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Fig. 1. Process SEM cross section.

The process was raised from [1] to limit standby power.

Circuit design and architectural pipelining ensure low voltage

performance and functionality. To further limit standby current

in handheld ASSPs, a longer poly target takes advantage of the

versus dependence and source-to-body bias is used

to electrically limit transistor in standby mode. All core

nMOS and pMOS transistors utilize separate source and bulk

connections to support this. The process includes cobalt disili-

cide gates and diffusions. Low source and drain capacitance, as

well as 3-nm gate-oxide thickness, allow high performance and

low-voltage operation.

III. ARCHITECTURE

The microprocessor contains 32-kB instruction and data

caches as well as an eight-entry coalescing writeback buffer.

The instruction and data cache fill buffers have two and four

entries, respectively. The data cache supports hit-under-miss

operation and lines may be locked to allow SRAM-like oper-

ation. Thirty-two-entry fully associative translation lookaside

buffers (TLBs) that support multiple page sizes are provided

for both caches. TLB entries may also be locked. A 128-entry

branch target buffer improves branch performance a pipeline

deeper than earlier high-performance ARM designs [2], [3].

A. Pipeline Organization

To obtain high performance, the microprocessor core utilizes

a simple scalar pipeline and a high-frequency clock. In addition

to avoiding the potential power waste of a superscalar approach,

functional design and validation complexity is decreased at the

expense of circuit design effort. To avoid circuit design issues,

the pipeline partitioning balances the workload and ensures that

no one pipeline stage is tight. The main integer pipeline is seven

stages, memory operations follow an eight-stage pipeline, and

when operating in thumb mode an extra pipe stage is inserted

after the last fetch stage to convert thumb instructions into ARM

instructions. Since thumb mode instructions [11] are 16 b, two

instructions are fetched in parallel while executing thumb in-

structions. A simplified diagram of the processor pipeline is

Fig. 2. Microprocessor pipeline organization.

shown in Fig. 2, where the state boundaries are indicated by

gray. Features that allow the microarchitecture to achieve high

speed are as follows.

The shifter and ALU reside in separate stages. The ARM in-

struction set allows a shift followed by an ALU operation in a

single instruction. Previous implementations limited frequency

by having the shift and ALU in a single stage. Splitting this op-

eration reduces the critical ALU bypass path by approximately

1/3. The extra pipeline hazard introduced when an instruction is

immediately followed by one requiring that the result be shifted

is infrequent.

Decoupled Instruction Fetch.A two-instruction deep queue is

implemented between the second fetch and instruction decode

pipe stages. This allows stalls generated later in the pipe to be

deferred by one or more cycles in the earlier pipe stages, thereby

allowing instruction fetches to proceed when the pipe is stalled,

and also relieves stall speed paths in the instruction fetch and

branch prediction units.

Deferred register dependency stalls. While register depen-

dencies are checked in the RF stage, stalls due to these hazards

are deferred until the X1 stage. All the necessary operands are

then captured from result-forwarding busses as the results are

returned to the register file.

One of the major goals of the design was to minimize the en-

ergy consumed to complete a given task. Conventional wisdom

has been that shorter pipelines are more efficient due to re-

Q. Could adding pipeline stages 

reduce CPI for an application?

ARM XScale

8 stages

CPI Problem Possible Solution

Extra branch 
delays Branch prediction

Extra load delays Optimize code

Structural 
hazards

Optimize code, 
add hardware

A. Yes, due to these problems:
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Today: Dynamic Scheduling Overview

Goal: Enable out-of-order by breaking 

pipeline in two: fetch and execution.

