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ABSTRACT

This project is the enhance of the Branch Prediction development of the RISC32
processor based on RISC Architecture that previously processor is developed in
Universiti Tunku Abdul Rahman under Faculty of Information and Communication
Technology. After reviewing the previous projects, there is a part where the branch
prediction is not complete. The purpose of this project is remodeling the branch
prediction block of previous design and applying the cache technology as the buffer of
branch prediction. All the modeling will be using HDL (Hardware Description Language)

which is Verilog and verification will be done to test the compatibility.
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Chapter 1 - Background

1.1.MIPS - 32-bit RISC Processor

MIPS is the short form for Microprocessor without Interlock Pipeline Stages. It is a
reduced instruction set computer (RISC) instruction set architecture (ISA) developed by

MIPS Technologies.

Its primary implementations are embedded system, eg. Windows CE devices, video game
consoles and so on. It also has several optional extensions that are available, such as
MIP-3D which added new instructions for improving the 3D graphics applications'

performance, MDMX that for accelerating multimedia applications and so on.

1.2 Hazard - Control Hazard

Hazards are commonly occur in the pipeline microprocessor. Basically there are three
categories, which is structural hazard, data hazard and control hazard. Throughout this

report, it only will be focusing on the control hazard.

Control hazard, is also known as the branching hazard, it is an attempt to make decision
on the program flow before the condition has been evaluated and the new arrival of PC

(Program counter) target address.

Three events that cause control hazard to be occurred:
® Conditional branch: beq, bne
® Unconditional branch: j, jal, jr

® Exceptions

The program flow will not be affected if the branch is untaken and it will follow the
pre-designed flow. If the branch is taken, the program flow will be incorrect. There are
multiple ways designed to solve this problem, such as stalling the next instruction until

the branch is completed, flushing all the other stages in the pipeline that causing huge
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delay into the system and never the less, a hardware implementation.

1.3 Motivation and Problem Statement

Based on the ongoing project that has been developing in the Faculty of Information and
Communication Technology of Universiti Tunku Abdul Rahman, it is consists of RISC32

RISC processor. Following reasons make the initiation of motivations of this project:

The current problem found:
® The branch prediction of the previous design is not well-implemented
® The design of the BTB is not fully applied
® The branch prediction has large latency

® Design to overcome control hazard not well-developed

1.4 Project Scope

The main purpose of this project is to build a 2-bit prediction scheme BTB for the
RISC32 RISC processor. BTB is the main component in the branch prediction. Building
the BTB could improve the performance of the CPU during the branch instructions. In
order to build the BTB, cache memory design is needed. Following precautions should be
taken place:

® Performance of BTB

® Read and write of BTB

® Hit rate (Branch taken) of BTB

® Verification methodology testing the overall function of the BTB

® Improve the previous design of BTB

1.5 Project Objective

The main objective of the project is to design and develop a BTB based on a 2-bit
prediction scheme. In respect to this objective, there are some sub-objectives to be

archived as follow:
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® Analysis - Cache memory design and its performance, mapping and the
operation of cache memory.

® Specification Design and Development - Micro-architecture specification of
the BTB will be defined according to the instruction of the program

® RTL Modeling - BTB will be modeled in ModelSim, using HDL, hardware
language, which Verilog is used in this project. The model will be formed
by using RTL (Register Transfer Level)

® Verification - Multiple test cases will be developed to run testing and verify

the functionality of BTB

1.6 Contribution and Innovation

As a short summary of above problem statement, there is an incomplete 32-bits RISC
microprocessor core-based development environment being develop. The development
environment refers to the following availability:
® A well-developed design document, includes chip specification and
micro-architecture specification
® A fully functional well-developed BTB in the form of RTL written in
Verilog
® A well-developed verification environment for BTB. The verification
specification including suitable verification methodology, verification

techniques, test plans, test program and so on.

With the new BTB is being developed, the control hazards in RISC32 processor can be
solved. With the design and development in RTL model, researcher can quickly verify
model obtaining results, without worrying the development of verification environment

and modeling environment. Research work could be speed up significantly.
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Chapter 2 - Literature Review

2.1 Branch Target Buffer (BTB)
Due to the incompetency of the BHT design in the MIPS32 RISC processor, a better

buffer design is introduced to solve the branching problems. The main reason why BHT
is incompetent because it just give information whether the branch is taken or untaken, as
what the information needed for the CPU is much more than just results of previous
occurrence, so its always fine for the whole system if branches are never taken, problem

comes when a branch is taken.

As to improve the previous design, BTB has a column which stores the branch target
address or "the next address" as well as combining the design of the BHT. BTB can
reduce the penalty of branches in the pipeline processor as it predicted the target of
branch and stored the information needed in it. For a 5-stages pipeline processor, it
become a must for the pipeline to know the next address, either the following instruction
address(branch untaken condition) or branch target address(branch taken condition). In

BTB, it has prediction bit which is used to predict whether the branch is taken or untaken.

If the entry is exist in the BTB, which means it is a branch instruction as well as it occurs
at least once. Unless it occur for the first time, or it is a non-branch instruction. As if the
branch is predicted taken, it outputs the branch target address or else it loads the next
sequence instruction address. If the branch is mis-predict taken, ID stage is being flushed
and the next sequence address is loaded into the IF stage and if it is mis-predict untaken,
BTB is updated and ID stage is being flushed as the next instruction address is to be

cleared and the branch target address is to be loaded into the pipeline.

In order to implement a BTB, a fast but small memory is needed in this place, which
means cache memory is made as the primary choice in this case. Other than its faster in
retrieving the data inside the cache memory, it consume less power than other type of

memory design.

13



2.2 Cache Memory Design

Cache memory is just like RAM, basically it is a small memory and the operation of
retrieving and updating is much faster compare to the main memory. The accessing time
taken is shorter than main memory. Cache memory is very commonly used in the
computer system to speed up the processors' speed as well as its overall performance.
Currently, there is a few different level of cache memory which is L1, L2, and L3. It has a
smaller capacity but the access time is few cycles lesser than the main memory which
give it a big advantage. Frequently used data is stored in the cache memory and the least

using one will be flushed or removed to replace with new frequently used data.

2.3 Associativity of Cache

The replacement policy decides the entry of the cache for cache memory. As it has been
brought out continuously that cache memory is a small and fast memory, so the data in
the cache should be brought in and out of the cache memory continuously. The
performance of cache memory mapping function is the key to speed. There are three
types of mapping techniques:
® Direct Mapping - Each location has a specific place that held the data
® Set Associative Mapping - Specifies a set of cache lines for each memory
block
® Fully Associative Mapping - Entire cache is being searched for an address.
All of the entries can choose which block to be entered randomly within

the cache.

Direct mapping, it is the easiest implementation. It specifies a single cache line for each
memory block. In this mapping technique, part of the memory block address is to be used
as index for cache to identify where the data is being held. It does not need any
replacement algorithm because the new feeding data will be replacing all the old entries

in the cache memory. It is more unpredictable but it gives a better performance.
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Figure 2.1 Direct Mapping in Cache Memory

Fully associative mapping is more complex, as it is much flexible than the others. It needs
a replacement algorithm to selectively choose on the old entry to be removed. The
replacement policy is free to choose any entry in the cache to hold a copy. All tag fields is
being searched when the processor needs an address, to determine whether the data entry
is in the cache memory or not. Each tag line is required to compare withe the desired

address with tag field. All the tag fields are being checked parallelly.

15



MAIN MEMORY

BLOCK FRAMES

[ | [ ] sssee[__ |SET(0)
BLK(0) BLK(1) BLK(2) .. .. BLK({n-1)

-

b,

CACHE B
CONTROL 11—'
LOGIC

D=Es5-11

Figure 2.2 Fully Associative Mapping in Cache Memory

Set associative mapping is the combination of both direct mapping technique and fully
associative mapping technique. The part that uses the direct mapping technique is that the
blocks of data will be mapping into cache as specific set, but they can be in any N-cache

block frames within each set, which is the associative mapping technique occur.
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Figure 2.3 Set Associative Mapping in Cache Memory
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2.4 Operation of Cache

The main operations of the cache memory are the read operation and write operation. For

both of the operation, there are two scenarios which can be happening, a "hit" and a

"miss". A "hit" means the data acquire is in the cache memory while a "miss" means the

data acquire is not in the cache memory. When a data is needed, and as if the data is in the

cache memory, it would be a "READ HIT", while as if the data does not appear in the
cache memory, it would be a "READ MISS".

sng was g
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Figure 2.4 Read Hit Operation
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Figure 2.5 Read Miss Operation

Main
memory

On the other hand, the write operation is slightly different from the read operation in both
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of the occurring scenarios. "Hit" in the write operation means "WRITE BACK" or
"WRITE THROUGH" and "miss" means "WRITE ALLOCATE" or "NO WRITE
ALLOCATE". For "WRITE ALLOCATE", the data is first loaded into the cache from
main memory and followed by a WRITE HIT action. For "NO WRITE ALLOCATION",
the data is not loaded into the cache memory and it directly modified in the main memory
only. Similarly, "WRITE THROUGH" operation occurs on both cache memory and main
memory where modified data is being written to both of them. "WRITE BACK" is an
operation where it writes the modified data into the cache memory only. The status bit of
the cache memory (dirty bit) is used to indicate whether it is modified (dirty) or

unmodified (clean), so if it is a "clean", it means the data is not written on a "miss".
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Figure 2.6 Write Through Operation
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2.5 Performance of Cache

The performance of cache memory can be increased as the size of the cache increases.

Larger the size of the cache memory, the miss rate of cache of different associativity and

sizes decrease rapidly. The following graph can show us the result:

miss rale

Figure 2.8 Miss Rate versus Cache Size with Different Mapping Techniques

0.1
001 :
0.001 ;
1e-04 .

1e-03
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Fully associative cache seems to have the best performance after all but yet it is the most

complex one, while the direct mapped cache has the worst performance, yet the simplest
between the three mapping techniques. Set associative cache's performance lies between

both of the cache above. As the N value increases, the performance of the set associative
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cache increases and it tends to be having the same result as the fully associative cache.

2.6 Cache Miss

Cache memory is created to improve the performance of the CPU, so in order to do so,
cache memory should have a high "hit" rate. There are some misses that its unavoidable
and it can be categories to three different misses (known as Three Cs):
® Compulsory Miss - It occurs when the very first access to a block that is
unavailable in the cache and must be brought into the cache. It also can be
called as the first reference miss or cold-start miss. The associativity and
size of cache do not make any difference to the compulsory miss, but if the
cache has the pre-fetching function, compulsory miss would be reduced.
® Capacity Miss - It occurs due to the finite size of the cache memory. This
occurs because the cache memory size is small and it is unable to contain
all the blocks needed during the execution of program as the blocks are
being discarded and later retrieved.
® Conflict Miss - It occurs when there are multiple of memory accesses
mapped into the same index set in the cache for the fully associative
mapping technique. It also can be known as the interfere miss or collision

miss.
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Chapter 3 - Methodology and Technology Involved

3.1 Design Methodology

Design methodology is the method of development of system design. There are a few
guideline to be fulfill:

® Correct functionality

®  Satisfaction of performance and power goals
® (Catching bugs early
]

Good documentation

In this project, top-down design methodology will be used. This methodology keeps all
level of the hierarchy with its own functionality. This methodology also provides

advantages such as functionality, performance, power consumption and area of silicon.

Written Specifications

¢+ System Level Design

_ {Chip Specifications)
Exacutable Specification

Architecture Specification

¢ Architecture Level Design

Architecture Level Modeling and
Verification

¥

Micro-Architecture Soecification

C RTL Modeling and Verification + Micro-Architecture Level
Dresign
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Figure 3.1 General Design Flow without Physical Design and Logic Synthesis

3.1.1 System Level Design

System level design is the design of chip specification. The system level design can be

sorted as two categories:

Written  Specification: English  written specification of function,
performance and time, cost of design included as well. Furthermore,
function specification, verification specification, development plan and
packaging specification are included as well.

Executable Specification: High level language is used to program
according to the design features and functionalities. The language here

refers to Verilog, VHDL and etc..

3.1.2 Micro-architecture Design

Micro-architecture design is the development of RTL design of the system. There are a

few information is included, such as:

Overview of functional description

I/O pin description

I/O timing requirements

Function table

Finite-state machine (FSM) and Algorithm-state machine (ASM)

Test plan

RTL modeling with programming language can be done after the development of

micro-architecture specification. The modeling of design can be done by software and

verification can be done by setting test plan, timing and functionality verifications.
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Figure 3.2 Data flow of the Branch Prediction Block

In the 2-bit scheme branch prediction, it need a "wrong" to strengthen the correct
prediction. Either taken or untaken, it needs to be "11" or "00" as a "strong" confirmation

of the condition.

From the data flow above, if the current pc is not appear in the buffer entry, it will be a
false for the prediction request and also "Read miss" of the BTB. We then further inspect
whether it is a branch instruction or a non-branch instruction. If it is a non-branch
instruction, IF stage will just feed the next PC value and no entry is added into the BTB.
On the other hand, if it is a branch instruction, the inspection must go further deep. If it is
a branch equal instruction (beq), it suppose to be taken, but resulting as untaken in the
BPB as it is not appear in the BTB, so scenario 1 is to be executed. For scenario 1, the ID

stage will be flushed, pc will be given the branch target address. The BTB will be updated,
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prediction bit will be a "weakly taken" (10) and the LRU state of all blocks with the same
index will be updated. If it is not a equal, Scenario 2 is executed, which means branch is
untaken, the branch is then correctly predicted, it will continue to execute the next

sequential address in the IF stage.

