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Last Time: Single-Cycle Processors
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Today’s Lecture: Testing Processors

The four types of processor testing

Unit testing techniques

Making a processor test plan
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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-

testing goal

The processor 
design

correctly 
executes 

programs written 
in the supported 

subset of the 
MIPS ISA

Clock speed?  CPI? 

Upcoming lectures ...

Not manufacturing 

tests ...

Intel XScale ARM Pipeline, IEEE Journal of Solid State Circuits,  36:11, November 2001
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Four Types of Testing
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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-

Big Bang: Complete Processor Testing
Top-down

testing

Bottom-up
testing

how it works

Assemble the 
complete 

processor.

Execute test 
program suite 

on the
processor.

Check results.

complete 
processor 

testing
(Lab 1)

What makes a good test program suite?
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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-

Methodical Approach: Unit Testing

complete 
processor 

testing

What if the specification 
has a bug?

Top-down
testing

Bottom-up
testing

Remove a 
block from the 

design.

Test it in 
isolation 
against  

specification.unit testing

how it works

What if team members do not use 
the exact same specification?
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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-

Climbing the Hierarchy: Multi-unit Testing

complete 
processor 
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unit testing

How to create specification?
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Bottom-up
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how it works
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buffers (TLBs) that support multiple page sizes are provided
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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-
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Testing:  Verification vs. Diagnostics

complete 
processor 

testing

Top-down
testing

Bottom-up
testing

unit testing

multi-unit 
testing

processor
testing

with
self-checks

Which testing types are good for 
verification?  For diagnostics?

Verification:
A yes/no answer to 
the question “Does 
the processor have 
one more bug?”

Diagnostics:
Clues to help find 
and fix the bug.
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Xilinx: Observability and Controllability

complete 
processor 

testing

Top-down
testing

Bottom-up
testing

unit testing

multi-unit 
testing

processor
testing

with
self-checks

For early labs, use ChipScope for observability.

Observability:
Can I sense the state I 
need to diagnose a bug 
on the board?

Controllability:
Can I force a flip-flop into 
known state to diagnose 
bugs on the board?

For later labs ...
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Use switches and LEDs on the board ...

Switches

LEDS

LEDS
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Administrivia: Upcoming deadlines ...

Friday: “Design Document Review”, 
12-1, 119 Cory.  For 61(c) students, 
150 Lab Lecture 2”, 1-2 PM, 125 Cory.

Thursday: Lab 2 preliminary design 
document due to TAs via email,
11:59 PM.

Monday: Lab 2 final design document 
due to TAs via email, 11:59 PM.
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Administrivia: Office Hours, Mid-terms

Mid-term 1: Thursday March 17th,
5:30 to 8:30 PM, Room TBA.

Ted: Tu 5-6 PM and Fri 11-12 AM
David: Weds 2-3 PM and Fri 2-3 PM
John: Mon 9:30-10:30 AM

Mid-term 2: Thursday May 5th,
5:30 to 8:30 PM, Room TBA.

Check for schedule conflicts now, let us know.

Check for schedule conflicts now, let us know.
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Writing a Test Plan
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The testing timeline ...

complete 
processor 

testing

Top-down
testing

Bottom-up
testing

unit testing

multi-unit 
testing

processor
testing

with
self-checks

processor
assembly
complete

correctly
executes 

single
instructions

correctly
executes 

short
programs

Time

Epoch 1 Epoch 2 Epoch 3 Epoch 4

Plan in advance what tests to do when ...
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Testing to catch logic design errors ...
Which testing types are good for each epoch?

processor
assembly
complete

correctly
executes 

single
instructions

correctly
executes 

short
programs

Time

Epoch 1 Epoch 2 Epoch 3 Epoch 4
unit 
testing
early

multi
unit 

testing
later

processor
testing

with
self-checks

multi-unit 
testing

unit testing

diagnostics

complete 
processor 

testing
verification

processor
testing

with
self-checks

diagnostics

processor
testing

with
self-checks

multi-unit 
testing

unit testing

diagnostics

complete 
processor 

testing

Top-down
testing

Bottom-up
testing

unit testing

multi-unit 
testing

processor
testing

with
self-checks

New this year -- test benches “checked off” early
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Works in ModelSim, not on the board ...

Our recommendations last year ...

processor
assembly
complete

correctly
executes 

single
instructions

correctly
executes 

short
programs

Time

Epoch 1 Epoch 2 Epoch 3 Epoch 4

complete 
processor 

testing

Top-down
testing

Bottom-up
testing

unit testing

multi-unit 
testing

processor
testing

with
self-checks

ModelSim

0 %

Xilinx

100 %

ModelSim

0 %

Xilinx

100 %

ModelSim

80 %

Xilinx

20 %

ModelSim

0 %

Xilinx

100 %

Result for half of the teams  
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Possible solution ...
Idea: get confidence in “going to board” earlier ...

processor
assembly
complete

correctly
executes 

single
instructions

correctly
executes 

short
programs

Time

Epoch 1 Epoch 2 Epoch 3 Epoch 4complete 
processor 

testing

Top-down
testing

Bottom-up
testing

unit testing

multi-unit 
testing

processor
testing

with
self-checks

ModelSim

20 %

Xilinx

80 %

ModelSim

80 %

Xilinx

20 %

ModelSim

20 %

Xilinx

80 %

ModelSim

20 %

Xilinx

80 %

Also: catch Synplicity “warnings and errors” earlier
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Unit Testing
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Combinational Unit Testing: 3-bit Adder

3A

3B
3 Sum

Cout

Cin

+

Number of input bits ? 7

Total number of 
possible input values?

