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A 16A 16--bit processorbit processor

•• 1616--bit processor   bit processor   

•• 1212--bit address spacebit address space

CPUCPU

ALU : 16 bitALU : 16 bit data bus : 16data bus : 16--bitbit

memorymemory
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A 16A 16--bit processorbit processor

•• 1616--bit processor   bit processor   

•• 1212--bit address spacebit address space

CPUCPU

ALU : 16 bitALU : 16 bit data bus : 16data bus : 16--bitbit

memorymemory

address bus : 12address bus : 12--bitbit

4 0964 096 individually individually 

addressable addressable 1616--bitbit

wordswords
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Instruction formatInstruction format

instruction format : a 16instruction format : a 16--bit word   bit word   

44--bitbit

opcodeopcode

to decoder and to decoder and 
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Instruction formatInstruction format

instruction format : a 16instruction format : a 16--bit word   bit word   

44--bitbit

opcodeopcode addressaddress

1212--bitbit

to decoder and to decoder and 

control logiccontrol logic
to memory to memory 

decoderdecoder
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Instruction fetchInstruction fetch

data bus : 16data bus : 16--bitbit

address bus : Aaddress bus : A

PC : PC : 1212--bitbit

MEMMEM

FETCH: load new instruction to Instruction RegisterFETCH: load new instruction to Instruction Register

IR : IR : 16 bit16 bit
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Instruction decodeInstruction decode

DECODE: decode new instruction  DECODE: decode new instruction  

IR : IR : 16 bit16 bit

selection and control selection and control 

signals generationsignals generation
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Instruction executeInstruction execute

EXECUTE: execute the instruction depending on opcodeEXECUTE: execute the instruction depending on opcode

IR : IR : 16 bit16 bit

data bus : 16data bus : 16--bitbit

address bus : Aaddress bus : A

MEMMEM

executeexecute
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Execution : load instructionExecution : load instruction

ACC <= MEM(A)ACC <= MEM(A)00000000LDA ALDA A

functionfunctionopcodeopcodeinstructioninstruction

ACC : 16 bitACC : 16 bit

data bus : 16data bus : 16--bitbit

address bus : Aaddress bus : A
IR : 4/IR : 4/1212--bitbit

MEMMEM
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Execution : store instructionExecution : store instruction

MEM(A) <= ACCMEM(A) <= ACC00010001STO ASTO A

functionfunctionopcodeopcodeinstructioninstruction

ACC : 16 bitACC : 16 bit

data bus : 16data bus : 16--bitbit

address bus : Aaddress bus : A
IR : 4/IR : 4/1212--bitbit

MEMMEM
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Execution : add instructionExecution : add instruction

ACC <= ACC+MEM(A)ACC <= ACC+MEM(A)00100010ADD AADD A

functionfunctionopcodeopcodeinstructioninstruction

ACC+MEMACC+MEM

data bus : 16data bus : 16--bitbit

address bus : Aaddress bus : A
IR : 4/IR : 4/1212--bitbit

MEMMEM
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Execution : subtract instructionExecution : subtract instruction

ACC <= ACCACC <= ACC--MEM(A)MEM(A)00110011ADD AADD A

functionfunctionopcodeopcodeinstructioninstruction

ACCACC--MEMMEM

data bus : 16data bus : 16--bitbit

address bus : Aaddress bus : A
IR : 4/IR : 4/1212--bitbit

MEMMEM
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Execution : jump instructionExecution : jump instruction

PC <= APC <= A01000100JMP AJMP A

functionfunctionopcodeopcodeinstructioninstruction

PC <= A PC <= A 

IR : 4/IR : 4/1212--bitbit

unconditional jump unconditional jump 

to new address Ato new address A

PCPC

AA
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Jump if greater or equal instructionJump if greater or equal instruction

PC <= A   (if ACC>=0)PC <= A   (if ACC>=0)01010101JGE AJGE A

functionfunctionopcodeopcodeinstructioninstruction

if if ACC>=0ACC>=0

PC <= A PC <= A 

IR : 4/IR : 4/1212--bitbit

conditionalconditional jump to jump to 

new address Anew address A

PCPC

AA

if if ACC>=0ACC>=0
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Jump if greater or equal instructionJump if greater or equal instruction