If the prediction request is true, which means the current pc is an entry in the BTB, it will
be a "Read Hit". If the prediction is predicted as taken, in ID stage, it detected a branch
and it is evaluated as taken, the prediction is correct. As a result, Scenario 3 is to be
executed. No new entry added as it exists in the BTB, the prediction bit is changed to
"Strongly taken" and the LRU state of the same index is being updated. In this case, we
need not to flush the ID stage.

If the prediction request is true, at ID stage, it detects a branch and evaluated as untaken,
in this case, the prediction bit will be changed and the LRU state bit need to be update as
well, but in this case, flushing of ID stage is needed as it is a misprediction case. It is

Scenario 4.

For Scenario 5, it will occur when the prediction request is true, at ID stage, it detected a
branch and the condition is evaluated as taken, which resulted as misprediction. The
prediction bit of the block and the LRU state of the same index will be updated and due to

misprediction, ID stage will be flushed.

Last but not the least, for scenario 6, it is executed when the prediction request is true, it
detected a branch at ID stage and it is untaken, in this case, it has no misprediction. The
prediction will be updated as "Strongly untaken" and the LRU state of the same index
will be updated.
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For reading of the BTB, it uses pc at the IF stage as tag and index. The tag here uses to
find which cache it is stored and index uses as a guide to the block which has the data we

needed. The tag bit here takes IF.pc[31:12] and index bit takes IF.pc[13:2].

For the update of BTB, it uses the pc at the ID stage as the tag and index of the entry. The
tag bit, which is ID.pc[31:12] will be store in as part of the entry as well. The index, as
we uses 4X 1K cache, it consists of 10 bits, ID.pc[13:2] as a guide of which space that the

entry should store the data to. In both cases, the last two bits of pc is ignored.

3.2 Design Tools

The main development tool used in this project is ModelSim SE 10.2b. It is a simulation
and debugging tool to run this project. It support the HDLs like Verilog and VHDL as
well as RTL simulation and gate-level design. It is equipped with graphical user interface
(GUI) that shorten design time and keep debugging and simulation easy. With the aid of
GUI, errors and warnings can be easily trace back during compilation and simulation.
Tutorials and documentations are provided by ModelSim as well as technical support to

users.

3.3 Design Language

The design language being used here is HDL (Hardware Description Language). The
HDL used here is Verilog. Verilog is standardized as IEEE 1364, used to model electronic

systems. It is commonly used to design and verify digital circuitries at the RTL.
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Chapter 4 - System Specifications

4.1 Features

Chip level design: RISC32 processor

RISC32 processor
Dummy Instruction Cache (KB) 16
Dummy Data Cache (KB) 16
Data width (bits) 32
Instruction width (bits) 32
General Purpose Register 32
Special Purpose Register HILO, PC
Co-Processor Register 32
Pipelined Stage 5
Hazard Handling Yes
Interlock Handling Yes
Interrupt Handling Yes
Data Dependency Forwarding Yes
Branch Prediction Dynamic — 2bits scheme
Branch Target Buffer (KB) 4
Multiplication (size of multiplier yes — 32 bits
and multiplicand)
Branch Delay Slot Not supported
Instruction supported 41

Table 4.1 RISC32 Features

4.2 Naming Convention

Module - [Ivl]_[mod. name]

Instantiation - [lvl]_[abbr. mod. name(3)]




Pin - [Ivl]_[abbr. mod. name(3)] [type] [pin name]
- [Ivl]_[abbr. mod. name(3)] [type] [stage] [pin name]
Abbreviation:
Description Case Available Remark
vl Level Upper C: Chip
U: Unit
B: Block
mod. name | Module name | Upper all any
abbr. mod. Abbreviated Upper all any
name module name
(n) Max n N/A N/A
characters
type Pin type Lower all o: output
i: input
r: register
w: wire
f: function
stage Stage name Upper all IF, ID, EX,
MEM, WB
pin name Pin name Upper first any Several word separate
by " "

Table 4.2 Naming Convention
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Chapter S - Micro-architecture Specification of Branch Prediction
Block

5.1 Branch Prediction Block

B _BP BTB4WAY

32
32 B BP BTB4WAY i IF Rd Addr B _BP BTB4WAY o Br Taddr |

32 B BP BTB4WAY i ID Wr Addr B _BP BTB4WAY o Pred 4

B _BP BTB4WAY o Rd Hit [——

—— B_BP BTB4WAY i Br B BP BTB4WAY o LRU st 0 | 2 -
—— B_BP BTB4WAY i ID Equal B BP BTB4WAY o LRU st 1 | > -
B BP BTB4WAY o LRU st 2 |- 2
2

B _BP BTB4WAY o LRU st 3

32 | B BP BTB4WAY i ID Br Taddr

B BP BTB4WAY o Mispred Untaken [
B BP BTB4WAY o Mispred Taken [——
—1 B_BP_BTB4WAY i Clk

—— B_BP BTB4WAY i Rst

Figure 5.1 Branch Prediction Block Diagram
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5.2 1/0 Pin Descriptions

Block Input Pins Description

Pin Name:
B BP BTB4WAY i IF Rd
_Addr [31:0]

Source -> Destination:
Datapath Unit(IF) -> Datapath
Unit(BPB)

Registered:

No

Pin Function:

Fetch the address as the index and tag used to find the block inside the buffer.

Pin Name:
B BP BTB4WAY i ID W
r_Addr[31:0]

Source -> Destination:
Datapath Unit(ID) -> Datapath
Unit(BPB)

Registered:

No

Pin Function:

Fetch the address as the index and tag used to update the block inside the buffer.

Pin Name: Source -> Destination: Registered:

B BP BTB4WAY i Br Main Control Unit -> Datapath No
Unit(BPB)

Pin Function:

This is a flag to indicate the current instruction is a branch instruction.

Pin Name: Source -> Destination: Registered:

B BP BTB4WAY i ID E | Datapath Unit(ID) -> Datapath No

qual Unit(BPB)

Pin Function:

This is a flag to indicate the current instruction is a branch instruction.

Pin Name: Source -> Destination: Registered:

B BP BTB4WAY i ID Br | Datapath Unit(ID) -> Datapath No

_Taddr[31:0] Unit(BPB)

Pin Function:

Address to be stored in the buffer (Update)

Pin Name: Source -> Destination: Registered:

B BP BTB4WAY i Clk Micro-processor -> Datapath No

Unit(BPB)
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Pin Function:

Synchronous system clock

Pin Name: Source -> Destination: Registered:
B BP BTB4WAY i Rst Micro-processor -> Datapath No
Unit(BPB)
Pin Function:
System Reset Control
0: Reset disabled
1: Rest asserted
Table 5.1 BPB Input Pin Description
Block Output Pin Description
Pin Name: Source -> Destination: Registered:
B BP BTB4WAY o Br T | Datapath Unit(BPB) -> Datapath Yes
addr[31:0] Unit(IF)
Pin Function:
Output the Branch Target Address from the buffer.
Pin Name: Source -> Destination: Registered:
B BP BTB4WAY o Pred | Datapath Unit(BPB) -> Datapath Yes
Unit(IF)
Pin Function:
Output the Prediction value from the buffer
Pin Name: Source -> Destination: Registered:
B BP BTB4WAY o Rd H | Datapath Unit(BPB) -> Datapath Yes

it

Unit(IF)

Pin Function:

Output the result of searching from the buffer.

0: Read Miss - The address is not a branch address / The address is not available in the

buffer.

1: Read Hit - The address is found in the buffer

Pin Name:

Source -> Destination:

Registered:
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B BP BTB4WAY o LRU | Datapath Unit(BPB) -> Datapath Yes

st 0[1:0] Unit(IF)

Pin Function:

The LRU state of the buffer (Set 0).

0: Least recently used

1: Next least recently used

2: Further least recently used

3: Recently used

Pin Name: Source -> Destination: Registered:
B BP BTB4WAY o LRU | Datapath Unit(BPB) -> Datapath Yes

st 1[1:0] Unit(IF)

Pin Function:

The LRU state of the buffer (Set 1).

0: Least recently used

1: Next least recently used

2: Further least recently used

3: Recently used

Pin Name: Source -> Destination: Registered:
B BP BTB4WAY o LRU | Datapath Unit(BPB) -> Datapath Yes

st 2[1:0] Unit(IF)

Pin Function:

The LRU state of the buffer (Set 2).

0: Least recently used

1: Next least recently used

2: Further least recently used

3: Recently used

Pin Name: Source -> Destination: Registered:
B BP BTB4WAY o LRU | Datapath Unit(BPB) -> Datapath Yes

st 3[1:0] Unit(IF)

Pin Function:

The LRU state of the buffer (Set 3).
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0: Least recently used
1: Next least recently used
2: Further least recently used

3: Recently used

Pin Name: Source -> Destination: Registered:
B BP BTB4WAY o Mispr | Datapath Unit(BPB) -> Datapath Yes
ed Untaken Unit(IF)

Pin Function:
To state whether the branch is a correct or wrong untaken prediction.
0: Not mispredict untaken

1: Mispredict untaken

Pin Name: Source -> Destination: Registered:
B BP BTB4WAY o Mispr | Datapath Unit(BPB) -> Datapath Yes
ed Taken Unit(IF)

Pin Function:

To state whether the branch is a correct or wrong taken prediction.
0: Not mispredict taken

1: Mispredict taken

Table 5.2 BPB Output Pin Description
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5.3 Prediction Transition

Taken

Predict Untaken Predict
Taken ot Taken
(Strong) . (Weak)
1 1 TE.kEIl 1 |:|
Predict Untak Predict
Untaken = »/  Untaken
(Weak) (Strong)
01 Tﬂkeﬂ DU

Figure 5.2 Prediction Transition
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5.4 Contents of BTB

Buffer[56] | Buffer [55:36] | Buffer [35:4] Buffer [3:2] Buffer [1:0]
Valid Tag bit [19:0] Branch Target Prediction bit LRU state bit
content Address [31:0] [1:0] [1:0]
Table 5.3 Branch Target Buffer
5.5 Branch Target Table
| tag | index | | Writing Address
I— valid, tag, branch target address j
index v tag br lmzr pred lru_st v tag br_taddr pred Iru st v tag brizdr pred lru_st v tag brﬁtz]dr pred lru_st
[ | | [ T T 11 [ T [ 11 [ 1 1
— [ 1 Y 1 Y 1
<
U \ (
index —
tag —
L
|
E Way Selector
tag index | Reading Address
v v v M
Read Hit Branch Target Address ~ Prediction LRU State

Figure 5.3 Implemented Branch Prediction Table
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5.6 Branch Target Dataflow

Falsz

Pradiction

Trua

Eaquast

IF

False

Evaluata

Untaken

Taksn

pe<=-IF_br taddr

Evaluats
condition?

D

condition?
Tak=n Taksn N
condition? (Mispred (Mismred Lm.:aken
Untaken tal-am) ;‘;{'ﬁj“ S’ji::g{j ad
EX
¥
. ¥ |
a3 I - L -
Branch Scanaio 2 Soamario 1 % camatio 5 P———
instmotion
N
Sosnario §
Scenario 3

Figure 5.4 Dataflow of the BTB
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5.7 Test Plan

Descriptions

Expected Result

Reset
Reset on the block is enabled.

Valid bit =0,

Prediction bit =2'b10,
LRU state 0= 2'b00,
LRU state 1=2'b01,
LRU state 2 =2'b10,
LRU state 3=2'bl11.

Scenario 1
Buffer Read Miss
Update BTB due to read miss

Valid bit = 1,
Prediction bit = 2'b10,
*LRU_state =2b11

Scenario 2
Buffer Read Miss

The instruction is not a branch instruction

No changes on BTB

Scenario 3
Buffer Read Hit - Predict taken, No mispredict
Update prediction bit and LRU state

Prediction bit = 2'b11,
*LRU state =2b11

Scenario 4
Buffer Read Hit - Predict taken, Mispredict
Update prediction bit and LRU state

Prediction bit decrease,

*LRU_state =2b11

Scenario 5
Buffer Read Hit - Predict untaken, Mispredict
Update prediction bit and LRU state

Prediction bit increase,

*LRU state =2b11

Scenario 6
Buffer Read Hit - Prediction untaken, No
mispredict

Update prediction bit and LRU state

rediction bit = 2'b00,
*LRU state =2'bl1

Table 5.4 Test Plan of BPB

*LRU_state stated above is only for the current entry in the BTB, others are updated too,




but the value will not be the same, so it will not be stated here.
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Chapter 6 - Verification Specification

6.1 Test Program for BPB

In order to test out the functionality of the BPB, a test bench program is written to test out
the hardware model. Test bench is a virtual environment used to verify the correctness of

the design.

