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Single-Cycle RISC Processor

AA y
ISA without the delay slot /_T_\

' || N J A A
PC _» Decode i Execute
AlTT ™ _1
A 4
separate
Inst Instruction & Data
Memory Data memories Memory

Datapath and control are derived automatically

As an illustrative example, 2 read &
we will use SMIPS, a 35- Register File 1 write
instruction subset of MIPS ports

from a high-level rule-based description
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Single-Cycle Implementation
code structure

module mkProc (Proc) ;

to be explained later
Reg# (Addr) pc <- mkRegU;

rule doProc;
et inst = iem.reqpeli—— extracts fields
let dInst = decode(inst); heeded for
let rvall = rf.rdl(dInst.rSrcl); execution
let rvVal2 = rf.rd2(dInst.rSrc2);

let eInst = exec(dInst, rVall, rvVal2, pc);

produces values
update rf, pc and dMem | needed to

update the
September 30, 2013 http://csg.csail.mit.edu/6.5195 processor state

RFile rf <- mkRFile;
IMemory iMem <- mkIMemory; instantiate the state
DMemory dMem <- mkDMemory;
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SMIPS Instruction formats

6 5 5 5 5 6
[opcode| rs | rt | rd [sham{ func | R-type
5 5 16
[opcode| rs | rt |  immediate | 1-type
6 26
[ opcode| target [ 3-type

# Only three formats but the fields are used
differently by different types of instructions
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Instruction formats cont

# Computational Instructions

5 5 6
[ o | rs | rt | rd |0 |func | rd« (rs)func (rt)
[opcode| rs | rt | immediate | rt <« (rs) op immediate

# Load/Store Instructions

6 5 5 16 addressing mode
[opcode| rs | rt | displacement | (rs) + displacement
31 2625 2120 1615 0

rs is the base register
rt is the destination of a Load or the source for a Store
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Control Instructions

# Conditional (on GPR) PC-relative branch
6 5 5 16
[opcode| rs | | offset |

BEQZ, BNEZ

» target address = (offset in words)x4 + (PC+4)
= range: £128 KB range

# Unconditional register-indirect jumps

5 16
[opcode| rs | | [ IR, JALR
4 Unconditional absolute jumps
6 26
[ opcode | target | 3, JAL

= target address = {PC<31:28>, targetx4}
= range : 256 MB range

\jump—&—link stores PC+4 into the link register (R31) \
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Decoding Instructions:
extract fields needed for execution
decode 4
31:26, 5:0 J/ ; é
Lt > |T}/_Fe o
N ype S
31:26 | @
5:0 'j—b[ » aluFunc o
) ) > AluFunc &
instruction I/ a
Bit#(32) 2126 > » brComp =
. N BrFunc o+
pure combinational 20:16 > st
logic: derived — > > s be# (RIndx)
automatically from 2521 > rSrot
the high-level 20:16 s rg‘I{Igﬁ/be#(RIndx)
description o Maybe# (RIndx)
—> T ——— imm
2500, | [ ext | Maybe# (Bit#(32))
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Decoded

typedef struct {

— typedef enum {Eq,
deriving (Bits, EQq)

Instruction

Neq, Le, Lt, Ge,

’

[ ITvpe 1Type; Destination
M AluFunc aluFunc; .

5 ; register O behaves
rFunc brFunc; . .
Maybe# (FullIndx) ast s - like an Invalid

Maybe# (FullIndx) srcl; destination
Maybe# (FullIndx) src2; .
Maybe# (Data) Sm; Instruction groups
} DecodedInst deriving(Bits, Eqg); with similar
/Bmm//—\ executions paths
—typedef Unsupported, Alu, Ld, St, J, Jr, Br}
IType deriving(Bits, Eq);
— typedef enum {Add, Sub, And, Or, Xor, Nor, Slt, Sltu,
LShift, RShift, Sra} AluFunc deriving (Bits, Eq);

