CSCE230, Fall 2009

CSCE230 Project Overview

This is the first handout outlining the project that you will carry out with your assigned team member.
The project is divided into multiple parts that must be accomplished sequentially. Each will have its own
checkoff date to demonstrate progress and completion, and each part will add to the already completed
design.

This handout starts with a statement of objectives for the project, followed by an overview and
specification of the 16-bit processor. It ends with a preview of the different parts of the project (with
their checkoff dates) and an overview of the grading scheme.

| Objectives

1) Understand software/hardware interface better by implementing a substantial subset of a
Reduced Instruction Set Computer (RISC) instruction set architecture (ISA).

2) Understand design parameters that determine the performance of hardware design in terms of
timing and utilization of hardware resources.

3) Learn to work as a team to carry out a complex design task requiring task partitioning, effective
communication, and cooperation.

4) Produce a report that accurately describes your work.

|Design Specification Overview

You are to design and implement on the UP2 board a 16-bit processor with the ISA that strongly
resembles a subset of the MIPS architecture, but includes some features that are unique to ARM. Here is
a top-level view of the processor architecture:

e Allinstructions are 24-bit wide and data is 16-bit wide.

e The processor uses the Harvard architecture, i.e. there are separate memories for instructions
and data. We will provide you with an implementation of the instruction memory but ask you to
design the data memory. The instruction memory should be able to hold at least 256
instructions and the data memory should hold at least 512 16-bit words.

e The instructions only support 16-bit data operands, i.e. there is no byte or bit-level addressing
modes in the instruction set.

e There are 15 registers in the register file, each 16-bits wide. These are similar to MIPS, just
fewer. We number them as $1 to $15. S0 is assumed to be constant 0. $15 is the return address
register for subroutine linkage. $14 is the stack pointer. The program counter (PC) is not a part
of the register file but a separate register, as it is in the MIPS architecture (but not ARM).

e The processor uses interrupt-driven memory-mapped 1/0 (see pp. 588 and Sections B.7 and B.8
of the textbook).
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e Although the processor may operate in more than two modes you are asked to provide support

for only two:
e User: Unprivileged mode under which most tasks run
e Interrupt: Privileged mode entered when an external (1/O) interrupt occurs

e The additional registers in the CPU include: PC (as described above), a current program status
register (CPSR) and a saved program status register (SPSR).

e The CPSR storesthe N, Z, C, and V flags set by the last instruction with the set (S) bit turned on.
In addition there is a bit ‘I’ to enable/disable interrupts, and at least one bit to indicate the
processor mode.

e Borrowing a characteristic feature of ARM, every instruction executes conditionally based on the
condition specified by the four flags in the CPSR register.

e Instruction types and instructions: We specify a small subset that includes representative
instructions from each class. Further, we may divide the set of instructions into a “must-
implement” set and a set that can be implemented for bonus credit.
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|Instruction Formats

(R) Register-Register: Arithmetic, logic, and shift instructions, plus jump-register.

23 22 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 O

|0 0 «x x‘ Cond ‘S‘ rs ‘ rt ‘ rd ‘ opx

op
(D) Data Transfer (Between memory and CPU): load and store instructions; also, add/sub immediate.

23 22 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 O

o0 1 x x| Cond | s | rs | rt | Imm

op

(B) Branch and Branch-and-Link: Branches are PC relative as in MIPS but conditionally executed as in
ARM

23 22 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 O

1 0 L x Cond ‘ Label

op

(J) Jump and Jump-and-Link; also load immediate to register, in which case bits 19-16 specify rd. These
instructions are non-conditional.

23 22 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 O

1 1 L x\ rd Const

op

Deviating from the MIPS terminology, to accommodate ARM extensions, we define instruction-format
types (R, D, B, and J) as shown above. For the project, we show below a subset of the instructions
defined for the processor (this list may change in minor ways as we gain more experience with the
implementation of this ISA).
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I R-type Instructions

These instructions include: add, sub, and, or, xor, sll, jr.

Instruction: add sub and or xor sli ir

op (in hex): 0 0 0 0 0 1 2

opx (in 0 2 4 5 6 0 0
hex):

These instructions set flags (N, Z, C, and V) if and only if the ‘S’ bit (bit 15) = 1. See the ‘Set Bit’ section
for more information.

These instructions also implement the condition codes. See the ‘Condition Code’ section for more
information.