In test bench, the input is to be fed into the DUT to provide the output according to the
model. As the verification is done inside the computer, it can avoid the mistake and

wastage if all model need to fabricate before testing.
For the testing of BPB, ModelSim SE 10.2b is used as a tool to program the test bench

and running the result simulation. The development language using here is also the HDLs,

Verilog. The test bench is program according to the test plan on the given model.
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6.2 Verification Result

1. Reset of BPB

1'bl;

B BP BTB4WAY i Rst<

HdA x|

_bth_valid{0)

® Valid bit Way 0 in BTB

E Memory Data - ftb_test/dut/r

2

00000000000000000000000000000000000000000000000000000000O0O0CO
00000000000000000000000000000000000000000000000000000000O00O00O0

0000O0O0O0000000000000000000000000000000000000000000000000O0O00O00O0

00000000000000000000000000000000000000000000000000000000O00O00O0
0000000000000000000000000000000000000000000000000000000O0O00O00O0

00000000 0000000000000 0000000000000000000000000000000000000000000O00O00O0

0000003 00000000 0000000000000000000O0DO00000O00000000000Q00000000000O0O00O00O0

00000076 00000000 O00000000000000000000000000000000000000000000000O0C000

000000kl OOOOO0O0O0QO00000000000000000000000000000000000000000C0000000O0C000

00000Qec 000 O0O0O00QO00000000000000000000000000000000000000000000000O0C000¢0

00000127

00000162

00000194 (0 00D 00000000000 000000000000000000000000000000000000000000O00O00O0

00000lds

00000213 0000000000000 000000000000000000000000000000000000000000O0C000¢0

0000024e 00000000 O00000000000000000000000000000000000000000000000O0C000

00000289 0000000000000 000000000000000000000000000000000000000000O0C000

000002c4 0 00O0CO0O0O00000000000000000000000000000000000000000000O000000O0O0CDO

00000

2ff

0000033a

00000375 0 0000000000000 0000000000000O0D00000O00000000000Q00000000000O0O00O00O0

0000030 OOO0O0O0O00Q0O00000000000000000000000000000000000000000000000O0C000

000003eb 0000000000000 000O00O0C00

® Valid bit Way 1 in BTB

ﬁgi'

bth_valid(1)

co0000O00O0C0CO0000000000000000000000000000000000O0O0000C00DGO0

co0000O0O0O0C0CO00000000O0O000CO000000000000000000000O0O0000CGOQO00DGO0

gcoo0000O0O0O0C0CO00000000O00O00C0O0000000000000000000000O0000O00O0O0

goo0000O0ODO0O0CO0000O000000O000O0O0000000000000000000000000000020

goo000O0O0OO0OO0QCO0CO0OO0O0O0Q0O0O0O0O0O0OO0O0OOCCO00000000O00O000000000O0O0O0CO0O00O0COQ0O0DO0

0ooogod0 (0 0000000000000 O0O00000000000000000000O00000C0000O00O000O0CO0CO0DGO0

B Memory Data - ftb_test/dut/r,

00000034 [0 0000000000000 O0O00000000000000000000O000000000O00O000CO0CO0DGO0

00000068

0000008 0000000000000 00O0000000000000000000000000O00000000O0CO0D

00oo0odo [0 0000000000000 O0O00000000000000000000O0000C0C0000O00O0O00O0CO0CO0DO0

00000104 (0000000000000 0DO0O00000000000000000000O000000000O00O00O0CO0CO0DGO0

00000138

0oQg00lec 0O COO0O0O0O0O0OO0OO0QOCO0OO0O00O0O0O0O0O0O0O0CO0CO00O0O000000000000O00O0O0O0O0O0O0O0OCO0QD

0000010 (DO 0000000000000 O00000000000000000000O00000C0000O00O0O00O0CO0CO00GO0

000001d4 [0 0000000000000 O0O000O000000O00000000000O0000O0C0000O00O00O0CO0CO00O0

00000208

0000023c (00O 0000000000000 O00000000000000000000O0000C0C0000O00O000O0CO0O00O0

0oooo270 [0 00O ODO0O000O0CO0O000DO0O0000O00000O00000000000O0000O00000O00O00O0CO0O00GO0

0poo02a4 00000000000 CO00D0000000000000000000000000000O00000000CGO0D0

00000248

0000030 (0O O0O0O0ODO0O000O0CO0000O0O00000000000000000000000000000O00O000CO0CO00O0

00000340 (00O 0000000000000 O000000000000000000000000O0C0000O00O00O0CO0CO00O0

00000374 00000000000 C0CO00D00000000000000000000000000000000000GCGO0D

000003a8

000003de (00O 0000000000000 0000000000000000000O00
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® Valid bit Way 2 in BTB

j

H

0oooooo00 |0 0000000000000 000000000000000000000000000000000O000O00

(2)

btb_valid

B Memory Data - ftb_test/dutfr

1

0000000 0000000000000000000000000000000000000000O000O00

000000000000 00000000000000000000000000000000000000O00

0000O000CO00O000000000000000000000C0O000000000000000000000020

000000000000 00000000000000000000000000000000000O00O0O00

0000000 0000000000000000000000000000000000000000O000O00

00ooo034 000000000000 00000000000000000000000000000000000O000O00

00000068

000000%z 000000000000 00000000000000000000000000000000000O000O0C0

0oooo0do (0 0000000000000 000000000000000000000000000000000000O00

00000104 000000000000 00000000000000000000000000000000000000O00

00000138

0000016c D OOODO0O0O0O0O0O0O0O0O000000000000000000000000000000000000000000

000001a0 D OOODO0O0O00C0O0O0000000000000000000000000000000000000000000

00Qo00ld4 OO0CO0O0O00O0D0O0C0O000000000000000000000000000000000O00CO0O0CO0OD0O00

00000208

0000023c OO OCO0O0000D0DC0C000000000000000000000000000000000000000000¢0

00ooo270 000000000000 00000000000000000000000000000000000O000O0C0

000002a4 00C0CO0O0O0000C00000000000000000000000000000000000000O000O00

00000248

0000030c OO0CO0O0O0O00O00C00000000000000000000000000000000000000O000O00

00000340 00 000000000000 000000000000000000000000000000000O000O00

00000374 000000000000 00000000000000000000000000000000000000O00

00000328

000003de OO0 CO0O00000C0000000000000000000000000O00

® Valid bit Way 3 in BTB

ﬂi

H

bth_valid(3)

00000000000000000000000000000000000000000000000O0O0O0OG0C0

000000000000 00O0O0C0000O0O00000000000000000000000000O0O0O0C0CCO0

0000000000 0000000000000000000000000000000000000O00O0O00

0000000000 000000000000000000000000000000000000000O0O0020

000000000000 00000000000000000000000000000000000O0O0DO0OG00

00000000 (OOODO0O0D0O0000O0000000000000000000000000000000000000000020

EH Memory Data - ftb_test/dutfr

00000034 (00000000000 0O000000000000000000000O00000C0C0O0D00O00O0O0CO0QO0CO0O0D0

00000068

000000%: (000D 000000000000 000000000000000000000000000000000O0C00O00

000000d0 (00000000000 0000000000000000000000000000000000000O0000

00000104 (00000000000 0O000000000000000000000000000000000000O0000

00000138

000001éc (OO ODOO0ODO0O00O00O00O00DO0000O00000000000O00000000000000O00QO00O00D0

000001z0 (OO OO0 O0O0O0000O0O000000000000000000000000000000000000O000O00

000001d4 (000D 000000000000 000000000000000000000000000000000O000O00

00000208

0000023c (OOODO0OD0ODO0000O0000000000000000000000000000000000000000020

0oooo270 0000000000000 00000C000O0000000000000000000000O0O0O0O0O0O0OO0CO0GO0

00000224 (OO0OD 000000000000 0000000000000000000000000000000O00O0000

00000248

0000030c (OO0 O00O0D0O00000O000000000000000000000000000000000000O0000

00000340 (OO 0ODO00O0D0O00000000000000000000000000000000000000000000020

00000374 (00O0QO00O0D0Q0O00000O00000000000000000000000000C0C0O0OD00O0O0O0O0CO0QO0CO0O0D0

00000328

000003de (0O ODO00O00O000000000000000000000000O0O0O0O00

j
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® Prediction bit Way 0 in BTB

H

B Memory Data - ftb_test/dut/r_btb_pred(0)

LT R R I T T I S I S R I S R S I VR S R S I S I YR Y]
LT R R I I R S I S I S R I S R I VR S A I S TR Y]

LTI I B I VI VI VI S ¥ VI o B Y SV R A o SV R Y

L T B B B B B T B R I o B VB R I o Y R

LT R R I I T I S I S Y I S R S I VR S I S I S YR Y]

LIS B B I VI R o I S I S o SV I B VR R I o RSV R

LI I B I VI R o I o I o I o B o Y SV o R I o TR ]

L T B B B B B T B R I o B VB R I o Y R

LT R R I I R S I S I S R I S R I VR S A I S TR Y]

LTI I B I VI VI VI S ¥ VI o B Y SV R A o SV R Y

L I I B B o I R o I I o B o T I o B VR R I o Y R o]

LT R R I T T I S I S R I S R S I VR S R S I S I YR Y]

LT R R I I R S I S I S R I S R I VR S A I S TR Y]

LI I B I VI R o I o I o I o B o Y SV o R I o TR ]

L T B B B B B T B R I o B VB R I o Y R

LT R R I I T I S I S Y I S R S I VR S I S I S YR Y]

LI VIS B I T VR R TS B VI o I B TSV RS RS I S SR
LTI VI B o I T VR o T I o B o oV o IV A o VR R I VYR
LT R R I I T R T T S B I Y I S B I YRS R I S ]
LI B R I I T R T T B I S I S A I S R R I S ]
LTI VI B I TV o T Y I S B VI o I O T SV R S I S A SV R
LI B B I I YR o T I o B VI o I o A T YR R I o YR
LT R R I I T R T T S B I Y I S B I YRS R I S ]
LI VIS B I T VR R TS B VI o I B TSV RS RS I S SR
LTI VI B o I T VR o T I o B o oV o IV A o VR R I VYR
L I B B I I R o R T B VI o B B Y R R I o Y R
LI B R I I T T T B I S I S B I S R R I A ]
LI VIS B I T VR R TS B VI o I B TSV RS RS I S SR
LI B B I I YR o T I o B VI o I o A T YR R I o YR
LT R R I I T R T T S B I Y I S B I YRS R I S ]
LI B R I I T R T T B I S I S A I S R R I S ]
LTI VI B I TV o T Y I S B VI o I O T SV R S I S A SV R
LI B B I I YR o T I o B VI o I o A T YR R I o YR
LI B R I I T T T B I S I S B I S R R I A ]
LI VIS B I T VR R TS B VI o I B TSV RS RS I S SR
LTI VI B o I T VR o T I o B o oV o IV A o VR R I VYR
L I B B I I R o R T B VI o B B Y R R I o Y R
LI B R I I T T T B I S I S B I S R R I A ]
LTI VI B I TV o T Y I S B VI o I O T SV R S I S A SV R
LI B B I I YR o T I o B VI o I o A T YR R I o YR
LT R R I I T R T T S B I Y I S B I YRS R I S ]
LI B R I I T R T T B I S I S A I S R R I S ]
LTI VI B I TV o T Y I S B VI o I O T SV R S I S A SV R
L I B B I I R o R T B VI o B B Y R R I o Y R
LI B R I I T T T B I S I S B I S R R I A ]
LI VIS B I T VR R TS B VI o I B TSV RS RS I S SR
LTI VI B o I T VR o T I o B o oV o IV A o VR R I VYR
L I B B I I R o R T B VI o B B Y R R I o Y R
LI B R I I T R T T B I S I S A I S R R I S ]
LTI VI B I TV o T Y I S B VI o I O T SV R S I S A SV R
LI B B I I YR o T I o B VI o I o A T YR R I o YR
LA RS RS s R = s s S s s s s |
D T T T T U T e N T e T 0 I B U W R
L= = s = =T B = B I e e B L U ol = |
D R R e R B e B R B B S L B B B Bt B M)
D e e e e e e e e o e e e e e
D e e e e e e e e e e e O e e
D e B e e e e O e e e e e O e e
[ e O e e e e e e O e O e e
L s e e s s s e N e O s s O s s

in BTB

bit Way 1

iction

® Pred

Hd

FH Memory Data - /tb_test/dut/r_bth_pred{1)

LT B I I T Y o I I B I R R I I I S Y]
LT B I I S I Y o S I S B I I Y R Y B I S Y]

LT B I I S I Y o S I S B I I Y R Y B I S Y]

[ IS B B I S IV o T I B R I TV RSV T I S B B

LIS B I I VIV o I Y I VB I I VAV R SV R TS N B Y

LT B B I VIV o I o I VB o A o I TV R VR IS N B ]

LT B B I VIV o I o I VB o A o I TV R VR IS N B ]

[ T B I I Y B Y o I o I o B I T Y R SV R I N B

L T B B I B B o O T B I T Y B R I N B B

LT B I I T Y o I I B I R R I I I S Y]

LT B I I T Y o I I B I R R I I I S Y]

LT B I I S I Y o S I S B I I Y R Y B I S Y]

LT B I I S I Y o S I S B I I Y R Y B I S Y]

[ IS B B I S IV o T I B R I TV RSV T I S B B

LIS B I I VIV o I Y I VB I I VAV R SV R TS N B Y

LT B B I VIV o I o I VB o A o I TV R VR IS N B ]