Example:  IBM Power 5: 

The Power5 scans fetched instructions for
branches (BP stage), and if it finds a branch,
predicts the branch direction using three
branch history tables shared by the two
threads. Two of the BHTs use bimodal and
path-correlated branch prediction mecha-
nisms to predict branch directions.6,7 The
third BHT predicts which of these prediction
mechanisms is more likely to predict the cor-

rect direction.7 If the fetched instructions con-
tain multiple branches, the BP stage can pre-
dict all the branches at the same time. In
addition to predicting direction, the Power5
also predicts the target of a taken branch in
the current cycle’s eight-instruction group. In
the PowerPC architecture, the processor can
calculate the target of most branches from the
instruction’s address and offset value. For
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Figure 3. Power5 instruction pipeline (IF = instruction fetch, IC = instruction cache, BP = branch predict, D0 = decode stage
0, Xfer = transfer, GD = group dispatch, MP = mapping, ISS = instruction issue, RF = register file read, EX = execute, EA =
compute address, DC = data caches, F6 = six-cycle floating-point execution pipe, Fmt = data format, WB = write back, and
CP = group commit).
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Figure 4. Power5 instruction data flow (BXU = branch execution unit and CRL = condition register logical execution unit).

I-fetch and decode: 
like static pipelines

Today’s focus:
execution unit
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Dynamic Scheduling: A mix of 3 ideas

Top-down idea:  Registers that may be 
written only once (but may be read many 
times) eliminate WAW and WAR hazards.

Mid-level idea: An instruction waiting for 
an operand to execute may trigger on the 
(single) write to the associated register.

Bottom-up idea:  To support “snooping” 
on register writes, attach all machine 
elements to a common bus.

Robert Tomasulo, IBM, 1967. FP unit for IBM 360/91 
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A common bus == long wires == slow?

Pipelines
in theory

Wires are short, 
so clock periods 

can be short.

“wiring by 
abutment”

Pipelines
in practice
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Fig. 1. Process SEM cross section.

The process was raised from [1] to limit standby power.

Circuit design and architectural pipelining ensure low voltage

performance and functionality. To further limit standby current

in handheld ASSPs, a longer poly target takes advantage of the

versus dependence and source-to-body bias is used

to electrically limit transistor in standby mode. All core

nMOS and pMOS transistors utilize separate source and bulk

connections to support this. The process includes cobalt disili-

cide gates and diffusions. Low source and drain capacitance, as

well as 3-nm gate-oxide thickness, allow high performance and

low-voltage operation.

III. ARCHITECTURE

The microprocessor contains 32-kB instruction and data

caches as well as an eight-entry coalescing writeback buffer.

The instruction and data cache fill buffers have two and four

entries, respectively. The data cache supports hit-under-miss

operation and lines may be locked to allow SRAM-like oper-

ation. Thirty-two-entry fully associative translation lookaside

buffers (TLBs) that support multiple page sizes are provided

for both caches. TLB entries may also be locked. A 128-entry

branch target buffer improves branch performance a pipeline

deeper than earlier high-performance ARM designs [2], [3].

A. Pipeline Organization

To obtain high performance, the microprocessor core utilizes

a simple scalar pipeline and a high-frequency clock. In addition

to avoiding the potential power waste of a superscalar approach,

functional design and validation complexity is decreased at the

expense of circuit design effort. To avoid circuit design issues,

the pipeline partitioning balances the workload and ensures that

no one pipeline stage is tight. The main integer pipeline is seven

stages, memory operations follow an eight-stage pipeline, and

when operating in thumb mode an extra pipe stage is inserted

after the last fetch stage to convert thumb instructions into ARM

instructions. Since thumb mode instructions [11] are 16 b, two

instructions are fetched in parallel while executing thumb in-

structions. A simplified diagram of the processor pipeline is

Fig. 2. Microprocessor pipeline organization.

shown in Fig. 2, where the state boundaries are indicated by

gray. Features that allow the microarchitecture to achieve high

speed are as follows.

The shifter and ALU reside in separate stages. The ARM in-

struction set allows a shift followed by an ALU operation in a

single instruction. Previous implementations limited frequency

by having the shift and ALU in a single stage. Splitting this op-

eration reduces the critical ALU bypass path by approximately

1/3. The extra pipeline hazard introduced when an instruction is

immediately followed by one requiring that the result be shifted

is infrequent.

Decoupled Instruction Fetch.A two-instruction deep queue is

implemented between the second fetch and instruction decode

pipe stages. This allows stalls generated later in the pipe to be

deferred by one or more cycles in the earlier pipe stages, thereby

allowing instruction fetches to proceed when the pipe is stalled,

and also relieves stall speed paths in the instruction fetch and

branch prediction units.