Note that the ‘xx’ in the instruction name represents the condition checked for execution of the
instruction, e.g. addEQ executes only if the Z flag is set and addAL executes always.

I Addition: addxx

Perform signed addition on Srs and $rt then store the result in Srd
Srd = Srs + Srt

Ex:
addxx Sr1 Sr2 $r3
Srl=5r2 +5r3

I Subtraction: subxx

Perform signed subtraction on Srs and Srt then store the result in Srd

Srd = Srs - Srt

Ex:

subxx Sr1 $r2 Sr3
Sr1=5r2-5r3

I Logical AND: andxx

Perform bitwise logical AND operation on $rs and $rt then store the result in $rd
Srd = Srs & Srt

Ex:
andxx $r1 $r2 Sr3
Sr1=5r2 & Sr3
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| Logical OR: orxx

Perform bitwise logical OR operation on Srs and Srt then store the result in Srd
Srd = Srs | Srt

Ex:
orxx Srl Sr2 Sr3
Sr1=5r2|5r3

I Logical Exclusive OR: Xorxx

Perform bitwise logical XOR operation on Srs and $rt then store the result in $rd
Srd =Srs A Srt

Ex:
xorxx Srl Sr2 Sr3
Sr1=Sr27Sr3

I Logical Shift Left: slixx

Shift Srs by the value in the field rt then store the result in $rd
Srd =Srs<<rt

Ex:
slixx Sr15r2 9
Sr1=%2<<9

I Jump Register: jrxx

Jump to the instruction address stored in Srs
PC =5rs

Ex:
jrxx Srl
PC=5r1
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I D-type Instructions

These instructions include: lw, sw, addi

Instruction: lw SW addi
op (in hex): 4 5 6

These instructions set flags (N, Z, C, and V) if and only if the ‘S’ bit (bit 15) = 1. See the ‘Set Bit’ section
for more information.

These instructions also implement the condition codes. See the ‘Condition Code’ section for more
information.

Note that the ‘xx’ in the instruction name represents the condition checked for execution of the
instruction, e.g. IWEQ executes only if the Z flag is set and IwAL executes always.

I Load Word: lwxx

Load the contents of the memory address formed by $rs + Sign_extend ( Imm ) into Srt
Srt =Data_Memory][ Sign_extend( Imm ) + Srs ]

Ex:
Iwxx $r1 Sr2 -4
$r2 = Data_Memory[ $r1 + (-4) ]

I StoreWord: swxx

Store the contents of Srt into the memory address formed by Srs + Sign_extend( Imm )
Data_Memory[ Sign_extend( Imm ) + Srs ] = Srt

Ex:
swxx Srl1 Sr2 -4
Data_Memory[ $r1 + (-4) ] = $r2

I Add Immediate: addixx

Add Srs to Sign_extend( Imm) then store the result in $rt
Srt = Sign_extend( Imm ) + Srs

Ex:
addixx Sr1 Sr2 -4
Sr2 =5rl+ (-4)
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I B-Type Instructions

These instructions include: b, bal.

Instruction: b bal
op (in hex): 8 A

The ‘L’ bit (bit 21) specifies whether the instruction should link or not.

These instructions implement the condition codes. See the ‘Condition Code’ section for more
information.

Note that the ‘xx’ in the instruction name represents the condition checked for execution of the
instruction, e.g. bEQ executes only if the Z flag is set and bAL executes always.

I Branch: bxx

Branch to the instruction address formed by PC+1 + Sign_extend( label )
PC =PC+ 1 + Sign_extend( label )

Ex:
bxx -34
PC=PC+1+(-34)

I Branch And Link: balxx

Branch to the instruction address formed by PC+1 + Sign_extend( label ) and store the next instruction
address (PC+1) in Sr15

PC =PC+ 1 + Sign_extend( label )
Sr15=PC+1

Ex:

balxx -34
PC=PC+1 +(-34)
Sr15=PC+1
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I J-Type Instructions

These instructions include: j, jal, li

Instruction: jal li
op (in hex): C E D

—

The ‘L’ bit (bit 21) specifies whether the instruction should link or not.

Note: These instructions are NOT conditional (i.e. they always execute).

Bjump: j

Jump to the instruction address in Const
PC = Const

Ex:
j343
PC =343

I Jump And Link: jal

Jump to the instruction address in Const and store the next instruction address (PC+1) in $r15

PC =Const
Sr15=PC+1

Ex:

jal 343
PC=343
Sr15=PC+1

I Load Immediate: li

Load the 16-bit constant into the register specified by bits 19-16 (Srd).