LI I o B I VIV o I o I VR o I VY R VIR o I I o oV
L I B I I Y B o I o I Y B I VY R o I I I B o VI
L T B I I B o T T B I A R o R I IR B VI
LT B I I I Y o I S T VR I A Y S I I S S I B VI Y
LT B I I I Y o I S T VR I A Y S I I S S I B VI Y
LT B I I T I Y Y I I o A I A I I S S B BV
LT B I I T I Y Y I I o A I A I I S S B BV
L IS B B I SV Y o Y I SV B IV RSV IR I IR o VY
LI I I I VIV o I VI VR o I VN SV I I o SV
LI I o B I VIV o I o I VR o I VY R VIR o I I o oV
LI I o B I VIV o I o I VR o I VY R VIR o I I o oV
L I B I I Y B o I o I Y B I VY R o I I I B o VI
L T B I I B o T T B I A R o R I IR B VI
LT B I I I Y o I S T VR I A Y S I I S S I B VI Y
LT B I I I Y o I S T VR I A Y S I I S S I B VI Y
LT B I I T I Y Y I I o A I A I I S S B BV
LT B I I T I Y Y I I o A I A I I S S B BV
L IS B B I SV Y o Y I SV B IV RSV IR I IR o VY
LI I I I VIV o I VI VR o I VN SV I I o SV
LI I o B I VIV o I o I VR o I VY R VIR o I I o oV
LI I o B I VIV o I o I VR o I VY R VIR o I I o oV
L I B I I Y B o I o I Y B I VY R o I I I B o VI
L T B I I B o T T B I A R o R I IR B VI
LT B I I I Y o I S T VR I A Y S I I S S I B VI Y
LT B I I I Y o I S T VR I A Y S I I S S I B VI Y
LT B I I T I Y Y I I o A I A I I S S B BV
LT B I I T I Y Y I I o A I A I I S S B BV
L IS B B I SV Y o Y I SV B IV RSV IR I IR o VY
LI I I I VIV o I VI VR o I VN SV I I o SV
LI I o B I VIV o I o I VR o I VY R VIR o I I o oV
LI I o B I VIV o I o I VR o I VY R VIR o I I o oV
L I B I I Y B o I o I Y B I VY R o I I I B o VI
L T B I I B o T T B I A R o R I IR B VI
LT B I I I Y o I S T VR I A Y S I I S S I B VI Y
LT B I I I Y o I S T VR I A Y S I I S S I B VI Y
LS R R s L s s s s B I s s B s
L T T T T e T e R w4 e B W e oo
Comwm ™ oamw oo o™ oo - om
(== R i R e e e I B S R R e R ]
000000000000 00000000
OO0 00000000000000000
COoOoOoOoO0oO0000000 00000
COooOOoO0O0000000 00000
CO000O0000000000 00000
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® Prediction bit Way 2 in BTB

H

F Memory Data - fth_test/dutfr_btb_pred(Z)

L I I I B I o VI o B B R R I oV B R S R R A R

[ I I I R o R I o I BV RV R o I VBT RV R o R o I VY

[ I I I R o R I o I BV RV R o I VBT RV R o R o I VY

L I I VI B S o VI VI B RV R VI VI R SV R ¥ B I VI

L I I VI B S o VI VI B RV R VI VI R SV R ¥ B I VI

L I I S I B R RV I S I B RV R S I SV Y RSV R B S I

L I I S I B R RV I S I B RV R S I SV Y RSV R B S I

L T I I R R I I R R T I I SV I SV I B I VY

L I I R R T B R R R I I I S I SV R B I VY

L I I R R T B R R R I I I S I SV R B I VY

L I T B B o R I o B B B R I o B B R R

L I I I B I o VI o B B R R I oV B R S R R A R

L I I I B I o VI o B B R R I oV B R S R R A R

[ I I I R o R I o I BV RV R o I VBT RV R o R o I VY

[ I I I R o R I o I BV RV R o I VBT RV R o R o I VY

L I I VI B S o VI VI B RV R VI VI R SV R ¥ B I VI

L I SV I B S I SV R VI VI B RV R I VI SV R N S I SV & I Y
L I S I B R I SV B B R I SV R SV R IS S S )
L I S I R R N I A R R T I S A S B SV I B I SV SV oY)
L I S I R R N I A R R T I S A S B SV I B I SV SV oY)
L I I S I R I T I A R A I I A YR SV B I R Y I )
L I I B B o R T o B B B o R TR o B R R R VR o Y
L I I B B o R T o B B B o R TR o B R R R VR o Y
L I I B B o R VI o B o B BV I I o B R SV R R R Y
L I I B B o R VI o B o B BV I I o B R SV R R R Y
L I I S I B I oV I oV o B R oV I I VR SV R o R S I SV oY)
L I I S I B I oV I oV o B R oV I I VR SV R o R S I SV oY)
L I SV I B S I SV R VI VI B RV R I VI SV R N S I SV & I Y
L I S I B R I SV B B R I SV R SV R IS S S )
L I S I B R I SV B B R I SV R SV R IS S S )
L I S I R R N I A R R T I S A S B SV I B I SV SV oY)
L I I I R R T I B R R I A S B SV I B I SV SV oY)
L I I S I R I T I A R A I I A YR SV B I R Y I )
L I I B B o R T o B B B o R TR o B R R R VR o Y
L I I B B o R T o B B B o R TR o B R R R VR o Y
L I I B B o R VI o B o B BV I I o B R SV R R R Y
L I I S I B I oV I oV o B R oV I I VR SV R o R S I SV oY)
L I I S I B I oV I oV o B R oV I I VR SV R o R S I SV oY)
L I SV I B S I SV R VI VI B RV R I VI SV R N S I SV & I Y
L I SV I B S I SV R VI VI B RV R I VI SV R N S I SV & I Y
L I S I B R I SV B B R I SV R SV R IS S S )
L I S I B R I SV B B R I SV R SV R IS S S )
L I S I R R N I A R R T I S A S B SV I B I SV SV oY)
L I I S I R I T I A R A I I A YR SV B I R Y I )
L I I S I R I T I A R A I I A YR SV B I R Y I )
L I I B B o R T o B B B o R TR o B R R R VR o Y
L I I B B o R VI o B o B BV I I o B R SV R R R Y
L I I B B o R VI o B o B BV I I o B R SV R R R Y
L I I S I B I oV I oV o B R oV I I VR SV R o R S I SV oY)
L I I S I B I oV I oV o B R oV I I VR SV R o R S I SV oY)
L I SV I B S I SV R VI VI B RV R I VI SV R N S I SV & I Y
NECECECEC R LRy YRR e s s Ly
L L T e TV T e e o e N 0 I T N 6
= s T e I =T B o e T Y S o N T s
[ B e e B e B B B B B R B B s B B B B
[ e e O e e e e e e e e e e
D e e O e e e e e e e e e e
P e e e e O e e e e e e e e e e e
P e e e e O e e e e e e e e e e e
(=== = === = = I = = = = == = = =

® Prediction bit Way 3 in BTB

+H

E3 Memory Data - th_test/dutfr_btb_pred(3)

LTI S I IV R o I T S I S o B VIV N VI VI ST SV R o Vo

LTI I R R I I S I R T I B T I S R A ]

LTI I VR I I Y I S I R IV I R I S R S I B ]

LI B I B I I I I B R R I B T R B BV

LTI I I B o I I I o B o I o I I T B T SV R o R B oV

LTI I o AV R o I I I o B VI oV R o I VI T SV R o A o R oV

LTI S I IV R o I T S I S o B VIV N VI VI ST SV R o Vo

LTI I R R I I S I R T I B T I S R A ]

LTI I VR I I Y I S I R IV I R I S R S I B ]

LI B I B I I I I B R R I B T R B BV

LTI I I B o I I I o B o I o I I T B T SV R o R B oV

LTI I o AV R o I I I o B VI oV R o I VI T SV R o A o R oV

LTI S I IV R o I T S I S o B VIV N VI VI ST SV R o Vo

LTI I R R I I S I R T I B T I S R A ]

LTI I VR I I Y I S I R IV I R I S R S I B ]

LI B I B I I I I B R R I B T R B BV

LI B B B I I I Y B R R o I T B Y I o A Y B B R I
LTI I BV R o I o I I o R RV R oI T I SV I SV B B R o
LIS B B R I I S I SV B R R o I T RSV SV B B I
LT A R R S T I S T S R R R I S I VI S A I S R R ]
LT R R T T I T R R R I I I S B R IO
LI B B B I I o I I B B R I T B Y I B B B R I
LI B B B I I I Y B R R o I T B Y I o A Y B B R I
LTI I BV R o I o I I o R RV R oI T I SV I SV B B R o
LIS B B R I I S I SV B R R o I T RSV SV B B I
LT A R R S T I S T S R R R I S I VI S A I S R R ]
LT R R T T I T R R R I I I S B R IO
LI B B B I I o I I B B R I T B Y I B B B R I
LI B B B I I I Y B R R o I T B Y I o A Y B B R I
LTI I IV I o T I o I I SV R RV R o I VI SV SV B B VA
LIS B B R I I S I SV B R R o I T RSV SV B B I
LT A R R S T I S T S R R R I S I VI S A I S R R ]
LT R R T T I T R R R I I I S B R IO
LI B B B I I o I I B B R I T B Y I B B B R I
LI B B B I I I Y B R R o I T B Y I o A Y B B R I
LTI I IV I o T I o I I SV R RV R o I VI SV SV B B VA
LIS B B R I I S I SV B R R o I T RSV SV B B I
LT A R R S T I S T S R R R I S I VI S A I S R R ]
LT R R T T I T R R R I I I S B R IO
LI B B B I I o I I B B R I T B Y I B B B R I
LI B B B I I I Y B R R o I T B Y I o A Y B B R I
LTI I IV I o T I o I I SV R RV R o I VI SV SV B B VA
LIS B B R I I S I SV B R R o I T RSV SV B B I
LT A R R S T I S T S R R R I S I VI S A I S R R ]
LT R R T T I T R R R I I I S B R IO
LI B B B I I o I I B B R I T B Y I B B B R I
LTI I BV R o I o I I o R RV R oI T I SV I SV B B R o
LTI I IV I o T I o I I SV R RV R o I VI SV SV B B VA
LIS B B R I I S I SV B R R o I T RSV SV B B I
LT A R R S T I S T S R R R I S I VI S A I S R R ]
LT R R T T I T R R R I I I S B R IO
[N RIS B B B B B B s B s B MRS B B B B IS IS |
[ = S = T S T e s N R S i T S R I ) o0
[ - Ve I T =T B o e B T S o B B o g |
[ R R R e e e = e s s S R e e e ]
e e e e e e e e e e e e |
o e e e e e e e e e
e e e O e e e e e e
e e e O e e e e e s
(=== = = = = = = == = = = = ===
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® [RU state bit Way 0 in BTB

i-le_ﬂj

btb_lru_st(0)

000000000000000000000000000000000000000000000000O00O00

0000000000000 000000000000000000000000000000000000000

000000000000000000000000000000000000000000000000O00O00

0000000CO00000000000000000000000000000000000000000O00O00¢0

000000000000000000000000000000000000000000000000O00O0O00

00000000 OO0 O0O0O0O0000000000000000000000000000000000000000000000¢0

[ Memoary Data - fth_test/dut/r

00000034 000 0000000000000 000000000000000000000000000000000O000¢0

00000068

000000% (00000000000 00000000000000000000000000000000000000O000¢0

00000040 (00000000000 00000000000000000000000000000000000000O000¢0

00000104 (00000000000 O00O000000000000000000000000000000000O000O000¢0

00000133

0000016 OO0 O0O0O0O0000000000000000000000000000000000000000000000¢0

000001ad 00000000000 00000000000000000000000000000000000000O000¢0

00000144 00000000000 00000000000000000000000000000000000000O000¢0

00000208

0000023z 000 0000000000000 000000000000000000000000000000000O000¢0

00000270 (00000000000 O00O000000000000000000000000000000000000O000¢0

00000284 (0 0000000000000 00000000000000000000000000000000000000

00000248

0000030c (000 O00O00000000000000000000000000000000000000000000O000¢0

00000340 00000000000 00000000000000000000000000000000000000O000¢0

00000374 000 0000000000000 000000000000000000000000000000000O000¢0

00000328

000003de (00000000000 0000000000000000000000000

® [ RU state bit Way 1 in BTB

j

“

+H

btb_lru_st(1)

i1111111111111111111111111111111111111111111111111111

11111111111 1111111111211111111111111111111111111111111

i1111111111111111111111111111111111111111111111111111

11111111111 1111111111211111111111111111111111111111111

i111111111111?111111111211111111111111111111111111111111

ggooogoo (2 111113113111111131111111111111111111111111111111111111

EH Memory Data - fth_test/dutjr

ggoooo34 2113111111 11111131111111111111111111111111111111111111

00000068

gooo0Q0%e (2 111111111111111111111111111111111111111111111111111

gooogQdo 2 1111111311111111111111111111111111111111111111111111

goooolo4 1 1121111132111111131112111211111111111111111111111111111111

00000138

oooo0l6e (2 111111111111111111111111111111111111111111111111111

oooogle0 2111111111111111111111111111111111111111111111111111

oooogld4 2111111111111111111111111111111111111111111111111111

00000208

gooo023e (2 111111111111111111111111111111111111111111111111111

ggooo270 (2 1111111311111111111111111111111111111111111111111111

ogo00224 2111111112111 11111111111111111111111111111111111111111

00000248

gooog30ec (2 111111111111111111111111111111111111111111111111111

goooos4o0 2 113111311311111111111111111111111111111111111111111111

ggooo374 (2111111111111111111111111111111111111111111111111111

000003a8

gooog3de (2 11111111111111111111111111111111111
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® [RU state bit Way 2 in BTB