Deferred register dependency stalls. While register depen-

dencies are checked in the RF stage, stalls due to these hazards

are deferred until the X1 stage. All the necessary operands are

then captured from result-forwarding busses as the results are

returned to the register file.

One of the major goals of the design was to minimize the en-

ergy consumed to complete a given task. Conventional wisdom

has been that shorter pipelines are more efficient due to re-

Long wires are 

the price we 

paid to avoid

stalls

Conjecture:
If processor 

speed is limited 
by long wires,

lets do a design
that fully uses 
the semantics 
of long wires

by using a bus.
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A bus-based multi-cycle computer

Store
Unit

To Memory

Load
Unit

From Memory

Register
File

ALU #1 ALU #2

(1) Only one unit writes at a time (one source).
(2) All units may read the written values
      (many destinations).

Common Data Bus

...

 If we add too many 
functional units, one bus is 

too long, too slow. 
Solutions: more buses, faster 

electrical signalling
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Administrivia: Final project begins

Thursday 11/18: Preliminary 
design document due, by 9 PM.

Friday 11/19: Review design 
document with TAs in lab section.

Sunday 11/21: Revised design 
document due in email, by 11:59 PM

Friday 12/3: Demo deep pipelining 
to TAs in lab section.
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Administrivia:  Mid-term and Field Trip 

Xilinx field trip: Tuesday 11/30, bus 
leaves at 8:30 AM, from 4th floor Soda.

Mid-Term II Review Session:  
Sunday, 11/21, 7-9 PM, 306 Soda.

Thursday 12/2: Advice on Presentations.
Prepare you for your final project talk.

Send Doug RSVP (options: on bus, driving, not going)

Thanksgiving Holidays!

Mid-Term II:  Tuesday, 11/23, 5:30 to 
8:30 PM, 101 Morgan.  LaVal’s @ 9 PM!

9
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Register Renaming

10
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Consider this simple loop ...

Every pass through the loop introduces 
the potential for WAW and/or WAR hazards
for F0, F4, and R1.

3/15/04 ©UCB Spring 2004
CS152 / Kubiatowicz   

Lec13.21

FP Loop: Where are the Hazards?

Loop: LD F0,0(R1) ;F0=vector element

ADDD F4,F0,F2 ;add scalar from F2

SD 0(R1),F4 ;store result

SUBI R1,R1,8 ;decrement pointer 8B (DW)

BNEZ R1,Loop ;branch R1!=zero

NOP ;delayed branch slot

I nst r uct ion I nst r uct ion Lat ency in
pr oducing r esult using r esult  clock cycles
FP ALU op Anot her  FP ALU op 3
FP ALU op St or e double 2 
Load double FP ALU op 1
Load double St or e double 0
I nt eger  op I nt eger  op 0

• Wher e ar e t he st alls?

3/15/04 ©UCB Spring 2004
CS152 / Kubiatowicz   

Lec13.22

FP Loop Showing Stalls

° 9 clocks: Rewrite code to minimize stalls?

I nst r uct ion I nst r uct ion Lat ency in
pr oducing r esult using r esult  clock cycles
FP ALU op Anot her  FP ALU op 3
FP ALU op St or e double 2 
Load double FP ALU op 1

1 Loop: LD F0,0(R1) ;F0=vector element

2 stall

3 ADDD F4,F0,F2 ;add scalar in F2

4 stall

5 stall

6 SD 0(R1),F4 ;store result

7 SUBI R1,R1,8 ;decrement pointer 8B (DW)

8 BNEZ R1,Loop ;branch R1!=zero

9 stall ;delayed branch slot

3/15/04 ©UCB Spring 2004
CS152 / Kubiatowicz   

Lec13.23

Revised FP Loop Minimizing Stalls

6 clocks: Unroll loop 4 times code to make  faster?