PC <= A   (if ACC!=0)PC <= A   (if ACC!=0)01100110JNE AJNE A

functionfunctionopcodeopcodeinstructioninstruction

if if ACC!=0ACC!=0

PC <= A PC <= A 

IR : 4/IR : 4/1212--bitbit

conditionalconditional (if ACC (if ACC 

not zero) jump to not zero) jump to 

new address Anew address A

PCPC

AA

if if ACC!=0ACC!=0
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Execution : stop instructionExecution : stop instruction

PC <= PCPC <= PC01110111STP  STP  

functionfunctionopcodeopcodeinstructioninstruction

PC <= PC PC <= PC 

IR : 4/IR : 4/1212--bitbit
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Control Path & Data PathControl Path & Data Path

IR : IR : 1616--bitbit

sequencersequencer

clockclock

decoderdecoder
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Control Path & Data PathControl Path & Data Path

IR : IR : 1616--bitbit

sequencersequencer

clockclock

PC : PC : 1212--bitbit

ACC : ACC : 1616--bitbit

ALUALU

MEMMEM

address busaddress bus

data busdata bus

decoderdecoder
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Instruction fetch Instruction fetch –– IR loadedIR loaded

IRIR : : 1616--bitbit

sequencersequencer

clockclock

PCPC : : 1212--bitbit

ACC : ACC : 1616--bitbit

ALUALU

MEMMEM

address busaddress bus

data busdata bus

decoderdecoder
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Instruction decodeInstruction decode

IRIR : : 1616--bitbit

sequencersequencer

clockclock

decoderdecoder

PC : PC : 1212--bitbit

ACC : ACC : 1616--bitbit

ALUALU

MEMMEM

address busaddress bus

data busdata bus
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Instruction execute (add)Instruction execute (add)

IR : IR : 1616--bitbit

sequencersequencer

clockclock

PC : PC : 1212--bitbit

ACCACC : : 1616--bitbit

ALUALU

MEMMEM

address busaddress bus

data busdata bus

decoderdecoder
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ALU design at RTL levelALU design at RTL level

ZZ

SS

CC

AA BB

to ACCto ACC

A+B : normal adder outputA+B : normal adder output

AA--B : A+!B+1   (Cin=1)B : A+!B+1   (Cin=1)

Cin=0Cin=0

B : A=0, Cin=0B : A=0, Cin=0

B+1 : A=0, Cin=1B+1 : A=0, Cin=1

A+B A+B 
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AA BB
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ZZ

SS

CC

AA BB

to ACCto ACC
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ALU design at RTL levelALU design at RTL level

ZZ

SS

CC

AA BB

to ACCto ACC

A+B : normal adder outputA+B : normal adder output

AA--B : A+!B+1   (Cin=1)B : A+!B+1   (Cin=1)

Cin=1Cin=1

B : A=0, Cin=0B : A=0, Cin=0

B+1 : A=0, Cin=1B+1 : A=0, Cin=1

B+1 B+1 
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ALU design at logic levelALU design at logic level

BB

AA

AenAen

BinvBinv CinCin

CoutCout

resetreset

sumsum

one bit slice of ALUone bit slice of ALU
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High performance processorHigh performance processor

•• extending address space: 12 to 24 (32) bitsextending address space: 12 to 24 (32) bits

•• adding address modesadding address modes

•• introducing stack for subprogram callsintroducing stack for subprogram calls

•• introducing register blockintroducing register block

•• introducing interruptionsintroducing interruptions
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High performance processorHigh performance processor
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High performance processorHigh performance processor

•• extending address space: 12 to 24 (32) bitsextending address space: 12 to 24 (32) bits

•• adding new adding new address modesaddress modes

data bus : 32data bus : 32--bitbit

address bus : 26 or 32 bitsaddress bus : 26 or 32 bits

CPUCPU
MEMMEM
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High performance processorHigh performance processor

•• extending address space: 12 to 24 (32) bitsextending address space: 12 to 24 (32) bits

•• adding new adding new address modesaddress modes

opcodeopcode A A –– op1op1 A A –– op2op2 A A –– destdest

R(op1) R(op1) ++ R(op2) => R(dest)R(op2) => R(dest)
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High performance processorHigh performance processor

•• extending address space: 12 to 24 (32) bitsextending address space: 12 to 24 (32) bits

•• adding new adding new address modesaddress modes

opcodeopcode A A –– basebase A A –– offset offset 

MEM[R(base) MEM[R(base) ++ offset] => R(dest)offset] => R(dest)

A A –– destdest

CPUCPU
MEMMEM
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Instruction typesInstruction types

•• data movement: load and storedata movement: load and store

•• data processing: logic and arithmeticdata processing: logic and arithmetic

•• control flow: jump, conditional jump, call, control flow: jump, conditional jump, call, 

return, ..return, ..