B Memory Data - /tb_testfdut/r_btb_lru_st(Z)

H

L I R T I VR S R R VI YR S R RV AV R R Y R )
S I S IV VR Y R SV ISV SV S VIRV B S RSV YR

LS B S IV SV Y VI ST SV o IRV o B B S VR Y o)

L I I T B Y Y I I o B Y o o IRV o B B ST Y )

L B I T B VR R R T Y S o RV o B B S T B YR )

L I R T I TR Y R S R T VI YR S R VI BV R S T )

L I R T I VR S R R VI YR S R RV AV R R Y R )

LS B S IV SV Y VI ST SV o IRV o B B S VR Y o)

L3 I R I I SV o VI I T SV o oV IRV o B SV B STV )

L B I T B VR R R T Y S o RV o B B S T B YR )

L I R I I TR ST R R VI YR S R VI Y BV R Y T )

L I R T I VR S R R VI YR S R RV AV R R Y R )

S I S IV VR Y R SV ISV SV S VIRV B S RSV YR

L3 I R I I SV o VI I T SV o oV IRV o B SV B STV )

L I I T B Y Y I I o B Y o o IRV o B B ST Y )

L I R I I TR ST R R VI YR S R VI Y BV R Y T )

L I I T R T R I R I S S I B I YR VR
L I SISV SV S SV I SV SV 8 VIV S SV S YRV S
L I S IV SV o VIR I SV SV o VIV S SV S Y SV S
L I I I T Y o I I VB Y o VIV S B S R R Y R S
L I I T Y S I I VB Y o I S B R Y R Y R
L I I T R T R I R I S S I B I YR VR
L I R I I T R I T R R S T I I S N S I S S
L I S IV SV o VIR I SV SV o VIV S SV S Y SV S
L I R I T SV o VIR I SV SV o VAV S B SV R I T I S
L I I T Y S I I VB Y o I S B R Y R Y R
L I I T B T R I B I S SV I B B YR VR o
L I R I I T R I T R R S T I I S N S I S S
L I SISV SV S SV I SV SV 8 VIV S SV S YRV S
L I R I T SV o VIR I SV SV o VAV S B SV R I T I S
L I I I T Y o I I VB Y o VIV S B S R R Y R S
L I I T B T R I B I S SV I B B YR VR o
L I I T R T R I R I S S I B I YR VR
L I SISV SV S SV I SV SV 8 VIV S SV S YRV S
L I S IV SV o VIR I SV SV o VIV S SV S Y SV S
L I I I T Y o I I VB Y o VIV S B S R R Y R S
L I I T Y S I I VB Y o I S B R Y R Y R
L I I T R T R I R I S S I B I YR VR
L I R I I T R I T R R S T I I S N S I S S
L I S IV SV o VIR I SV SV o VIV S SV S Y SV S
L I R I T SV o VIR I SV SV o VAV S B SV R I T I S
L I I T Y S I I VB Y o I S B R Y R Y R
L I I T B T R I B I S SV I B B YR VR o
L I R I I T R I T R R S T I I S N S I S S
L I SISV SV S SV I SV SV 8 VIV S SV S YRV S
L I R I T SV o VIR I SV SV o VAV S B SV R I T I S
L I I I T Y o I I VB Y o VIV S B S R R Y R S
L I I T B T R I B I S SV I B B YR VR o
L I I T R T R I R I S S I B I YR VR
L I SISV SV S SV I SV SV 8 VIV S SV S YRV S
L I S IV SV o VIR I SV SV o VIV S SV S Y SV S
YRR R e Ry B S s B By B B
[ S =T = A I T N R = T B S ) =R E)
P I (e = BT R B T e B B e e
D I e e e I I I B O I B I Y N I O s
OO0 D0000000000000000
OO0 DoO00000000000000o
(=== = R R = = R R o i R i i i i |
(===~ R R = R R o i i R B i i i |
COOoODOoO0000OoO0oOoOoOooD OO0

® [ RU state Way 3in BTB

ﬁﬂi

00000000 |13 333333333333333333333333333333333333333333333333333

B3] Memory Data - jth_test/dut/r_bth_lru_st(3)

3333333333333333333333333333333333333333333333333313+3

3333333333333333333333333333333333333333333333333313+3

33 I II I I3 III3IIIIIIIIIIIIIIIIIIIIIIISGEIIIIIIIIIIIISG

33333333333333333333333333333333333333333333332333313+3

333333333333333333333333333333333333333353333333333+3 3

00000034 |13 3 333333333333333333333335333333333333333333333333333

00000063

0000009z |13 3 3333333333333333333333333333333333333333333333333¢3

gooogodo |13 333333333333 3333333333335353333353333333353533333333333$3

00000104 |3 3 3 3333333333333 333333333333333333333333333333333333

00000133

0000016c |13 333 333333333333 33333333353333333333333333333333333733

000001a0 |33 333333333333333333333335333333333333335333333333333¢3

oooogld4 |3 333333333333 3333333333335353333353533333335%533333333333$3

00000208

0000023c |33 333333333333333333333335333333333333333333333333333

0oooo270 |13 3 333333333333333333333335333333333333333333333333333

00000224 |33 333 333333333333333333335333333333333335333333333333¢3

00000243

0000030c |3 3 3333 333333333333 JFJJJF3333IF3 333333333333 3333333333318:3

00000340 13 33 3333333333333 333333333333333333333333333333333333

00000374 |33 3333333333333333333333353333333333333333333333333733

000003a8

000003de |13 3 333 3333333333333333333333333333333
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2. Scenario 1 - Read Miss
B BP BTB4WAY i Br<=1bl;
B BP BTB4WAY i ID Equal <= 1'bl;
B BP BTB4WAY i ID Wr Addr <=32'h0000 0018;
B BP BTB4WAY i1 ID Br Addr <=32'h1232 01a9;

.._bp_bth4way_r_rst

1ho
32h00000000
32h0000001%
1hi
1hi
32h123201a%
1hi
1ho

-> Index = 006, Tag = 00000

It resulted as a mispredict untaken, and the BTB is updated a clock cycle after the input is

pass in. (Due to using value at ID stage not IF stage)

® Valid bit of BTB

B Memory Data - !ﬁ:_test,fmt!r’b\ﬁ:_vaid(o) -Default H A x|
GDDGDDGDDDGGDUJDGGDDGDDGGDDGDDGDDDGDDGDDDGDDGDDDGDDGDDGGDDGDDGGDDGL
0000003k 00 CO000WOOOO0000000000000000000000000000000000000000000000000¢0
00000076 D00 00000000000 0O0000O0000000000000000000000000000000O0O0O00O00D0O0C0
00o000bl D OQCO0O0OO0O0O0QO0O0QO0O0Q0O0O00O0000O0O0000000000Q0O0000Q0O0O00000000O0O00O00O0CO0QO0OO0CO0O0O0O0O0O0O0
000000ec OO0 O0O0O0O00O00000000000000000000000000000000000000000000000O00OGC0Q
00000127 D00 0000000000000 000O0000000000000000000000000000000O0O000O000O0C0
00000162 00O O 000000000000 00000000000000000000000000000000000000000000¢0
L LTy T T o O T o o o o I o o o O T o o o o T o O T o T o o 4 o T o A O I B w I

® Tagbit of BTB
BE Memory Data - /tb_test/dutfr_btb_tag(0) +H A x|
N

00000000 [xHxxx XAXKX XEXAX XAXHE XHHXX xxm‘ )xxxx HHHEX HEXHK XXM KENXH HXNXK KXHHK HMXXX XEXKX XEXNX XXXHX XNMKX =
00000013 [XXXEX XAXEX XKENNX XXKNH XXXXH HXXXX EEXKK HEXEX XXX XENXX KXNNE XXXXH HXXXKX HENXX KENNN XXKEN XXXXK XXXXX
00000026 |XEKAX XAXKAX XAXAX KAXKK XAHAX XAXKK XEAXH KXHXK HXAXK KXHKK HEKEXX KEXXK KAKAX KAXAK XANEKX XKEXXKK XKKXX KXEXK XXKXK
00000039 |xx¥xy XAXHX XHNAX NAXHN XHHNN MENNM HXMNN MNNXH NXNXN NXNMN NMXXN XEXMX XMNNX NAXXHN XNMNEN MXMNNM MXHXM HXMXH MXHXX
0000004C [XEEEX XAKEX KHANK KEXHN XXXEK HNNNX XENNX XXHEN XXXXH HXXXX HENXX KENHN XXKEN HXXXK HHNXX KENNK XXKEN XXXKK XHKXX
0000005 |xMxyX XAXKHX XHHNX XAXHX XHHXX HEXHX XXM KXNXH HXHXK NXHHEX HHXXH KENNK XENNX XAXHX XHMEX MNEXHK XXM KXMNXH XXHXX
00000072 [XXXEX XKAXXX XXNNX XEXKN XXX NNNXX XNNNX XXNNN XXXXX HXXXX HENXX KENNN XXKEN NXXXK HENXX KENNN XXKEN XXXKK XXXXX
00000085 |XEKAX XAXKAX XAXAX KAXKK XAXAX XAKKK XEAXH KXHXK HXAXK KXHKK HEKEXK KEXXK KAKAX KAXAK XANKX XKEXXKK XKKXX KXEXK XXKXX
00000098 |¥H¥ay¥ XAXHK XHNAX NAXHN XHHNN MENNM HXMNN MNNXH NXNXN NXNMN NMXXN XEXXEX XHNNX NAXXHN XNMNEN XXMM HXHXX HXMXH MXHXX
0000002k [XXEEX XAKEX KENNK KEXNN XHXEK HNNXX XENNX XXNEN XXXXH HXXXX HENXX KENHN XXKEN HXXXK HHNXX KENNK XXKEN XXXKK XHKXX
000000ke |[HHHEX HEHHH XHNNH HEXHH HHHXH HEHHX HENNH XXHHH HXXXH HEXXX HHHXX KEHHH XXKEH HXXXK HHNXX KEHHH XXKEH HXXXK HEEXX
00000041 [XXXEX XKAXXX XXNNX XEXKN XXX NNNXX XENNX XXNNN XXXXX HXXXX XENXX KENNN XXKEN NXXXK HENXX KENNN XXKEN XXXKK XXXXX
00000024 [HHEEX HAKHE KHNAK HEXHH KHHXK HAHEX HHHNH XXHHH HXXXH HEXXX HHHXX KEHHH XXKEH HXXXK HHEXX KEHHK XXKEH KXXKK HEEXX
0000007 |¥H¥ay XAKHK XHNAX NAXHN XHHNN MENNM HXHNN MNNXH NXNXN NXNMN NMXXN XEXMX XMNNX NEXXHN XNMNEX MEMNNM MHXHXX HXMXH MXHXX
00000103 [XXEEX XAKEX XKEANK KEXNN XXX HANNX XENNX XXNEN XXXXH HXXXX HENXX KENHN XXKEN HXXXK HHNXX KENNK XXKEN XXXKK XHKXX
0000011d |xMXXX XAXHX XHXNX XAXHE XHEXX HEXHX XXEKH KXNXH HXHXK NXHEX HMXXN XKENNK XEKNX XAXHX XHMEX MNEXHK XXM KXMNXH XXHXX
ANANNT 20 lrwres svrrr vvvrr vvver veres e Ty wrur Terey wTYer T YU UYUTy wTUvy wLUTy T wwwws wvwws wwwes
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® Branch Target Address

Hidfl X

_bth_br_taddr(0)

F Memory Data - fth_test/dut/r

s

EHMHHEK HEENMHNE HENEKNNN MENEKKEH NHMMMIHK HANNNKNK
K KEXKEXXK XEXXHNHXX MXNEXHEX MMONHNNEN XHXXHAXK XXEXXXAX

HEEXXHEE XEXXHEXNE HXXEEXXH XNENKXEE HEXENENX EXXNENEN XXEXXXNK NENKXEEX HEXENENXX XXHENNNE XEXXNENK ENXXEXXE XENNXXEX

HEEKXHEN XEXXHXXE HXXEEXXH XNENKXKE HEXENENX XEXXHANEN XXEXXXNK NENKXEEX HXEXNENXX XXHANNNE XEXXNEXK ENXXEXXE XEXEXXEK

HAXKEXNE XEEXEEXK XXHEXEEX HXXHEXEE HEXXHEXK MEEXXHEX XXHMNMXHE HEMHMMXE XHEXHMXX MXNEXEEX MNMXMAXEN XHXXNAXN XXXXXXAIX

HEMMKNAK XHENNMEMN HENKENKH MEXMKNKE HMEMENKEK HKENMENNN KXKHNEMNK NEMKNEEN HMENMHNX NNMEMNNE XEHNNHNHN AHNNNHEANK MENKKNXK