I nst r uct ion I nst r uct ion Lat ency in
pr oducing r esult using r esult  clock cycles
FP ALU op Anot her  FP ALU op 3
FP ALU op St or e double 2 
Load double FP ALU op 1

1 Loop: LD F0,0(R1)

2 stall

3 ADDD F4,F0,F2

4 SUBI R1,R1,8

5 BNEZ R1,Loop ;delayed branch

6 SD 8(R1),F4 ;altered when move past SUBI

Swap BNEZ and SD by changing addr ess of  SD

3/15/04 ©UCB Spring 2004
CS152 / Kubiatowicz   

Lec13.24

1 Loop:LD F0,0(R1)

2 ADDD F4,F0,F2

3 SD 0(R1),F4 ;drop SUBI & BNEZ

4 LD F6,-8(R1)

5 ADDD F8,F6,F2

6 SD -8(R1),F8 ;drop SUBI & BNEZ

7 LD F10,-16(R1)

8 ADDD F12,F10,F2

9 SD -16(R1),F12 ;drop SUBI & BNEZ

10 LD F14,-24(R1)

11 ADDD F16,F14,F2

12 SD -24(R1),F16

13 SUBI R1,R1,#32 ;alter to 4*8

14 BNEZ R1,LOOP

15 NOP

15 + 4 x (1+2) = 27 clock cycles,  or  6. 8 per  it er at ion

Assumes R1 is mult iple of  4
CPI  = 27/ 15 = 1. 8

Unroll Loop Four Times (straightforward way)

Rewrite loop to 
minimize stalls?

1 cycle st all

2 cycles st all

F4,0(R1)
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ADDI PR01,PR00,64

LD PF00 0(PR01)

ADDD PF04, PF00, PF02

SD PF04, 0(PR01)

SUBI PR11, PR01, 8

BEQZ PR11 ENDLOOP

ITER2: LD PF10 0(PR11)

ADDD PF14, PF10, PF02

SD PF14, 0(PR11)

SUBI PR21, PR11, 8

BEQZ PR21 ENDLOOP

ITER3: LD PF20 O(PR21)

[...]

R1! PR01

F0! PF00

Given an endless supply of registers ... 

Rename “architected registers” (Ri, Fi) to new 
“physical registers” (PRi, PFi) on each write.

An instruction 
may execute once all of 

its source registers
have been written.

3/15/04 ©UCB Spring 2004
CS152 / Kubiatowicz   

Lec13.21

FP Loop: Where are the Hazards?

Loop: LD F0,0(R1) ;F0=vector element

ADDD F4,F0,F2 ;add scalar from F2

SD 0(R1),F4 ;store result

SUBI R1,R1,8 ;decrement pointer 8B (DW)

BNEZ R1,Loop ;branch R1!=zero

NOP ;delayed branch slot

Instruction Instruction Latency in

producing result using result clock cycles

FP ALU op Anot her  FP ALU op 3
FP ALU op St or e double 2 
Load double FP ALU op 1
Load double St or e double 0
I nt eger  op I nt eger  op 0

• Where are the stalls?

3/15/04 ©UCB Spring 2004
CS152 / Kubiatowicz   

Lec13.22

FP Loop Showing Stalls

° 9 clocks: Rewrite code to minimize stalls?

Instruction Instruction Latency in

producing result using result clock cycles

FP ALU op Anot her  FP ALU op 3
FP ALU op St or e double 2 
Load double FP ALU op 1

1 Loop: LD F0,0(R1) ;F0=vector element

2 stall

3 ADDD F4,F0,F2 ;add scalar in F2

4 stall

5 stall

6 SD 0(R1),F4 ;store result

7 SUBI R1,R1,8 ;decrement pointer 8B (DW)

8 BNEZ R1,Loop ;branch R1!=zero

9 stall ;delayed branch slot

3/15/04 ©UCB Spring 2004
CS152 / Kubiatowicz   

Lec13.23

Revised FP Loop Minimizing Stalls

6 clocks: Unroll loop 4 times code to make  faster?