•• state instructions: execution mode, state instructions: execution mode, 

interruption and memory controlinterruption and memory control
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Orthogonal instruction typesOrthogonal instruction types

•• instruction type is a set of instruction type is a set of similar instructionssimilar instructions: : 

e.g. add, subtract, ..  with e.g. add, subtract, ..  with similar addressing similar addressing 

schemesschemes

•• different instruction types are executed via different instruction types are executed via 

different architectural blocsdifferent architectural blocs

•• the use of separate architectural blocs allows the use of separate architectural blocs allows 

for independent execution for independent execution –– concurrent concurrent 

executionexecution
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ConditionCondition--state code registerstate code register

ZZ zero flagzero flag 00..0000..00
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ConditionCondition--state code registerstate code register

ZZ

CC

zero flagzero flag

carry flagcarry flag
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ConditionCondition--state code registerstate code register

ZZ

CC

VV

zero flagzero flag

carry flagcarry flag

overload flagoverload flag

00..0000..00

01..0101..0111

01..0101..0111
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ConditionCondition--state code registerstate code register

ZZ

CC

VV

SS

zero flagzero flag

carry flagcarry flag

overload flagoverload flag

sign flagsign flag

00..0000..00

01..0101..0111

01..0101..0111

11..0111..0111
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ConditionCondition--state code registerstate code register

MM mode flag [0,1]mode flag [0,1]

system/usersystem/userinstructionsinstructions

instructionsinstructions
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ConditionCondition--state code registerstate code register

II interruption flag [0,1]interruption flag [0,1]

interruptioninterruptioninterruption interruption 

controllercontroller



P. Bakowski 53

Subprograms and system callsSubprograms and system calls

instructionsinstructions

instructionsinstructions

callcall
returnreturn

MM user state/user calluser state/user call
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Subprograms and system callsSubprograms and system calls

system system 

instructionsinstructions

instructionsinstructions

callcall
returnreturn

MM system state/system callsystem state/system call
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The RISC conceptThe RISC concept
Reduced Instruction Set ComputerReduced Instruction Set Computer

•• data movement   data movement   -- 45%45%

•• control flow control flow –– 22%22%

•• arithmetic operations arithmetic operations –– 14%14%

•• comparisons comparisons –– 13%13%

•• logic operations logic operations –– 5%5%

•• other other –– 1%1%
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The RISC concept The RISC concept -- pipelinespipelines

Instruction elaboration stages:Instruction elaboration stages:

•• instruction fetchinstruction fetch

fetchfetch decdec regreg execexec memmem resres
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The RISC concept The RISC concept -- pipelinespipelines

•• instruction fetchinstruction fetch

•• decodedecode

•• read operandsread operands

decdec regreg execexec memmem resres

fetchfetch decdec regreg execexec memmem resres

fetchfetch decdec regreg execexec memmem resres
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The RISC concept The RISC concept -- pipelinespipelines

•• execute/ calculate memory addressexecute/ calculate memory address

regreg execexec memmem resres

decdec regreg execexec memmem resres

fetchfetch decdec regreg execexec memmem resres

fetchfetch decdec regreg execexec memmem resres
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The RISC concept The RISC concept -- pipelinespipelines

•• readread--memory memorymemory memory

execexec memmem resres

regreg execexec memmem resres

decdec regreg execexec memmem resres

fetchfetch decdec regreg execexec memmem resres

fetchfetch decdec regreg execexec memmem resres
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The RISC concept The RISC concept -- pipelinespipelines

•• write the resultwrite the result

memmem resres

execexec memmem resres

regreg execexec memmem resres

decdec regreg execexec memmem resres

fetchfetch decdec regreg execexec memmem resres

fetchfetch decdec regreg execexec memmem resres

concurrent concurrent 

execution stagesexecution stages
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Pipeline hazardsPipeline hazards