00000000 [HAXAXKKAN XHHAKKXK KXKHKKKXK HKXAKKKNE KXAKKKHK HEKKKXA

0000000d  [MAEMNKENE KHMMMXKE MXMENNNN MNEXNEXE KEMEXNEXK JOOOODNNK

0000001a

00000027

00000034 [HMXMXMXN NEMEMNENN XXMNXNXN XMXMEMEN MENENKNN XNXNXMNEN EMENEENN MEXNNNEN XMXMEMNEN MENENNNN MNXNNNHN EMEMNENEN MEXXXXXNX
00000041 [HEXXXEAX KHNHEKXE XXHEXNXE XEXXHENX HENXXENXE XHMEXXEN XHENHENK XEEXHENEN NXXEXXEE HMEXXENX HEXXHANKX XXHEXNHE XAEXXEAX

0000004e

0000005k
00000088

00000075 [HEXXXEAX XKHXNEKXE XXHEXNXE XEEXXHENX ENXXEKXE XHMEXXEN XHEXHENK XKEXHENEN NXXEXXEE HMEXXENX HEXXHAINKX XXHEEXNHE XAXXXHEAX

00000082
000000

af

0000009 [HEXXXEAX XKHNHEKXE XXHEXNXE XEEXXHENX HENXXKNXE XHMEXXEN XHEXHENK EEXHENEN NXXEXXEE HMEXXENX HEXXHANKX XXHEXNHE XAXXXHEAX

00000029 [HEXXXEXX XENEEKXE XXHEXNXE XEEXXHENE ENXXEKXE XNMNXXEN XHEXHENK XEEXHNXEN NXXNXXEE NMEXXENX EXXHENKX XXHEXNNEN XEEXXHEAX

0000008

Prediction bit in BTB

B Memory Data - jtb_test/dut/r_btb_pred(0) - Default

Hd x|

N\

[

™
o

2

00000000

0000003k
0000007

000000b1

000000ec

00000127

00000162

00000154

00000213

0000024e
00000

000002cd
00000

£IT

00000332

nnnAnaTs

LRU state at the way it store - Way 0

Hdfl X

00000000 0000000000000000000000000000000000000O000O0CO0Q¢0
00000000000000000000000000000000000000000000000000O00¢0

N

00000000000000000000000000000000000000000000000000000000000
00000000000 000000000000000000000000000000000000000000O000O0CO0QC0

00000000000 000000000000000000000000000000000000000000O000O0CO0QC0

000O0000000000000000000000000000000000000000000000000000000020

00000000000 000000000000000000000000000000000000000000O000O0CO0QC0

E¥ Memory Data - ﬂb_lzst.*‘cl.lt.k’h\lb_iu_st(c) - Default

Q0000000 )00 000

0000003k |0 O 0 0 00

00000076 0D0OQ 0000000000000 0000000000000000000000000000000000000000000

000000kl DO Q0000000000000 000000000000000000000000000000000000000000O00

Ogoo000ec O OOQC 0000000000000 000000000000000000000000000000000000000000O00

00000127

0ooo0olez

oooolsd 0o 0000000000000 C00000000000000O00C000O00000O00C0O00C000O0O0CO000CO0O0O0O00O0DD0

000001de

00000213 000 0000000000000 0000000000000000000000000000000000000000O000

0000024e

00000288 000 0000000000000 0000000000000000000000000000000000000000000

000002c4 OOOQC 0000000000000 000000000000000000000000000000000000000000O00

2ff

aoooa

LRU state at Way 1
B Memory Data —flb_lzst.*‘d.lt.k’h\lb_iu_st(l)

HdA x|

=

i111111111111111111111111111111111111111111111111111
i1111112111111111111111111111111111111111111111111111

U

t11111111111112111111111111111111111111111111111111111111111
ft1111111111211111211121111?1111111111111111111111111111111111111111

ft1111111111211111211121111?1111111111111111111111111111111111111111

Q0000000 111111

0ooooo3e (111111

Qoopgo7¢ 2 1111111111111111111111111111111111111111111111111111111111

ogo0dpr g21111111111111111111111111111111111111111111111111111111111

Qooogfge g21111111111111111111111111111111111111111111111111111111111

0oooo127

0oooolez

Qoopo184 1 11111111111111311111111111111111111111111111111111111111111

000001ds

gogpg2zs g11111111111111111111111111111111111111111111111111111111111
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LRU state at Way 2

ﬁ_l_
Fl v v ow oo e
L R RN RN RV VR YY)
L I I I VR VR
L I IR I I Y RV VRN )
L R RN RN RV VR YY)
LI R IR I I N RV VRN )
L I IR I I Y RV VRN )
L R NI VRN N N
LI R IR I I N RV VRN )
LI I IR I I VRV RN )
L R NI VRN N N
L I IR I I Y RV VRN )
LI I IR I I VRV RN )
L R IR R N
L I IR I I Y RV VRN )
I R I R NN RN VR VR Y}
L R IR R N
L I IR I I Y RV VRN )
I R I R NN RN VR VR Y}
L I I I VR VR
L I IR I I Y RV VRN )
L R RN RN RV VR YY)
L I I I VR VR
L I IR I I Y RV VRN )
L R RN RN RV VR YY)
LI R IR I I N RV VRN )
L I IR I I Y RV VRN )
L R NI VRN N N
L I IR I I Y RV VRN )
LI I IR I I VRV RN )
L R NI VRN N N
L I IR I I Y RV VRN )
LI I IR I I VRV RN )
L R IR R N
L I IR I I Y RV VRN )
I R I R NN RN VR VR Y}
L I I I VR VR
L I IR I I Y RV VRN )
I R I R NN RN VR VR Y}
L I I I VR VR
L I IR I I Y RV VRN )
L R RN RN RV VR YY)
LI R IR I I N RV VRN )
L I IR I I Y RV VRN )
L R NI VRN N N
LI R IR I I N RV VRN )
LI I IR I I VRV RN )
L R NI VRN N N
m L I IR I I Y RV VRN )
N R R
= R
|
= P I I R I R I R R
bAU N e N
= N
W L I IR I I Y RV VRN )
m LI S I B TR ST BV ST RSV R Y SV o
U I I T B I B B I B R B
= P T
|
g R R T R R R R
Slecovwavradgnnwa
=lomrE- g uonw o™= o
== e R I ]
cocooooooooo
cocooooooaao
Soocooooooooo
cCoocooooooooo
7 Cocooooooaaan

LRU state at Way 3

Hd x|

_btb_lru_st(3)
N

- [th_testfdutfr

3333333333333 3F33III3IIIIIIIIIIIIZIIIIIIIIZIGIIIIISIFIISS
33333333335333333533333533333333333333333333333333333

U

333333333333333333353333333333333333333333333333333333333333
333333333333333333353333333333333333333333333333333333333333

333333333333333333353333333333333333333333333333333333333333

33333333333333333333333333333333333333333333333333333333333

00000000 |3 3 3 3 3

0000003k |3 3333 3

00000076 |13 333333333333 33333333333335333333333333333333333333333333333

00O0OOb1 |3 333333333333 3333333333333333333333333333333333333333333338¢83

000000ec |13 33 3333333333333333333333333333333333333333333333333333333+3

00000127

0oo0olez

00000184 |3 33 3333333333333333333333333333333333333333333333333333333+3

00000148

00000213 |13 33 3333333333333333333333333333333333333333333333333333333+3

0000024e

0OpooO28% |3 33 333333333333333333333333333333333333333333333333333333+3¢3

F Memory Data
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3. Scenario 2 - Read Miss
B BP BTB4WAY i Br<

1'bl;

B BP BTB4WAY i ID E

= 1'b0;

qual <

® Valid bit Way 0 of BTB

E Memory Data - ftb_test/dut/r

H x|

:

=)
=)
=]
=]
=]
=]
=]
=]
=]
=]
=]
=}
=)
=)
=)
=]
=]
=]
=]
=]
=]
=]
=]
=]
=}
=)
=)
=)
=]
=]
=]
=]
=]
=]
=]
=]
=]
=}
=)
=)
=)
=]
=]
=]
=]
=]
=]
=]
=]
=]
=}
=)
—
=)
=]
=]
=]
=]
=]
=)
=1
=
=1
=
=1
=]
=]

btb_valid

=

0000000000000 000000000000000000000000000000000000000000000¢0
0000000000000 000000000000000000000000000000000000000000000¢0

00000000000000000000000000000000000000000000000000000000000

00000000000000000000000000000000000000000000000000000000000

0000000000000 000000000000000000000000000000000000000000000¢0
0000000000000 000000000000000000000000000000000000000000000¢0

=
=
=
=1
=1
=1
=1
=1
=1
=1
=1
=1
=
=
=
=
=1
=1
=1
=1
=1
=1
=1
=1
=1
=
=
=
=
=1
=1
=1
=1
=1
=1
=1
=1
=1
=
=
=
=
=1
=1
=1
=1
=1
=1
=1
=1
=1
=
=
=
=
=1
=1
=1
=]
a
=1
=1
=1
=1
=1
=1

=)
=)
=]
=]
=]
=]
=]
=]
=]
=]
=]
=)
=)
=)
=)
=]
=]
=]
=]
=]
=]
=]
=]
=]
=)
=)
=)
=)
=]
=]
=]
=]
=]
=]
=]
=]
=]
=)
=)
=)
=)
=]
=]
=]
=]
=]
=]
=]
=]
=]
=)
=)
=)
=)
=]
=]
=]
=]
o
w
-
=]
=]
=
=]
=]
=]

=)
=)
=]
=]
=]
=]
=]
=]
=]
=]
=]
=)
=)
=)
=)
=]
=]
=]
=]
=]
=]
=]
=]
=]
=)
=)
=)
=)
=]
=]
=]
=]
=]
=]
=]
=]
=]
=)
=)
=)
=)
=]
=]
=]
=]
=]
=]
=]
=]
=]
=)
=)
=)
=)
=]
=]
=]
=]
o
—
2
=]
=
=]
=]
=]

=)
=)
=]
=]
=]
=]
=]
=]
=]
=]
=]
=)
=)
=)
=)
=]
=]
=]
=]
=]
=]
=]
=]
=]
=)
=)
=)
=)
=]
=]
=]
=]
=]
=]
=]
=]
=]
=)
=)
=)
=)
=]
=]
=]
=]
=]
=]
=]
=]
=]
=)
=)
=)
=)
=]
=]
=]
=]
o
3]
o
=1
=]
=
=]
=]
=]

00000127

00ooolez

00000194 000D 0000000000000 000000000000000000000C000000000000000000O0OC00

00000148

00000213 DOO0DO0O0O0O0O0O0O0000000000000000000000000000000000000000000000O0O0O00

0000024e

00000289 0000000000000 000000000000000000000000000000000000000000O0O0O00

000002c4 OOOQ0O0O0O0O00O0O0O000000000000O0000000000000000000000000000000000O00O00

0000033a

00000375 0000000000000 00000000000000000000000000000000000000000O00000

0000030 OO 0000000000000 000000000000000000000000000000000000000O00000

000003eb 0O O00Q0O0O0C00000CO0O000O0O0O0CD

® Valid bit Way 1 in BTB

ﬁgi'

bth_valid(1)

goo000O0O0OO0OO0QCO0CO0OO0O0O0Q0O0O0O0O0O0OO0O0OOCCO00000000O00O000000000O0O0O0CO0O00O0COQ0O0DO0

goo000O0O0OO0OO0QCO0CO0OO0O0O0Q0O0O0O0O0O0OO0O0OOCCO00000000O00O000000000O0O0O0CO0O00O0COQ0O0DO0

00000000000000000000000000000000000000000000O000O0O0O00O00O0

00000000000000000000000000000000000000000000O000O0O0O00O00O0

00000000000000000000000000000000000000000000O000O0O0O00O00O0

0000000 (0 0000000000000 0O0000000000000000000000000C0000O00O00O0CO0CO00O0

B Memory Data - ftb_test/dutjr

0ooooo34 0000000000000 00000000000000000000000000000000000O0OCGO0D0

00000068

000000%c [0 0O 0000000000000 O000000000O00000000000O0000O0CO000O0O00O0O0O0CO0CO0DO0

00000odo [0 0000000000000 O0O00000000000000000000O0000C0C0000O00O00O0CO0CO0ODO0

0oooolo4 0000000000000 000000000000000000000000000O00000000O0OCGO0D

00000138

0000016 (OO OO0ODO0O000O0CO0000DO0O00000000000000000000000000000O00O000O0CO0CO00GO0

00000la0 (00O 0000000000000 O000000000000000000000000C0C0000O00O00O0CO0CO00O0

0ooo0ld4 0000000000000 00000000000000000000000000000000000O0OCGO0D

00000208

0000023c (0O 0000000000000 O00000000000000000000O00000C0000O00O00O0CO0CO00GO0

0oooo270 (0 0000000000000 O0O00000000000000000000O00000C0000O00O00O0CO0CO0ODO0

0000024 00000000000 C0CO000000000000000000000000000000000000O0OCGO0D

00000248

0000030 (0O O0O0O0ODO0O000O0CO0000O0O00000000000000000000000000000O00O000CO0CO00O0

00000340 (00O 0000000000000 O00000000000000000000O00000C0000O00O000O0CO0CO00O0

0oooos74 0000000000000 00000000000000000000000000000000000O0OCGO0D

000003a8

000003de (00O 0000000000000 0000000000000000000O00
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® Valid bit Way 2 in BTB

j

H

0oooooo00 |0 0000000000000 000000000000000000000000000000000O000O00

(2)

btb_valid

B Memory Data - ftb_test/dutfr

1

0000000 0000000000000000000000000000000000000000O000O00

000000000000 00000000000000000000000000000000000000O00

0000O000CO00O000000000000000000000C0O000000000000000000000020

000000000000 00000000000000000000000000000000000O00O0O00

0000000 0000000000000000000000000000000000000000O000O00

00ooo034 000000000000 00000000000000000000000000000000000O000O00

00000068

000000%z 000000000000 00000000000000000000000000000000000O000O0C0

0oooo0do (0 0000000000000 000000000000000000000000000000000000O00

00000104 000000000000 00000000000000000000000000000000000000O00

00000138

0000016c D OOODO0O0O0O0O0O0O0O0O000000000000000000000000000000000000000000

000001a0 D OOODO0O0O00C0O0O0000000000000000000000000000000000000000000

00Qo00ld4 OO0CO0O0O00O0D0O0C0O000000000000000000000000000000000O00CO0O0CO0OD0O00

00000208

0000023c OO OCO0O0000D0DC0C000000000000000000000000000000000000000000¢0

00ooo270 000000000000 00000000000000000000000000000000000O000O0C0

000002a4 00C0CO0O0O0000C00000000000000000000000000000000000000O000O00

00000248

0000030c OO0CO0O0O0O00O00C00000000000000000000000000000000000000O000O00

00000340 00 000000000000 000000000000000000000000000000000O000O00

00000374 000000000000 00000000000000000000000000000000000000O00

00000328

000003de OO0 CO0O00000C0000000000000000000000000O00

® Valid bit Way 3 in BTB

ﬂi

H

bth_valid(3)