Instruction Instruction Latency in

producing result using result clock cycles

FP ALU op Anot her  FP ALU op 3
FP ALU op St or e double 2 
Load double FP ALU op 1

1 Loop: LD F0,0(R1)

2 stall

3 ADDD F4,F0,F2

4 SUBI R1,R1,8

5 BNEZ R1,Loop ;delayed branch

6 SD 8(R1),F4 ;altered when move past SUBI

Swap BNEZ and SD by changing address of SD

3/15/04 ©UCB Spring 2004
CS152 / Kubiatowicz   

Lec13.24

1 Loop:LD F0,0(R1)

2 ADDD F4,F0,F2

3 SD 0(R1),F4 ;drop SUBI & BNEZ

4 LD F6,-8(R1)

5 ADDD F8,F6,F2

6 SD -8(R1),F8 ;drop SUBI & BNEZ

7 LD F10,-16(R1)

8 ADDD F12,F10,F2

9 SD -16(R1),F12 ;drop SUBI & BNEZ

10 LD F14,-24(R1)

11 ADDD F16,F14,F2

12 SD -24(R1),F16

13 SUBI R1,R1,#32 ;alter to 4*8

14 BNEZ R1,LOOP

15 NOP

15 + 4 x (1+2) = 27 clock cycles, or 6.8 per iteration

Assumes R1 is multiple of 4

CPI = 27/15 = 1.8

Unroll Loop Four Times (straightforward way)

Rewrite loop to 
minimize stalls?

1 cycle st all

2 cycles st all

ADDI R1,R0,64

F4,0(R1)

12
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Data-Driven Execution

(Associative Control)

Caveat: In comparison to static pipelines, 
there is great diversity in dynamic 
scheduling implementations.  Presentation 
that follows is a composite, and does not 
reflect any specific machine.
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Recall: IBM Power 5 block diagram ...

The Power5 scans fetched instructions for
branches (BP stage), and if it finds a branch,
predicts the branch direction using three
branch history tables shared by the two
threads. Two of the BHTs use bimodal and
path-correlated branch prediction mecha-
nisms to predict branch directions.6,7 The
third BHT predicts which of these prediction
mechanisms is more likely to predict the cor-

rect direction.7 If the fetched instructions con-
tain multiple branches, the BP stage can pre-
dict all the branches at the same time. In
addition to predicting direction, the Power5
also predicts the target of a taken branch in
the current cycle’s eight-instruction group. In
the PowerPC architecture, the processor can
calculate the target of most branches from the
instruction’s address and offset value. For

43MARCH–APRIL 2004
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Figure 3. Power5 instruction pipeline (IF = instruction fetch, IC = instruction cache, BP = branch predict, D0 = decode stage
0, Xfer = transfer, GD = group dispatch, MP = mapping, ISS = instruction issue, RF = register file read, EX = execute, EA =
compute address, DC = data caches, F6 = six-cycle floating-point execution pipe, Fmt = data format, WB = write back, and
CP = group commit).
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Shared
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Figure 4. Power5 instruction data flow (BXU = branch execution unit and CRL = condition register logical execution unit).

Interface between instruction fetch and execution.

MP = “Mapping” from 
architected registers to
physical registers (renaming).

ISS =  Instruction 
Issue
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Instructions placed in “Reorder Buffer”

Reorder
Buffer

Inst # [...] src1 # src1 val src2 # src2 val dest # dest val

6

7

[...]

Store
Unit

To 
Memory

Load
Unit

From 
Memory

ALU #1 ALU #2

Each line

holds 

physical

<src1, src2, 

dest>

registers

for an 

instruction,

and 

controls

when it 

executes

Execution engine works on the physical
registers, not the architecture registers.

Common Data Bus: <dest #, dest val>
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Circular Reorder Buffer: A closer look

Inst# Op U E #1 #2 #d P1 P2 Pd P1 
value

P2 
value

Pd 
value

8

9

10

Copies of 
physical 

register values

Physical
register
numbers

Valid
bits for
values

Instruction opcode

Execute bit (0 if waiting ...)
Use bit (1 if line is in use)

1
1

1

0
0

0
0

Next instr
to “commit”,
(complete).

Ta
il o

f L
is

t

Add next inst,
in program

order.

Head 

of

List
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Example: The life of 

Inst# Op U E #1 #2 #d P1 P2 Pd P1 
value

P2 
value

Pd 
value

9 Add 1 0 21 22 23 1 0 0 13 - -

ADD R3,R1,R2

Issue: R1 “renamed” to PR21, whose value (13) was set 
by an earlier instruction.  R2 renamed to PR22; it has 
not been written. R3 renamed to PR23.