27 = 128

Just test them all ...
Apply “test vectors”
0,1,2 ... 127 to inputs.

100% input space “coverage”
“Exhaustive testing”
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Combinational Unit Testing: 32-bit Adder

32
A

32
B

32 Sum

Cout

Cin

+

Number of input bits ? 65

Total number of 
possible input values?

3.689e+19

Just test them all?
Exhaustive testing 
does not “scale”.

“Combinatorial explosion!”

2
65

=
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Test Approach 1:  Random Vectors 

32
A

32
B

32 Sum

Cout

Cin

+

how it works

Apply random
A, B, Cin to adder.
Check Sum, Cout.

Bug curve.

Bugs found per minute of testing

Time

Bug 
Rate

When to stop testing?
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Test Approach 2:  Directed Vectors 

32
A

32
B

32 Sum

Cout

Cin

+

how it works

Hand-craft 
test vectors

to cover
“corner cases”

 A == B == Cin == 0

“Black-box”: Corner 
cases based on 
functional properties.

“Clear-box”: Corner 
cases based on unit 
internal structure.

Examples ? Examples ?

Directed 

random?
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State Machine Testing

152 project examples:  
Cache control state machines, 

Branch prediction state machines, 
...
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Specification:  Traffic Light Controller

If Change == 1 on 
positive CLK 

edge
traffic light
changes

1 0 0 
R Y G 

If Rst == 1 on 
positive CLK 

edge
R Y G = 1 0 0

CLK Change Rst

R

Y

G

(red)

(yellow)

(green)
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State Machine:  Traffic Light Controller

Change == 1

Change == 1 Change == 1
R Y G
1 0 0 

R Y G
0 0 1 

R Y G
0 1 0 

Rst == 1
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State Assignment: Traffic Light Controller

D QD Q D QR G Y

Change == 1

Change == 1 Change == 1
R Y G
1 0 0 

R Y G
0 0 1 

R Y G
0 1 0 

Rst == 1

“One-Hot Encoding”
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Next State Combinational Logic

Next State Logic: Traffic Light Controller

D QD Q D QR G Y

Change
Rst

Change == 1

Change == 1 Change == 1
R Y G
1 0 0 

R Y G
0 0 1 

R Y G
0 1 0 

Rst == 1



UC Regents Spring 2005 © UCBCS 152 L4:  Testing Processors

State Machine Testing 
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Testing State Machines: Break Feedback 

Next State Combinational Logic
Change

Rst

YGD QD Q D QR

Isolate “Next State” logic.  
Test as a combinational unit.

Easier with certain Verilog coding styles?
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wire      next_R,  next_Y,  next_G;
output  R, Y, G; 

State Verilog: Traffic Light Controller

ff  ff_R(R,  next_R, CLK);
ff  ff_Y(Y,  next_Y,  CLK);
ff  ff_G(G,  next_G,  CLK); 

D QD Q D QR G Y
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Next State Verilog: Traffic Light Controller

Next State Combinational Logic

next_Gnext_R next_Y
R G Y

Change
Rst

wire      next_R,  next_Y,  next_G;

assign  next_R =  rst ? 1’b1 : (change ? Y : R); 
assign  next_Y =  rst ? 1’b0 : (change ? G : Y);
assign  next_G =  rst ? 1’b0 : (change ? R : G); 
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wire      next_R,  next_Y,  next_G;
output  R, Y, G;

assign  next_R =  rst ? 1’b1 : (change ? Y : R); 
assign  next_Y =  rst ? 1’b0 : (change ? G : Y);
assign  next_G =  rst ? 1’b0 : (change ? R : G);

ff  ff_R(R,  next_R, CLK);
ff  ff_Y(Y,  next_Y,  CLK);
ff  ff_G(G,  next_G,  CLK); 

Verilog: Complete Traffic Light Controller
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State Machine Testing
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Testing State Machines: Arc Coverage 

Change == 1

Change == 1 Change == 1
R Y G
1 0 0 

R Y G
0 0 1 

R Y G
0 1 0 

Rst == 1

Force machine into each state.  
Test behavior of each arc.

Is this technique always practical to use?

?
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When processor bugs “escape” ...
(Testing our financial trading system), we 
found a case where our software would
get a bad calculation. Once a week or so.

Eventually, the problem turned out to be a
failure in a CPU cache line refresh. This 
was a hardware design fault in the PC.

The test suite included running for two 
weeks at maximum update rate without 
error, so this bug was found.  

             Eric Ulevik
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Conclusion -- Testing Processors

Make your testing plan early!

Unit testing: avoiding  combinatorial 
explosions.

Bottom-up test for diagnosis, 
top-down test for verification.
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Coming up next week ...

Pipelined processors ...

Top-down view of how 
signals move through 
your processor in time.

Software for teamwork, 
group dynamics, etc ...