00000000000000000000000000000000000000000000000O0O0O0OG0C0

000000000000 00O0O0C0000O0O00000000000000000000000000O0O0O0C0CCO0

0000000000 0000000000000000000000000000000000000O00O0O00

0000000000 000000000000000000000000000000000000000O0O0020

000000000000 00000000000000000000000000000000000O0O0DO0OG00

00000000 (OOODO0O0D0O0000O0000000000000000000000000000000000000000020

EH Memory Data - ftb_test/dut/r

00000034 (00000000000 0O000000000000000000000O00000C0C0O0D00O00O0O0CO0QO0CO0O0D0

00000068

000000%: (000D 000000000000 000000000000000000000000000000000O0C00O00

000000d0 (00000000000 0000000000000000000000000000000000000O0000

00000104 (00000000000 0O000000000000000000000000000000000000O0000

00000138

000001éc (OO ODOO0ODO0O00O00O00O00DO0000O00000000000O00000000000000O00QO00O00D0

000001z0 (OO OO0 O0O0O0000O0O000000000000000000000000000000000000O000O00

000001d4 (000D 000000000000 000000000000000000000000000000000O000O00

00000208

0000023c (OOODO0OD0ODO0000O0000000000000000000000000000000000000000020

0oooo270 0000000000000 00000C000O0000000000000000000000O0O0O0O0O0O0OO0CO0GO0

00000224 (OO0OD 000000000000 0000000000000000000000000000000O00O0000

00000248

0000030c (OO0 O00O0D0O00000O000000000000000000000000000000000000O0000

00000340 (OO 0ODO00O0D0O00000000000000000000000000000000000000000000020

00000374 (00O0QO00O0D0Q0O00000O00000000000000000000000000C0C0O0OD00O0O0O0O0CO0QO0CO0O0D0

00000328

000003de (0O ODO00O00O000000000000000000000000O0O0O0O00

j

® Tagbit of BTB

Hd x|

B Memory Data - ftb_test/dut/r_btb_tag(0)

|

49

[KEXKEE XHXXK XHEEXX XXXEEX HXXEX KEXXK XEEXX XXXEX HXXEX XKXEXXX XEXXX XXHEX HXXXX XKXXXX XHEXXK XXXXX XXXXEX XXXKX XXXXX

HEHHH HEHHHE XEEXX XNHNN XHNXX HNHEN XENXX HNHEN XEXXX HXHEN XENXX XXHEN XEEXE XXHEN XEXXK XXHEN XEKXK XEENH XNKXX

000000ak [MXMNH XMMNM MENKN ANNMN MNMME KMMXH NENNN KMNEM MEXKHX MXNEX MNXMNN NEMNM NMXMH MOO000 XMNMN MENKN JOOINK JONNH XMENK

000000be

00000000 [H¥XHH XUHHH HEEXH XHHNN XHXEX KXEXH 00000 Huxux HM¥HN MXHEN XEXHN XXNXH NXNXH MXNAX XMNHX NXMNNX XNXNN XAXNX XNNXX
00000013 [HAXHH XHXXK HKEXXX XHHKX XHENNX KXHXK MXXKX XEXEX HHEKXH ENMEK XEXKX XXHXH HXEXK MEXXNX XXX HXXKX XKXHX JOONKEH XXKXK
00000026 [HAXAH XHKKK KEMXK XHHHK XEHHK KXHKK MEHKX KEXKK KEKKA KHMKK XAKKK XEKKXK HXEKK HEXAX XKHKHK HEKKH XKKXKX XAKKH KXKXK
00000039 [MaMNH XMMNM MENKN ANMMN MEMME MKMMXH NENKN KMNEM MEXKHX MNNEX MXMNN MEMNM NMXMH MOO000 XNNMN MENKN JOOINK JONNH XMENX
0000004 [MXMNH XMMHM MENKN ANMMN MNMME XMMXH NENNN KMNEM MEXKHX MXNEX MXNNK NEMNM NMXMH MO0 XNNMN MENKN JIOINK JHNNH XMENK
0000005 [HEXMX XMXHH HENXXH XHNNN XENEX NXEXH MXNY NEXEX MXXNN EXEEN XEXEX XXNXH MXNXH MXNNX XEENX NXNNX XXXNN MNXEX XNNXK
00000072 [XAXAK XXX KEAXK AAAAK XEXAX KXAXK HEXAX XAXAK KEKKA KXXXK XAXKX XXNXK XXAKK XEKXAX XXX KEKKX XKKXKX XAKKK KKKXK
00000085 |KEHKX EHEXX HEXXX AKX XEXKX KXKKN XXNNX XNNXX XNXMX XMMEX XEXKX XXXEN XXXNN XXNNX XNNMX XEMEX XHXXX HXXXH XXXXX
00000098

000000d] [XAXAK XXX KEAXK XAAAAK XEXAX KXAXK HEXKX XAXAK KXKXA KXXXK XAXKX XXKXK XXAKK XEKXAX XXX KEKKX XKKXKX XAXKK KKKXK

00000084 [XMXHX XMENE HEEENX XMXNN XNXNX MXMXH MEMNEX HENEN MNXXNN NXNXN NEXME MMXENXN NXXNN XXNNNX XMXMNE HEEXENE EMNNNN XXXNX XNHNX

00000057 [MAMHH HMMHH MEKKN ANMNMN MEMME MMMXH NENNN KMNEM MEXKHX MXNEX MXMNK MEMNM NMXMH MOOO00 XMNMN MENKN JOOINK MHNNH XMENX

00000103 [H¥EXHK XHUHHH HEEXH XENNN XHNEX NXNXH MXNNX NMXAX NMXNN NXMEN XEXHN XXNXH NXNXH MXNAX XMNHX NXNNY XXXNN XAXNX XNNXX

ARAARTTA




® Branch Target Address Way 0

F Memory Data - ftb_test/dut/r_btb_br_taddr(2)

Hidfl X

00000000
00000004
0000001a
00000027
00000034
00000041
0000004e
0000005k
00000088
00000073
00000082
0000008L
0000003
00000029
0000008

HEKHKHAK
}$.8.4.4.8.8.4.4
HEEHXHAK

KEHKHKKK
}8.8.4.4.8.4.4.9
XHEXHKNK

HEHKKNXK
KXXKXEXXK
HXHEEKXE

HEAHNNEE
EXXKEXXX
HEEXHHNE

EEHENKKK
}8.4.4.5.8.4.4.4
HEXENENK

HENHENKK
}4.8.4.4.5.8.4.4
HEEXEHNEX

123201a9
XHHHKAXK
basssssed

HENKHNEK
KEXKEXXX
HEHKNKEK

HEANNNEE KHNENKHN
HXXHEXXEE HKEXXHXXX
HEAHEHEE EXHEHNNK

HEHHNHEK
b 48848440
HEHHEHEX

HHHHHAKK
p8.4.8.6.8.4.4.4
EEXXHANK

|»

HEHKENAK
HAXKXXXX
HEHKXKEE

}$.8.4.4.8.8.4.4
}$.8.4.4.8.8.4.4
HEEXXHAK

}8.8.4.4.8.4.4.9
}8.8.4.4.8.4.4.9
XEEXHKKE

KXXKXEXXK
KXXKXEXXK
HXHEXEXE

EXXKEXXX
EXXKEXXX
HEAXEHEE

}8.4.4.5.8.4.4.4
}8.4.4.5.8.4.4.4
EEXENENK

}4.8.4.4.5.8.4.4
}4.8.4.4.5.8.4.4
HEEXEHEX

}8.8.4.6.8.4.4.4
}8.8.4.6.8.4.4.4
IHHXHAKK

KEXKEXXX
KEXKEXXX
HEAHKNKEK

HXXHEXXEE HKEXXHXXX
HXXHEXXEE HKEXXHXXX
HEAXEHEE EAHAHNNK

b 48848440
b 48848440
HEHXEHEK

p8.4.8.6.8.4.4.4
p8.4.8.6.8.4.4.4
EEXXHAKK

HAXKXXXX
HAXKXXXX
HEERXKEK

}$.8.4.4.8.8.4.4
}$.8.4.4.8.8.4.4

}8.8.4.4.8.4.4.9
}8.8.4.4.8.4.4.9

KXXKXEXXK
KXXKXEXXK

EXXKEXXX
EXXKEXXX

}8.4.4.5.8.4.4.4
}8.4.4.5.8.4.4.4

}4.8.4.4.5.8.4.4
}4.8.4.4.5.8.4.4

}8.8.4.6.8.4.4.4
}8.8.4.6.8.4.4.4

KEXKEXXX
KEXKEXXX

HXXHEXXEE HKEXXHXXX
HXXHEXXEE HKEXXHXXX

b 48848440
b 48848440

p8.4.8.6.8.4.4.4
p8.4.8.6.8.4.4.4

HAXKXXXX
HAXKXXXX

HEKHKHAK
}$.8.4.4.8.8.4.4
HEEHXHAK

KEHKHKKK
}8.8.4.4.8.4.4.9
XHEXHKNK

HEHKKNXK
KXXKXEXXK
HXHEEKXE

HEAHNNEE
EXXKEXXX
HEEXHHNE

EEHENKKK
}8.4.4.5.8.4.4.4
HEXENENK

HENHENKK
}4.8.4.4.5.8.4.4
HEEXEHNEX

EHHHHEKK
}8.8.4.6.8.4.4.4
EHHXHANK

HENKHNEK
KEXKEXXX
HEHKNKEK

HEANNNEE KHNENKHN
HXXHEXXEE HKEXXHXXX
HEAHEHEE EXHEHNNK

HEHHNHEK
b 48848440
HEHHEHEX

HHHHHAKK
p8.4.8.6.8.4.4.4
EEXXHANK

HEHKENAK
HAXKXXXX
HEHKXKEE

® Branch Target Address Way 1

B Memory Data - /tb_test/dut/r_bth_br_taddr(1)

Hdl x|

00000000
Q00000004
0000001a
0o000027
00000034
Qooo0041
Q0000004e
0000005k
00000068
00000075
Qooooosz2
0000008E
000000%¢c
000000a9
000000b6
000000c3
00000040
000000dd
Qoooodea
0000007
00000104
00000111