•• read after write read after write -- bypassbypass

•• jump instructions jump instructions –– sequencesequence

•• memory waits memory waits –– stallsstalls

fetchfetch decdec regreg execexec memmem resres

fetchfetch decdec regreg execexec memmem resres

timetime
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•• jump instructions jump instructions –– sequencesequence

•• memory waits memory waits –– stallsstalls

fetchfetch decdec regreg execexec memmem resres

fetchfetch decdec regreg execexec memmem resres

fetchfetch decdec regreg execexec memmem

fetchfetch decdec regreg execexec

fetchfetch decdec regreg
new addressnew address
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Pipeline hazardsPipeline hazards

•• read after write read after write -- bypassbypass

•• jump instructions jump instructions –– sequencesequence

•• memory waits memory waits –– stallsstalls

decdec regreg execexec memmem resres

fetchfetch decdec regreg memmem resres

timetime

stallstall
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Risc architecture (basics)Risc architecture (basics)

timetime

•• a a fixedfixed 3232--bit instruction/word bit instruction/word sizesize

•• loadload--store architecture where calculation store architecture where calculation 

instructions operate only on registersinstructions operate only on registers

•• large register bank of 32 32large register bank of 32 32--bit registersbit registers
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Risc architecture (basics)Risc architecture (basics)

timetime

•• a fixed 32a fixed 32--bit instruction/word sizebit instruction/word size

•• loadload--storestore architecturearchitecture where calculation where calculation 

instructions operate only on registersinstructions operate only on registers

•• large register bank of 32 32large register bank of 32 32--bit registersbit registers
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Risc architecture (basics)Risc architecture (basics)

timetime

•• a fixed 32a fixed 32--bit instruction/word sizebit instruction/word size

•• loadload--store architecture where calculation store architecture where calculation 

instructions operate only on registersinstructions operate only on registers

•• large register bank of large register bank of 3232 3232--bit bit registersregisters
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Risc organization (basics)Risc organization (basics)

•• hardhard--wiredwired instruction decode logicinstruction decode logic

•• pipelined executionpipelined execution

•• singlesingle--cycle execution (throughput)cycle execution (throughput)

opcodeopcode A A –– basebase A A –– offset offset A A –– destdest

decoder / sequencerdecoder / sequencer
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Risc organization (basics)Risc organization (basics)

timetime

•• hardhard--wired instruction decode logicwired instruction decode logic

•• pipelinedpipelined executionexecution

•• singlesingle--cycle execution (throughput)cycle execution (throughput)

memmem resres

execexec memmem resres

regreg execexec memmem resres

decdec regreg execexec memmem resres

fetchfetch decdec regreg execexec memmem resres

fetchfetch decdec regreg execexec memmem resres

concurrent execution concurrent execution 

stagesstages
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Risc organization (basics)Risc organization (basics)

timetime

•• hardhard--wired instruction decode logicwired instruction decode logic

•• pipelined executionpipelined execution

•• singlesingle--cyclecycle execution (execution (throughputthroughput))

timetime

memmem resres

execexec memmem resres

regreg execexec memmem resres

decdec regreg execexec memmem resres

fetchfetch decdec regreg execexec memmem resres

fetchfetch decdec regreg execexec memmem resres

one instruction per clock one instruction per clock 

cyclecycle
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Risc advantagesRisc advantages

•• small die sizesmall die size

•• short development timeshort development time

•• high performancehigh performance

regular structureregular structure
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Risc advantagesRisc advantages

•• small die sizesmall die size

•• short development timeshort development time

•• high performancehigh performance

fast clock fast clock ––

simple pipeline simple pipeline 

stagesstages

clockclock
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Risc drawbackRisc drawback

Main drawback of Main drawback of RISCRISC architecture is architecture is 

lower lower instruction code densityinstruction code density than in than in 

CISCCISC architecturesarchitectures

RISCRISC

opcodeopcode

CISCCISC

opcodeopcodeopcodeopcode

2 instructions2 instructions 1 instruction1 instruction
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Risc drawbackRisc drawback

The solution to this problem is code The solution to this problem is code 

compressioncompression/decompresion mechanism /decompresion mechanism 

(ARM)(ARM)

opcodeopcode

opcodeopcode

2 instructions2 instructions
1 instruction1 instruction

compression/ 
decompression

compressioncompression/ / 

decompressiondecompression
opcodeopcode

after compilationafter compilation memorymemory
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Risc drawbackRisc drawback

