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Chapter 9: Multiple Cycle Processor
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Single-cycle Processor

- We have introduced how to combine the instructions into
a single datapath, by devising ways to share some of the
resources (e.g., ALU) among the different instructions
iInstead of duplicating them.

- We also discussed how to control and select the operation
of the datapath by generating appropriate control signals
(e.g. read/write signals for memory/registers, selection
iInput for muxes, ALU control inputs)



Single-cycle Processor

- Every instruction takes one clock cycle (CPI = 1).
- The clock cycle is determined by the longest path

- CPU time = instruction count x CPI x clock period

- Even though CPI = 1

- The number of clock cycle is expected to be huge, CPU performance is low

- lw uses the longest path

- Five functional units in series

Inszll':::mn Functional units used by the instruction class
R-format Instruction fetch | Register access | ALU | Register access

‘ Load word Instruction fetch | Register access | ALU | Memory access | Register access
Store word Instruction fetch | Register access | ALU | Memory access
Branch Instruction fetch | Register access | ALU

Jump

Instruction fetch




Single-cycle vs Multi-cycle

CLK

Single-cycle
. . nst. fe reg. access I —
implementation Iw X inst. fetch X reg X au X X X

j X Inst. fetch {

* Cycle time depends on the most consuming instruction.

CLK

Multi-cycle —
implementation w Y st tetcn X reg. acoess X__aln Xdm access X reg- access X

i X inst. fetch X X X X I

» Faster clock

» Adopt different number of clock cycles per instruction
* Reduce physical resources



Example

Assume that the instruction

.
msg::fu“ Functional units used by the instruction class used in a program fO”OWing
R-format [nstruction fetch | Register access | ALU | Register access the dIStrIbUtlon below:
Load word [nstruction fetch | Realster access | ALU | Memory access | Register acoess
Storz word [nstruction fetch | Register accass | ALU | Memory access R_Typ e 20%
Branch [nstruction fetch | Register access | ALU 0
Jump [nstruction fetch LW 1 O A)
SW 20%
Instruction | Instruction | Register | ALU Data |Register | - . Branch 25%
class memaory read operation | memory write Jump 25%
R-format 2 1 2 0 1 & ns
Load word 2 1 2 2 1 ans
Store word 2 1 2 2 s How long do | need to spend
ranch : ! = Sl for each instruction?
Jumnp 2 2ns
Average execution time Clock rate (Hz)
per instruction (ns)
Single cycle
Multiple cycle




Multi-cycle Processor

- The execution of each instruction is broken into a series of steps that
correspond to the functional unit operations. Each step takes one
clock cycle to complete.

- Each functional unit can be reused per instruction, as long as it is
used on different clock cycles. This sharing can help to reduce the
amount of hardware required (lower cost).

- One memory unit is used for both instructions and data.
- One ALU is used, instead of one ALU and two adders.

- Additional registers are added after every major functional unit to hold
the output of that unit until the value is used in a subsequent clock cycle.



Multi-cycle Processor

- We know what steps each instruction takes
- Datapath needs to consider all the possibilities for all instructions

- Control unit needs to set all the control signals for different
situations, and the controls will be generated by Finite State
Machine (FSM) in each cycle (not solely determined by the
machine instruction bits).

- One CPU step takes one clock cycle
- Step 1: Instruction Fetch
- Step 2: Instruction Decode and Register Read

- Step 3: Execution, Memory Address Computation, or Branch
Completion

- Step 4: Memory Access or R-type instruction completion
- Step 5: Write-back step



Multi-cycle Processor

Because of the unit sharing, 5 more
reqisters are needed:

(1) IR — Instruction Register
-- o hold the instruction from

memory
\_ 1 = pii (2) MDR — Memory Data Register
H = m -- to hold data from memory
eSO HE (3)AB - to hold the operand value
. = from register file
Instruction or data Register file
memory

(4) ALUOut - to hold the output of
the ALU
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Multi-cycle Processor

Actions for instructions

Step name R-type Memory references Branches Jumps
Instruction IR = Memory[PC]
fetch PC=PC+4
Instruction A = Reg[IR[25-21]]
decode / B = Reg[IR[20-16]]
register fetch ALUOut = PC + (sign-extend(IR[15-0]) << 2)
Execution, addr
_ ALUOut If (A==B PC = PC[31-28
comp., ALUOUt = A 0p B _ ( ) aL2ell
branch/jump = A + sign-extend(IR[15-0]) | PC = ALUOut (IR[25-0] << 2)
completion
Load:
g/lfmory access, Reg[IR[15-11]] MDR=Memory[ALUOut]
-type _ :
completion S EECOU Store:
Memory[ALUOut] = B
Memory read Load:
completion Reg[IR[20-16]] = MDR

Total steps 4 load: 5 / store: 4 3 3




Multi-cycle Processor

The following instruction sequence runs on the multi-cycle. Please find the data on
every bus during the next 11 clock cycles.

Instruction sequence:

L1: SwW $t1, 5($s0) 101011 ’10000 '01001 ’oooo 0000 0000 0101
sub $t0, $51, $s2 oooooo 10001 10010 0100000000 100010
beq  $t0, $t1, L1 000100 o1ooo 01001 “1111 1111 1111 1101

Assume the registers and memory have following contents before execution:
$s0 =100, $s1 =5, $s2 = 3, $t1 =2, L1 =400, mem[105] =



Multi-cycle Processor

L1: sw S$t1, 5($s0) sub $t0, $s1, $s2 beq $t0, $t1, L1

Clock no.

cycle/inst

Register File
(A & B)



Refer to the Lecture Notes
for
Multi-Cycle Processor Tasks



Control Signal in Multi-cycle Processor

- Unlike the single-cycle implementation which only
requires a set of truth tables to specify the setting of the
control signals based on the instruction class, control for
the multi-cycle implementation is more complex.

- Value of control signals is dependent what instruction is
being executed and which step is being performed

- Finite State Machine (FSM) is used to determine the
control signals.



Control Signal in Multi-cycle Processor

use numbers to represent states in FSM

Instruction decode

Register fetch
Instruction Fetch 0 g MemRead <

ALUSrcA =0

Start — » IorD =0 ALUSrcA =0
IRWrite = 1

= ALUSrcB = 11

i ALUSrcB = 01 PryTeRie

ALUOp = 00 P=

PCWrite = 1

-:::?:“ Qe' ‘; 3 K ;'”_'
QP R 8'1

R-type FSM  Memory-reference FSM  Branch FSM Jump FSM




Control Signal in Multi-cycle Processor

| ) Instruction decode/
Instruction fetch register fetch

ALUSrcA=0
ALUSrcB = 11
ALUOp = 00

3] -
Y~ é'& 5
) \09 - 4 1]
Memory address o pg‘S‘N\ Branch @Q S Jump
computation ‘\}N‘\ o { Execution completion v, completion
()38 E E @
ALUSTCA = 1 ALUSrcA=1
Step 3 ALUSrcB = 10 ALUSIcB = 00 ALUOp =01 PCSource = 10
ALUOp = 00 ALUOp= 10 PCWriteCond
PCSource = 01
7
s I
o
T 2 >
8| Memory Memory
E ~ ¥ __access access Y __R-type completion
St 4 MemRead MemWrite nggn\fvtn:;
ep lorD = 1 lorD = 1 MemtoReg = 0

Write-back step

RegDst=0
RegWrite A Y

MemtoReg=1