Gt, AT, NT} BrFunc

— FullIndx is similar to RIndx; to be explained later
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Decode Function
function DecodedInst decode (Bit#(32) inst);
DecodedInst dInst = ?; it
. TT—— initially
let opcode = inst[ 31 : 26 ]; undefined
let rs = inst[ 25 22)1-];
let rt = inst[ 20 16 1;
let rd = inst[ 15 : 11 7;
let funct = inst[ 5 : 0 ];
let imm = inst[ 15 : 0 ];
let target = inst[ 25 : 0 ];
case (opcode)

e 6 5 5 5 5 6
endcase opcode| rs rt rd |shamr func
return dInst; opcode| rs | rt immediate

endfunction opcode target
September 30, 2013 http://csg.csail.mit.edu/6.5195 L09-10




Naming the opcodes

“"Bit# (6) OpPADDIU = 6'b001001;
Bit# (6) opSLTI = 6'b001010;
Bit# (6) opLW — 6/b100011; bit patterns are specified
Bit# (6) opSW - 6'p101011; N the SMIPS ISA
Bit# (6) opJ = 6'b000010;
Bit# (6) opBEQ = 6'b000100;
Bit# (6) opFUNC = 6’b000000;
Bit#(6) fcADDU = 6'bl100001;
Bit# (6) fcAND = 6’b100100;
Bit# (6) fcJR = 6’b001000;
Bit# (6) OpRT = 6’b000001;
Bit# (6) rtBLTZ = 5’b00000;
Bit# (6) rtBGEZ = 5'b00100;
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Instruction Groupings

case (opcode)
OopADDIU, opSLTI, opSLTIU, opANDI, opORI, opXORI, opLUI: ..
opLW: ..
OpSW: ..
opd, opJAL: .. These
OopBEQ, oOpBNE, opBLEZ, opBGTZ, opRT: .. gr‘oupings
OpFUNC: case (funct) are
fcJR, fcJALR: ..
fcSLL, fcSRL, fcSRA: .. somgwhm‘
fcSLLV, fcSRLV, fcSRAV: ... arbitrary
fcADDU, £fcSUBU, fcAND, fcOR, fcXOR,
fcNOR, fcSLT, fcSLTU: .. ;
default: // Unsupported
endcase
default: // Unsupported
endcase;

September 30, 2013 http://csg.csail.mit.edu/6.5195

instructions with common execution steps
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Decoding Instructions:
I-Type ALU

B OpADDIU, opSLTI, opSLTIU, opANDI, opORI, oOpXORI, opLUI:
begin
dInst.iType =Alu;

dInst.aluFunc =case (opcode)
OopADDIU, opLUI: Add;

OpSLTI: S1t; OopSLTIU: Sltu;
OPANDI: And; OpORI: Or;
OopXORI: Xor;
endcase; almost like writing
dInst.dst = validReg (rt); (Valid rt)
dInst.srcl = validReg (rs);
dInst.src?2 = Invalid;
dInst.imm = Valid (case (opcode)
OpADDIU, opSLTI, opSLTIU: signExtend (imm) ;
opLUI: {imm, 16'bO0};

endcase) ;
dInst.brFunc = NT;

n
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Decoding Instructions:
Load & Store

: opLW: begin
dInst.iType = Ld;
dInst.aluFunc = Add;
dInst.rDst = validReg (rt);
dInst.rSrcl = validReg (rs) ;
dInst.rSrc2 = Invalid;
dInst.imm = Valid (signExtend (imm)) ;
dInst.brFunc = NT; end

opSW: begin

dInst.rDst = Invalid;
dInst.rSrcl = validReg(rs) ;
dInst.rSrc2 = validReg(rt) ;

end
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Decoding Instructions:
Jump

A opJd, opJAL:
begin
dInst.iType = J;
dInst.rDst = opcode==o0pJ ? Invalid
validReg (31);
dInst.rSrcl = Invalid;
dInst.rSrc2 = Invalid;
dInst.imm = Valid(zeroExtend (