The solution to this problem is code The solution to this problem is code 

compression/compression/decompresiondecompresion mechanism mechanism 

(ARM)(ARM)

RISCRISC

opcodeopcode

opcodeopcode

2 instructions2 instructions
1 instruction1 instruction

compression/ 
decompression

compression/ compression/ 

decompressiondecompression
opcodeopcode

memorymemory
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Low power consumptionLow power consumption

Vdd Vdd –– driving voltagedriving voltage

Cl Cl –– gate output gate output 

capacitycapacity

input signal input signal 

frequencyfrequency

p p -- typetype

n n -- typetype

switching switching 

powerpower

Et=0.5*Cl*Vdd
2

switching powerswitching power par transitionpar transition
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Low power consumptionLow power consumption

Vdd Vdd –– driving driving 

voltagevoltage

shortshort--circuit powercircuit power

input signal input signal 

frequencyfrequency

p p -- typetype

n n -- typetype
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Low power consumptionLow power consumption

Vdd Vdd –– driving driving 

voltagevoltage

Cl Cl –– gate output gate output 

capacitycapacity

input signal input signal 

frequencyfrequency

p p -- typetype

n n -- typetype

leakage currentleakage current
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Total dynamic power consumptionTotal dynamic power consumption

Vdd Vdd –– driving voltagedriving voltage

Cl Cl –– gate output gate output 

capacitycapacityinput signal input signal 

frequencyfrequency p p -- typetype

n n -- typetype

PPcc = 0.5 *= 0.5 * ff * Vdd* Vdd22 * * ΣΣΣΣΣΣΣΣ AAgg*Cl*Cl

AAg  g  -- gate activity factorgate activity factor
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Low power consumptionLow power consumption

PPcc = 0.5 * f * = 0.5 * f * VddVdd22 * * ΣΣΣΣΣΣΣΣ AAgg*Cl*Cl

• minimizeminimize supply voltage : technologysupply voltage : technology

•• minimize circuit activityminimize circuit activity

•• minimize number of gatesminimize number of gates

•• minimize clock frequencyminimize clock frequency
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Low power consumptionLow power consumption

PPcc = 0.5 * f * Vdd= 0.5 * f * Vdd22 * * ΣΣΣΣΣΣΣΣ AAgg*Cl*Cl

• minimize supply voltageminimize supply voltage

•• minimizeminimize circuit activity : utilizationcircuit activity : utilization

•• minimize number of gatesminimize number of gates

•• minimize clock frequencyminimize clock frequency



P. Bakowski 88

Low power consumptionLow power consumption

PPcc = 0.5 * f * Vdd= 0.5 * f * Vdd22 * * ΣΣΣΣΣΣΣΣ AAgg*Cl*Cl

• minimize supply voltageminimize supply voltage

•• minimize circuit activityminimize circuit activity

•• minimize number of gatesminimize number of gates : : designdesign

•• minimize clock frequencyminimize clock frequency
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Low power consumptionLow power consumption

PPcc = 0.5 * = 0.5 * ff * Vdd* Vdd22 * * ΣΣΣΣΣΣΣΣ AAgg*Cl*Cl

• minimize supply voltageminimize supply voltage

•• minimize circuit activityminimize circuit activity

•• minimize number of gatesminimize number of gates

•• minimize clock frequencyminimize clock frequency : : problemproblem !!
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SummarySummary

a simple 16a simple 16--bit processor model  bit processor model  

instruction elaboration phases instruction elaboration phases 

instruction types instruction types 

control path and data pathcontrol path and data path

high performance 32high performance 32--bit processorbit processor

RISC concept RISC concept –– advantages and drawbacks advantages and drawbacks 

low power consumption featureslow power consumption features
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high performance 32high performance 32--bit processorbit processor
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low power consumption featureslow power consumption features
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low power consumption featureslow power consumption features
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instruction elaboration phases instruction elaboration phases 

instruction types: arithmetic, load/store, controlinstruction types: arithmetic, load/store, control

control path and data pathcontrol path and data path

high performance 32high performance 32--bit processorbit processor

RISC concept RISC concept –– advantages and drawbacks advantages and drawbacks 

low power consumptionlow power consumption featuresfeatures


