is essential for agassor to work and function properly.

Without exception handling, processor may not bde atb handle and solve

exception/interrupt.

Coprocessor 0 implemented in this project is alde sblve this problem. CPO
implemented is capable of save the return addeess,decode the cause of incoming
interrupt. As for software handling part, the excap handler is working well and

proven to be working.

There are 3 instructions added to the RISC32 actite to support exception/interrupt
handling mechanism. The 3 instructions added a® nmhtcO and eret. Modification of
datapath unit and control unit are done to endi#eptocessor to decode and process the

added instruction.

There are 2 caches added to the RISC32 architealswewhich are kernel segment and

kernel data segment to enable exception handigotk.

Lastly, all the objective of this project is acheev A complete interrupt handling
mechanism is developed and proven to be work Whk. Co-processor 0 is developed in
RTL (Register Transfer Level) form and modeled ymthesizable Verilog. The Co-

processor 0 functionality is verified as well.
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8.2 Discussion and Future Work
The exception/interrupt handling developed is neit im complete and perfect form. It

currently only able to process 4 type of exceptitsch are undefined instruction,
syscall, sign overflow and I/O interrupt. The fteumprovement should include more
functionality, let the CPO able to process all kafdexception and interrupt. Other than
that, the software part for exception handlingas yet completed. The interrupt service
for each exception/interrupt is not developedultrently only able to detect, examine the
cause and then return to normal instruction exenutKernel programmer will be

responsible to develop the whole exception handtieghanism to handle exception.

Furthermore, due to limitation of simulation toolpdelsim student edition, the memory
map used in this project is not able to use stahdaemory map convention. The
memory limitation only allow up to 8k memory. Thgstem should simulate as standard

practice, which similar to industrial product.

Lastly, the CPO currently developed can only harsitigle exception/interrupt at every
particular time. Improvement should be done tovalloP0O to process with more the 1
exception/interrupt at the same time. This willdide to speed up processor’s processing

power.
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Appendix

C_risc.v

‘include "macro.v"
“default_nettype none

module c_risc

(// === in out port declaration =====
//IOUTPUT
/*

/I Input / Output from VGA controller

/I Input / Output from PS2 Mouse controller

I/l Input / Output from PS2 Keyboard controller

// Input / Output from UART controller

*/

I/INPUT

input wire ui_cd_clk,
input wire ui_cd_rst

);

/Imain control signal
wire u_cd_alb_src;
wire u_cd_rd_src;
wire u_cd_mult_en;
wire u_cd_sign_mult;
wire u_cd_rf_wr;
wire u_cd_mem_wr;
wire u_cd_mem_re;
wire u_cd_sign_ext;
wire u_cd_hi_wr,
wire u_cd_lo_wr;
wire u_cd_alb_to_rf;
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wire u_cd_hi_to_rf;
wire u_cd_mem_to_rf;
wire u_cd_jump;

wire u_cd_jr;

wire u_cd_jal;

wire u_cd_jalr;

wire u_cd_beq;

wire u_cd_bne;

wire u_cd_blez;

wire u_cd_bgtz;

/lalb
wire [ALB_CTRL_NB-1:0] u_cd_alb_ctrl;

//main control

wire [OPCODE_NB-1:0] u_cd_opcode;
wire [[FUNCT_NB-1:0] wu_cd_funct;
wire [4:0] u_cd_rs;

/[ Memory unit

wire [WORD_NB-1:0] u_cd_pc;

wire [WORD_NB-1:0] u_cd_dmem_addr;
wire [ WORD_NB-1:0] u_cd_store_data;

/l Mem unit and forwarding

reg [WORD_NB-1:0] u_cd_instr;

wire [WORD_NB-1:0] u_cd_text_instr;
wire [WORD_NB-1:0] u_cd_ktext_instr;
reg [ WORD_NB-1:0] u_cd_loaded_data;
wire [WORD_NB-1:0] u_cd_loaded_ndata;
wire [ WORD_NB-1:0] u_cd_loaded_kdata;

//datapath output

wire u_dp_mem_re;

wire u_dp_mem_wr;
IIO(UART)

reg u_cd_intr_uart;
IIO(PS2 Mouse)

reg u_cd_intr_ps2_mouse;
I10(PS2 Keyboard)

reg u_cd_intr_ps2_keyboard,;
/lcp0 wire

/[control

wire u_cd_mfcO;
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wire u_cd_mtcO;

wire u_cd_eret;

wire u_cd_syscall;

wire u_cd_undef _inst;
//::::::::::::::::::::::::::::::::
||======== COﬂtrOlpath —==—=—=—=—==—=—==

|[================—===—==—=—==—===—=====
||======== datapath =—====—=====
|[================—===—==—=—==—===—=====
BIT(Hons) Computer Engineering