Srd = Const
Ex:

liSrl, 22
Sr1=22
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Condition Code

The R, D, and B type instructions implement a condition code. The instruction will only execute if, based

on the given condition code, the corresponding condition flag(s) are set. Please see the ‘Set Bit’ section
for more information about setting the flags.

Below is the mapping of condition codes.

23 22 21 20 19

18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 O

Cond | ]

Cond Field Value

Condition Checked

Cond Field Value

Condition Checked

0000 EQ (Z=1) 1000 HI (C=1 and Z=0)
(equal) (unsigned higher)
0001 NE (Z=0) 1001 LS (C=0or Z=1)
(not equal) (unsigned lower or same)
0010 HS/CS (C=1) 1010 GE ((N=1 and V=1) or
(Unsigned higher or (N=0 and V=0)
same) (greater than or equal)
0011 LO/CC (C=0) 1011 LT ((N=1 and V=0) or
(unsigned lower) (N=0and V=1)
(less than)
0100 MI (N=1) 1100 GT (Z=0 and ((N=1 and
(negative) V=1)or (N=0 and V=0)
(greater than)
0101 PL (N=0) 1101 LE (Z=1) or (N=1 and V=0)
(positive or zero) or (N=0 and V=1)
(less than or equal)
0110 VS (V=1) 1110 AL (always)
(overflow)
0111 VC (V=0) 1111 NV (reserved)

(no overflow)

To use a condition code, append the corresponding two character code to the assembling instruction.

For example, to execute a register-register addition instruction always, the assembly instruction would

be:

addal $r1 6r2 $r3

This always adds $r2 to $r3 and stores the result in $rl

To branch if not equal, the assembly instruction would be:

bne 343
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Thus, after execution of this instruction, if the Z flag was cleared, the program counter will be updated
with instruction address 343.

To use condition codes, an instruction needs to be executed that sets/clears the desired condition flag(s)
(see the ‘Set Bit’ Section for more information), and then another instruction tests the flag(s) and
performs an operation.

Set Bit

The R and D instruction types have an ‘S’ bit (bit 15) that indicates whether the given instruction should
test the condition flags or update them.

If the ‘S’ bit is set, then the given instruction will update the condition flag(s) based on the result of the
instruction operation. To set the ‘S’ bit, append an ‘s’ delimited with a space to the end of the assembly
instruction.

For example, to execute an addition instruction that always updates the ‘Z’ flag, an assembly instruction
would be:

addal $r0 $r0 $r0 s

This instruction has an ‘al’ condition code meaning it always executes. Since the result of this operation
is always zero, the ‘Z’ flag will be set. (Note that Sr0 is never written to).

Project Parts and Grading

The project is divided into seven parts, of which two are optional and may be used to obtain bonus
credit. Here is a summary list of all the parts and checkoff dates

Part I. Build a 16x16 register file with one input and two output ports and a 16-bit ALU that produces the
result plus the NZCV flags. Register file checkoff by 10/23/09, ALU checkoff by 10/30/09.

Part Il. Integrate the above with provided components into a basic datapath for single cycle execution of
basic R-type operations (add, sub, and, or, xor). Except for the two components you built in Part |, you
will be provided with all other necessary components to connect the datapath with and test it using a
control unit. Checkoff by 11/06/09.

Part Ill. Add D-type instructions: Iw, sw, addi, and the R-type instruction jr. Checkoff by 11/16/09.
Part IV. Add B-type instructions to the datapath: b and bal. Checkoff by 11/23/09.
Part V. (Bonus) Add J-type instructions: j and jal. Checkoff by 11/23/09.

Part VI. (Bonus) Add either 2 or 3-stage pipelining or I/O drivers. Checkoff by 12/11/09.
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Part VII. Written report, oral presentation, and demo during the dead week (may spill over to the finals’
week).

Grading: The project is worth a total of 400 points that determine 20% of your course grade. The bonus
points can earn you an additional 7.5% of the course grade. Here is the distribution of points:

Parts I-IV: 50 points each. These are awarded at the time of checkoff. More details on what you
need to do for checkoff will appear in the handouts

Part V: 50 bonus points.
Part VI: 100 bonus points

Parts VII: 200 points, divided among final written report, oral team presentation, and successful
demonstration. A more detailed distribution will be given at a future date.
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