{target, 2'b00}));
dInst.brFunc = AT;
end
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Decoding Instructions:
Branch

opBEQ, oOpBNE, opBLEZ, opBGTZ, opRT:
begin
dInst.iType = Br;
dInst.brFunc = case (opcode)
OopBEQ: Eg; OpBNE: Neqg;
OpBLEZ: Le; opBGTZ: Gt;
OpRT: (rt==rtBLTZ ? Lt : Ge);
endcase;
dInst.dst = Invalid;
dInst.srcl = validReg (rs) ;
dInst.src?2 = (opcode==0pBEQ| |opcode==0pBNE) ?
validReg (rt) : Invalid;
dInst.imm = Valid(signExtend (imm) << 2);

end
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Decoding Instructions:

opFUNC, JR

“YopFUNC:
case (funct)
fcJR, fcJALR:
begin
dInst.iType Jr;
dInst.dst = funct == fcJR? Invalid:
validReg (rd) ;
dInst.srcl = validReg (rs) ;
dInst.src2 = Invalid;
dInst.imm = Invalid;
dinst.brFunc = AT; JALR stores the pc in rd as
end opposed to JAL which
stores the pc in R31
fcSLL, fcSRL, fcSRA:
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Decoding Instructions:
opFUNC- ALU ops
~4H—— p
fcADDU, fcSUBU, fcAND, fcOR, fcXOR, fcNOR, fcSLT, fcSLTU:
begin
dInst.iType = Alu;
dInst.aluFunc = case (funct)
fcADDU: Add; fcSUBU: Sub;
fcAND And; fcOR Or;
fcXOR Xor; fcNOR Nor;
fcSLT Slt; fcSLTU: Sltu; endcase;
dInst.dst = validReg (rd) ;
dInst.srcl = validReg(rs) ;
dInst.src2 = validReg(rt);
dInst.imm = Invalid;
dInst.brFunc = NT
end
default: // Unsupported
endcase
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Decoding Instructions:
Unsupported instruction

default:
begin
dInst.iType = Unsupported;
dInst.dst = Invalid;
dInst.srcl = Invalid;
dInst.src?2 = Invalid;
dInst.imm = Invalid;
dInst.brFunc = NT;
end
endcase
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4
Read registers
RSrc1 > » RVall
RF
RSrc2 P » RVal2
Pure
combinational
logic
September 30, 2013 http://csg.csail.mit.edu/6.5195 L09-20
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Executing Instructions

execute

dInst
rVal2 >
_’
’D | AU H
rvalil >
> -
Pure E ALUBTr >
combinational T‘
logic
2 | Branch
pC ,|Address|

» iType
» dst
either for
— data— rf write or
St
either for
memory
—»> addr— reference
or branch
target
» brTaken
missPredict
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typedef struct {

Output of exec function

IType iType;
Maybe# (FullIndx) dst;

Data data;

Addr addr;

Bool mispredict;
Bool brTaken;

} ExecInst deriving(Bits, Eq);

September 30, 2013
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Execute Function

function ExecInst exec (DecodedInst dInst, Data rvVall,
Data rVal2, Addr pc);

ExecInst elInst = ?2;

Data aluvVal?2 =fromMaybe (rVal2, dInst.imm);

let aluRes =alu(rVall, aluVal2, dInst.aluFunc):;

eInst.iType =dInst.iType;

eInst.data =dInst.iType==St? rVal2 :
(dInst.iType==J || dInst.iType==Jr)?