A write to PR22 appears on the bus, value 87.  Both 
operands are now known, so 13 and 87 sent to ALU.

Inst# Op U E #1 #2 #d P1 P2 Pd P1 
value

P2 
value

Pd 
value

9 Add 1 1 21 22 23 1 1 0 13 87 -

ALU does  the add, writing 100 to PR23.

Inst# Op U E #1 #2 #d P1 P2 Pd P1 
value

P2 
value

Pd 
value

9 Add 1 1 21 22 23 1 1 1 13 87 100

17
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More details (many are still overlooked)

Reorder 
buffer: a state

machine 
triggered by

dest# bus 
comparisons

Q. Why are we storing each physical register value 
several times in the reorder buffer? See next topic ...

Store
Unit

To 
Memory

Load
Unit

From 
Memory

ALU #1 ALU #2

Inst # [...] src # src val src # src val dest # dest val

6

7

[...]

Common Data Bus: <dest #, dest val>

Issue 

logic 

monitors 

bus to 

maintain a

physical 

register file, 

so that

it can fill in 

<val> fields 

during 

issue.

Example: Load/Store Disambiguation
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Exceptions and Interrupts

Exception:  An unusual event happens to an 
instruction during its execution.  Examples: divide 
by zero, undefined opcode.

Interrupt:  Hardware signal to switch the processor to 
a new instruction stream.  Example: a sound card 
interrupts when it needs more audio output samples 
(an audio “click” happens if it is left waiting).

19
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Challenge: Precise Interrupt / Exception
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Definition:

Follows from the “contract” between 
the architect and the programmer ...

(or exception)
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Precise Exceptions in Static Pipelines
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Key observation: architected state only 
change in memory and register write stages.
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Dynamic scheduling and exceptions ...
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Key observation: Only the architected state 
needs to be precise, not the physical register 
state.  So, we delay removing instructions 
from the reorder buffer until we are ready 
to “commit” to that state changing the 
architected registers.
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Add completion logic to data path ...

Reorder
Buffer

Inst # [...] src # src val src # src val dest # dest val

6

7

[...]

Store
Unit

To 
Memory

Load
Unit

From 
Memory

ALU #1 ALU #2

Commit

ISA 
Registers
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Final thought: Branch prediction required

The Power5 scans fetched instructions for
branches (BP stage), and if it finds a branch,
predicts the branch direction using three
branch history tables shared by the two
threads. Two of the BHTs use bimodal and
path-correlated branch prediction mecha-
nisms to predict branch directions.6,7 The
third BHT predicts which of these prediction
mechanisms is more likely to predict the cor-

rect direction.7 If the fetched instructions con-
tain multiple branches, the BP stage can pre-
dict all the branches at the same time. In
addition to predicting direction, the Power5
also predicts the target of a taken branch in
the current cycle’s eight-instruction group. In
the PowerPC architecture, the processor can
calculate the target of most branches from the
instruction’s address and offset value. For
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Figure 3. Power5 instruction pipeline (IF = instruction fetch, IC = instruction cache, BP = branch predict, D0 = decode stage
0, Xfer = transfer, GD = group dispatch, MP = mapping, ISS = instruction issue, RF = register file read, EX = execute, EA =
compute address, DC = data caches, F6 = six-cycle floating-point execution pipe, Fmt = data format, WB = write back, and
CP = group commit).
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Figure 4. Power5 instruction data flow (BXU = branch execution unit and CRL = condition register logical execution unit).

Because so many stages between predict and result!

BP = Branch prediction.  On IBM Power 5, 
quite complex ... uses a predictor to predict 
the best branch prediction algorithm!
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Conclusions: Dynamic Scheduling

Three big ideas: register renaming, 
data-driven detection of RAW 
resolution, bus-based architecture.

Has saved architectures that have a 
small number of registers: IBM 360
floating-point ISA, Intel x86 ISA.

Very complex, but enables many 
things: out-of-order execution, 
multiple issue, loop unrolling, etc.
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