Faculty of Information and Communication Technology

u_ctrl_path u_control(

/loutput signal
.uo_cp_alb_src(u_cd_alb_src),
.uo_cp_rd_src(u_cd_rd_src),
.uo_cp_mult_en(u_cd_mult_en),
.uo_cp_sign_mult(u_cd_sign_mult),
.uo_cp_rf_wr(u_cd_rf_wr),
.uo_cp_mem_wr(u_cd_mem_wr),
.uo_cp_mem_re(u_cd_mem_re),
.Uo_cp_sign_ext(u_cd_sign_ext),
.uo_cp_hi_wr(u_cd_hi_wr),
.uo_cp_lo_wr(u_cd_lo_wr),
.uo_cp_alb_to_rf(u_cd_alb_to_rf),
.uo_cp_hi_to_rf(u_cd_hi_to_rf),
.uo_cp_mem_to_rf(u_cd_mem_to_rf),
.uo_cp_jump(u_cd_jump),
.uo_cp_jr(u_cd_jr),
.uo_cp_jal(u_cd_jal),
.uo_cp_jalr(u_cd_jalr),
.uo_cp_beq(u_cd_beq),
.uo_cp_bne(u_cd_bne),
.uo_cp_blez(u_cd_blez),
.uo_cp_bgtz(u_cd_bgtz),
.uo_cp_alb_ctrl(u_cd_alb_ctrl),
.uo_cp_mfcO(u_cd_mfc0),
.uo_cp_mtcO(u_cd_mtc0),
.uo_cp_eret(u_cd_eret),
.uo_cp_syscall(u_cd_syscall),
.uo_cp_undef_inst(u_cd_undef_inst),

/linput signal
.ui_cp_opcode(u_cd_opcode),
.ui_cp_funct(u_cd_funct),
ui_cp_rs(u_cd_rs));

/[control_u

, UTAR

85



u_data_path u_datapath

(//*********** INSTANTIATION *kkkkkkkkkkkk
[|======= QUTPUT =======

/I Main control
.uo_dp_opcode(u_cd_opcode),
.uo_dp_funct(u_cd_funct),
.uo_dp_rs(u_cd_rs),

/I Memory unit
.uo_dp_im_addr(u_cd_pc),
.uo_dp_dm_addr(u_cd_dmem_addr),
.uo_dp_dm_store(u_cd_store_data),
.uo_dp_mem_wr(u_dp_mem_wr),
.uo_dp_mem_re(u_dp_mem_re),

[|======= INPUT =======

/I Main control

.ui_dp_alb_src(u_cd_alb_src), /laluSrc
.ui_dp_rd_src(u_cd_rd_src), /lregDst

.ui_dp_mult_en(u_cd_mult_en),
.ui_dp_sign_mult(u_cd_sign_mult),
ui_dp_rf_wr(u_cd_rf_wr), /lregWr
Ui_dp_mem_wr(u_cd_mem_wr), //mem_wr
.ui_dp_mem_re(u_cd_mem_re), //mem_re
.Ui_dp_sign_ext(u_cd_sign_ext), //lextOp
.ui_dp_hi_wr(u_cd_hi_wr),
.Ui_dp_lo_wr(u_cd_lo_wr),
.ui_dp_hi_to_rf(u_cd_hi_to_rf),
.ui_dp_mem_to_reg(u_cd_mem_to_rf), //mem_to_reg0
.ui_dp_beq(u_cd_beq),
.ui_dp_bne(u_cd_bne),
.Ui_dp_blez(u_cd_blez),
.Ui_dp_bgtz(u_cd_bgtz),
.uUi_dp_jump(u_cd_jump),
ui_dp_jr(u_cd_jr),

.ui_dp_jalr(u_cd_jalr),

.ui_dp_jal(u_cd_jal),

/IALB
.ui_dp_alb_ctrl(u_cd_alb_ctrl), /laluCtr
/I Memory_unit

.Ui_dp_instr(u_cd_instr), /linstr
.ui_dp_loaded_data(u_cd_loaded_data),//pc4
/lcp0

.ui_dp_intr_vector({1'b0,1'b0,1'b0,u_cd_intr_uarizd_intr_ps2_mouse,u_cd_intr_ps2_
keyboardy}),
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.ui_dp_cp0_mfcO(u_cd_mfc0),
.ui_dp_cp0_mtcO(u_cd_mtc0),
.ui_dp_cpO_eret(u_cd_eret),
.ui_dp_cp0_syscall(u_cd_syscall),
.Ui_dp_cp0_undef_inst(u_cd_undef_inst),
/I System signal

.ui_dp_clk(ui_cd_clk),
.Ui_dp_rst(ui_cd_rst)

)i

|[================—===—==—=—==—==—=—=—=—==—====
||======== memory unit ===========
|[===================—===—==—==—=—=—=—==—====
u_cache
u_text_seg(

.uo_cm_rd_data (u_cd_text_instr),
.ui_cm_addr (u_cd_pc),

.ui_cm_wr_data ({{WORD_NB{1'b0}}),
.ui_cm_re (1'bl), //i-cache always read
.ui_cm_wr (1'b0),

.ui_cm_clk (ui_cd_clk));

u_cache

u_data_seg(

.uo_cm_rd_data (u_cd_loaded_ndata),
.Ui_cm_addr (u_cd_dmem_addr),
.ui_cm_wr_data (u_cd_store_data),
.ui_cm_re (u_dp_mem_re),

ui_cm_wr (u_dp_mem_wr),
.ui_cm_clk (ui_cd_clk));

u_cache

u_ktext_ksegO(

.uo_cm_rd_data (u_cd_ktext_instr),
.ui_cm_addr (u_cd_pc),

.ui_cm_wr_data ({ WORD_NB{1'b0}}),
.ui_cm_re (1'bl), //i-cache always read
.ui_cm_wr (1'b0),

.ui_cm_clk (ui_cd_clk));

u_cache

u_kdata_ksegO(

.uo_cm_rd_data (u_cd_loaded_kdata),
.ui_cm_addr (u_cd_dmem_addr),
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.ui_cm_wr_data (u_cd_store_data),
.ui_cm_re (u_dp_mem_re),
ui_cm_wr (u_dp_mem_wr),
.ui_cm_clk (ui_cd_clk));

endmodule
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