(pct4) : aluRes;
let brTaken =aluBr (rVall, rVal2, dInst.brFunc);
let brAddr =brAddrCalc (pc, rVall, dInst.iType,

fromMaybe (?, dInst.imm), brTaken);

eInst.brTaken =brTaken;

eInst.addr = (dInst.iType==Ld || dInst.iType==St)?
aluRes : brAddr;
eInst.dst =dInst.dst;
return elnst;
endfunction
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Branch Address Calculation
function Addr brAddrCalc (Addr pc, Data val,
IType iType, Data imm, Bool taken);
Addr pcPlus4 = pc + 4;
Addr targetAddr = case (iType)
J : {pcPlus4([31:28], imm[27:0]};
Jr : val;
Br : (taken? pcPlus4 + imm : pcPlusié);
Alu, Ld, St, Unsupported: pcPlusé4;
endcase;
return targetAddr;
endfunction
September 30, 2013 http://csg.csail.mit.edu/6.5195 L09-24
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Single-Cycle SMIPS atomic state

updates
///If(elnst.iType == Ld) \\\\
eInst.data <- dMem.req(MemReg{op: Ld,
addr: elInst.addr, data: ?});
else if (eInst.iType == St)

let dummy <- dMem.req(MemReg{op: St,
addr: elInst.addr, data: data}l);

if (isValid(eInst.dst))
rf.wr (validRegValue (eInst.dst), eInst.data);

\\\ﬁé <= elInst.brTaken ? elInst.addr : pc + 4; ////

endrule state updates

Sl The whole processor is described using one rule;
lots of big combinational functions

L09-25
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Processor interface

Testbench calls these methods to start
processor execution and to query final status

P

cpuToHost H hostToCpu

mkProc

Com ) omn )
\\M/

Initial memaory contents
automatically loaded Inta memory
models by Bluesim simulator

interface Proc;
method Action hostToCpu (Addr startpc):;

method ActionValue# (Tuple2# (RIndx, Data))
endinterface

cpuToHost;

refers to coprocessor registers

http://csg.csail.mit.edu/6.5195 L09-26
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Coprocessor Registers

# MIPS allows extra sets of 32-registers each to support
system calls, floating point, debugging etc. These
registers are known as coprocessor registers

= The registers in the nth set are written and read using
instructions MTCn and MFCn, respectively

= Set 0 is used to get the results of program execution
(Pass/Fail), the number of instructions executed and the
cycle counts

s Type FulllIndx is used to refer to the normal registers plus
the coprocessor set 0 registers

» function validrRegValue (FullIndx r) returns index of r

typedef Bit#(5) RIndx;

typedef enum {Normal, CopReg} RegType deriving (Bits, Eq);
typedef struct {RegType regType; RIndx idx;} Fulllndx;
deriving (Bits, Eq);
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Code with coprocessor
calls

let copVval = cop.rd(validRegValue (dInst.srcl));
let eInst = exec(dInst, rvall, rvVal2, pc, copVal);

pass coprocessor register values to execute MFCO

cop.wr (eInst.dst, eInst.data);

write coprocessor registers (MTCO) and indicate
the completion of an instruction

We did not show these lines in our processor to
avoid cluttering the slides
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Harvard-Style Datapath o way

for MIPS

PCSrc
N i br

MemWrite WBSrc

rsl

RegWrite
rind
jabs
c+4
0x4 \ |
Add [
}Add
clk
|
V- we

clk

addr rs2 |
—P inst \ﬁj——» ws rd1 '?U' ;ddre
clk Inst. 4 WGl‘jF’Igjs J- z rdata
Memory » Data
Imm Memory
wdata
A
I
OpCode RegDst ExtSel OpSel  BSrc zero?
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old way
Opcode | ExtSel |BSrc | OpSel | MemW | RegW | WBSrc | RegDst | PCSrc
ALU * Reg | Func no yes ALU rd pc+4
ALUi SExt,s| Imm | Op no yes | ALU rt pc+4
ALUiu UEXt;s | Imm Op no yes ALU rt pc+4
LW SExt;s | Imm no yes Mem rt pc+4
SW SExtig| Imm yes no * * pc+4
BEQZ,_, | SExt * 0? no no * * br
BEQZ,_; | SExt;s| * 0? no no * * pct+4
] * * * no no ! * jabs
JAL ~ = * no yes PC R31 jabs
JR * * * no no * * rind
JALR * * * no yes PC R31 rind
http://csg.csail.mit.edu/6.5195 L09-30
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