HEAEXEEK
HEXEXKXK

EEXEEKEE
AXHXEEXX

HEXEEXXE
b #.4.4.8.4.8.4 4

HEAXHEKE
KAXXXEXK

XHHEEXXK
KXEXKAXX

HEHEENKE
EXHKXXHXX

HEXHEXEX
HXXXEXKX

HEXKEEXK
HXEXKXXX

HEAEXEEK
KXXXXKXX

EEXEEKEE
AXHXEEXX

HEXEEXXE
b #.4.4.8.4.8.4 4

HEAXHEKE
KAXXXEXK

EHHEEEXK
EXHEXKAXX

HEAEXKEK
HEXEXKXK
HEXEXKXK

EXXEEEEE
AXHXEEXX
AXHXEEXX

HEXEAXXK
b #.4.4.8.4.8.4 4
b #.4.4.8.4.8.4 4

HEAXHEKK
KAXXXEXK
KAXXXEXK

XHXEEEXK
KXEXKAXX
KXEXKAXX

HEKEENKE
EXHKXXHXX
EXHKXXHXX

HAXHEXEX
HXXXEXKX
HXXXEXKX

HEXHKEXK
HXEXKXXX
HXEXKXXX

HEAEXKEK
KXXXXKXX
KXXXXKXX

EXXEEEEE
AXHXEEXX
AXHXEEXX

HEXEAXXK
b #.4.4.8.4.8.4 4
b #.4.4.8.4.8.4 4

HEAXHEKK
KAXXXEXK
KAXXXEXK

EHXEKEXK
EXHEXKAXX
EXHEXKAXX

HEAEXEEK
HEXEXKXK
AN NHNK

EEXEEKEE
AXHXEEXX
HEHNKKXE

HEXEEXXE
b #.4.4.8.4.8.4 4
HEHHAKNK

HEAXHEKE
KAXXXEXK
HEAKHHNK

XHHEEXXK
KXEXKAXX
HHHNEKEK

HEHEENKE
EXHKXXHXX
HEHNEHKK

HEXHEXEX
HXXXEXKX
HEKHEKKN

HEXKEEXK
HXEXKXXX
HEHNKEXK

HEAEXEEK
KXXXXKXX
HEAKNKKK

EEXEEKEE
AXHXEEXX
HEHNKKXE

HEXEEXXE
b #.4.4.8.4.8.4 4
HEHHAKNK

HEAXHEKE
KAXXXEXK
HEAKHHNK

EHHEEEXK
EXHEXKAXX
EHHREKEK

HEAEXEEK
HEXEXKXK
AN NHNK

EEXEEKEE
AXHXEEXX
HEHNKKXE

HEXEEXXE
b #.4.4.8.4.8.4 4
HEHHAKNK

HEAXHEKE
KAXXXEXK
HEAKHHNK

XHHEEXXK
KXEXKAXX
HHHNEKEK

HEHEENKE
EXHKXXHXX
HEHNEHKK

HEXHEXEX
HXXXEXKX
HEKHEKKN

HEXKEEXK
HXEXKXXX
HEHNKEXK

HEAEXEEK
KXXXXKXX
HEAKNKKK

EEXEEKEE
AXHXEEXX
HEHNKKXE

HEXEEXXE
b #.4.4.8.4.8.4 4
HEHHAKNK

HEAXHEKE
KAXXXEXK
HEAKHHNK

EHHEEEXK
EXHEXKAXX
EHHREKEK

HEAEXKEK
HEXEXKXK
HEXEXKXK

EXXEEEEE
AXHXEEXX
AXHXEEXX

HEXEAXXK
b #.4.4.8.4.8.4 4
b #.4.4.8.4.8.4 4

HEAXHEKK
KAXXXEXK
KAXXXEXK

XHXEEEXK
KXEXKAXX
KXEXKAXX

HEKEENKE
EXHKXXHXX
EXHKXXHXX

HAXHEXEX
HXXXEXKX
HXXXEXKX

HEXHKEXK
HXEXKXXX
HXEXKXXX

HEAEXKEK
KXXXXKXX
KXXXXKXX

EXXEEEEE
AXHXEEXX
AXHXEEXX

HEXEAXXK
b #.4.4.8.4.8.4 4
b #.4.4.8.4.8.4 4

HEAXHEKK
KAXXXEXK
KAXXXEXK

EHXEKEXK
EXHEXKAXX
EXHEXKAXX

® Branch Target Address Way 2

B Memory Data - [tb_test/dut/r_btb_br_taddr(2)

Hef X

00000000
0000000d
0000001a
00000027
00000034
00000041
0000004e
0000005k
00000068
00000075
00000082
0000008E
00000039¢c
00000029
000000ba
000000c3
00000040
000000dd
000000ea
000000£7
00000104
00000111

HEAKNEKX
HEAXHEEX
EXXXXKAX

HEKHHAKK
HEXHHAXK
HAXHEXXXX

HHMHAKKK
EXHHAKKE
EXEXXXXX

HHHNNHNA
XEXEXKKEK
KXXXXEXX

HEAKKEKX
HEAXHEEX
EXXXXEAX

HEHHNAKK
HEXKHAKK
HKAXKEXXXX

HHHNAKKK
EXKHAXKE
HXXHEXXXXX

HHHNNKNA
XEXEXKEK
KXXXXEXX

HEAKNEKK KEXKNKEX
HEAXHEEX XEXKHEXX
EXXXXEEX XEXXXKXX

HHHNKEKK
EXXEEXXE
HXKEXKXXX

HHHHNKNK
XEXEXKKK
KXEXXEXK

I

HEHKREKX
HEKXHEEX
HEXKXXEXX

HEAXHEEK
HEAKNEKX
HEAXHEEX
EXXXXKAX

HEXHHAXK
HEKHHAKK
HEXHHAXK
HAXHEXXXX

besse e d
HHMHAKKK
EXHHAKKE
EXEXXXXX

bssessed
HHHNNHNA
XEXEXKKEK
KXXXXEXX

HEAXHEEK
HEAKKEKX
HEAXHEEX
EXXXXEAX

HEKKHAKK
HEHHNAKK
HEXKHAKK
HKAXKEXXXX

besseses d
HHHNAKKK
EXKHAXKE
HXXHEXXXXX

bessessed
HHHNNKNA
XEXEXKEK
KXXXXEXX

HEAXHEKX XEXXNEXX
HEAKNEKK KEXKNKEX
HEAXHEEX XEXKHEXX
EXXXXEEX XEXXXKXX

EXXNEEXE
HHHNKEKK
EXXEEXXE
HXKEXKXXX

XEHEXEKE
HHHHNKNK
XEXEXKKK
KXEXXEXK

HEHXHEEX
HEHKREKX
HEKXHEEX
HEXKXXEXX

HEAXHEEK
HEAKNEKX

HEXHHAXK
HEKHHAKK

besse e d
HHMHAKKK

bssessed
HHHNNHNA

HEAXHEEK
HEAKKEKX

HEKKHAKK
HEHHNAKK

besseses d
HHHNAKKK

bessessed
HHHNNKNA

HEAXHEKX XEXXNEXX
HEAKNEKK KEXKNKEX

EXXNEEXE
HHHNKEKK

XEHEXEKE
HHHHNKNK

HEHXHEEX
HEHKREKX

EXXXXKAX

HAXHEXXXX

EXEXXXXX

KXXXXEXX

EXXXXEAX

HKAXKEXXXX

HXXHEXXXXX

KXXXXEXX

EXXXXEEX XEXXXKXX

HXKEXKXXX

KXEXXEXK

HEXKXXEXX

HEAXHEEK
HEAKNEKX

HEXHHAXK
HEKHHAKK

besse e d
HHMHAKKK

bssessed
HHHNNHNA

HEAXHEEK
HEAKKEKX

HEKKHAKK
HEHHNAKK

besseses d
HHHNAKKK

bessessed
HHHNNKNA

HEAXHEKX XEXXNEXX
HEAKNEKK KEXKNKEX

EXXNEEXE
HHHNKEKK

XEHEXEKE
HHHHNKNK

HEHXHEEX
HEHKREKX

EXXXXKAX

HAXHEXXXX

EXEXXXXX

KXXXXEXX

EXXXXEAX

HKAXKEXXXX

HXXHEXXXXX

KXXXXEXX

EXXXXEEX XEXXXKXX

HXKEXKXXX

KXEXXEXK

HEXKXXEXX

HEAXHEEK
EXXXXKAX

HEXHHAXK
HAXHEXXXX

besse e d
EXEXXXXX

bssessed
KXXXXEXX

HEAXHEEK
EXXXXEAX

HEKKHAKK
HKAXKEXXXX

besseses d
HXXHEXXXXX

bessessed
KXXXXEXX

HEAXHEKX XEXXNEXX
EXXXXEEX XEXXXKXX

EXXNEEXE
HXKEXKXXX

XEHEXEKE
KXEXXEXK

HEHXHEEX
HEXKXXEXX
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® Branch Target Address Way 3

H X

_bth_br_taddr(3)

B Memory Data - /th_test/dut/r

|

AXHEAEEN HENXEXEK HENEXXEX XXNEXEXX XEEEXEXH XXEXXEXH KEXXEXHY XEXXXXHN XNXHKNXN EXXXNHEX NXHKEXNX XXHXNEEX XHAXHEXK
EXHXEAXH HEXXXEXX MEXHAXEX HXHXHENX HXXEXHXK XHMHAXHX HXXXHMKE HXHAXHXN XHXHEXXX XHEXXHXKE HXNHEXXXE XXXMEXNXX XXAXHXXK

EXHEEEEN HENXEXEN HENEXXEX NXNEXEXX NEEXXEXN XXEXNEXH KEXXEXHY XEXXEXHN XNXHENXN EXXNXHEX NXHEEXNX XXHXNEEX XHAXNEXK

EXHXEAXH HEXXXEXX MEXHAXEX HXHXHENX HXXEXHXK XHMHAXHX HXXXHMKE HXHAXHXN XHXHEXXX XHEXXHXKE HXNHEXXXE XXXMEXNXX XXAXHXXK
EHMNEKEH MENNHKKN HENMKXKN ANNEKKAK MIGKXKNK KNMNXENN MAKNMENEE XHEKXKNMK XHNENNNH HEXHKMNEK HEMMENKN AXHMMEEX MHAKNKNK

EHMNEKEH MENNHKKN HENMKXKN ANNEKKAK MIGKXKNK KNMNXENN MAKNMENEE XHEKXKNMK XHNENNNH HEXHKMNEK HEMMENKN AXHMMEEX MHAKNKNK

00000000 [EXHEEXKEX HEEXXHNME HMNMENEN NXNMEENNX MENENNHNE MEEXNNXNE KNXMEMEN MMENKNXN ENMEXNMXH MEXXMEEN XNMEXKNN XNEMNXNXX EXXXXMNEK

0000000d
0000001a

aoooooz?

00000034 [XEHMMNEH HEXHKMNEK HEMMNNKN NEMMMAKK NEAKNMNK XHMMAKKE HAKNANKE HMNAKNEN ENNMKAKN MEXKNMEKX MEMEKXKKK NXHNMEKEK NEKXHNKK

00000041
0000004e

0000005k [EXHEXKEX HEXXHNME HMNMEMNEN NXNMEENNX MENENNHNE MENEXNMXNE KNXMEMEEN JOODNKNXN ENMEXNNXH MEXXMEEN MMMEXKNN XNEMNXNXX EXXXXMNEK

00000068

00000075 [XXXEXHEN EEEXHEEE HEXHHNXEX XXHNHEEX XHAXHEXE XHENEXXE HAXHEXKEE HEXHEXXEX XEXHENEKX XEXXXEKY XHENXKXE XXNXEKXX HXXXNXEX

oooooos2
000000

af

000000%c

00000029 [XXXEXHEN EEEEHEEE NXHENXEX XXHNNEXX XHAXNEXE XHXNEXXE HAXHNEXEE HEXNEXXEX EXHNKEKX XNEXXEKY XHEKXXXE NXNXEKXX HEXXXNXEK

0000008 [EXHEXKEX HEEXXHNME HMOOINEN NXNEEENX MENENNHNE MENXNNXNE KNXMEMEEN JOOENKNXN EHMEXNMXH MEXXMEEN XMMENXKNN XNEMNXNXX EXXXXMNEK

0000003

00000040 [XXXEXEEN EEEAHEEK HEHENXEX XXHHHEEX XHAXHEXE XHENEXXE HAXHEXKEE HEXHEXXEX XEXHENEXX XNEXXEKX XHEXXKXE XXNXEKXX HEXXXNXEX

000000dd [EXHEEXXEN HEEXXHNME HMODINEN NXNEEENX MENENNHNE MENXNMXNE KNXMEMEEN MMENKNXN EHMEXNMXH MEXXMEEN MNMEXKNN XMNEMNXNXX EXXXXMNEK

000000ea

000000£7

00000104 [XXXHEXXEH EENKHHEX HXHENXEX XXHNNEXX XHAXHEXE XHXNAXXE HAXHEXEE HXNAXKXEX EXHEKEKX XHEXXEKX XHEKXKXE HXNXEKXK HEXXEXEK

00000111 |[EXHEXXEX HEEXXHNME HMNMEMNEN NXNEEENX MENENNHNE MENXNNXMNE KNXMEMEEN MMENKNXN ENMEXNMXH MEXXMEEN XNMEXKNN XMNEMNXNXX EXXXXMNEE

® Prediction bit Way 0 in BTB

H

B Memory Data - ftb_test/dut/r_btb_pred(0)

LT R R I T T I S I S R I S R S I VR S R S I S I YR Y]
LT R R I I R S I S I S R I S R I VR S A I S TR Y]

LTI I B I VI VI VI S ¥ VI o B Y SV R A o SV R Y

L T B B B B B T B R I o B VB R I o Y R

LT R R I I T I S I S Y I S R S I VR S I S I S YR Y]

LIS B B I VI R o I S I S o SV I B VR R I o RSV R

LI I B I VI R o I o I o I o B o Y SV o R I o TR ]

L T B B B B B T B R I o B VB R I o Y R

LT R R I I R S I S I S R I S R I VR S A I S TR Y]

LTI I B I VI VI VI S ¥ VI o B Y SV R A o SV R Y

L I I B B o I R o I I o B o T I o B VR R I o Y R o]

LT R R I T T I S I S R I S R S I VR S R S I S I YR Y]

LT R R I I R S I S I S R I S R I VR S A I S TR Y]

LI I B I VI R o I o I o I o B o Y SV o R I o TR ]

L T B B B B B T B R I o B VB R I o Y R

LT R R I I T I S I S Y I S R S I VR S I S I S YR Y]

LI VIS B I T VR R TS B VI o I B TSV RS RS I S SR
LTI VI B o I T VR o T I o B o oV o IV A o VR R I VYR
LT R R I I T R T T S B I Y I S B I YRS R I S ]
LI B R I I T R T T B I S I S A I S R R I S ]
LTI VI B I TV o T Y I S B VI o I O T SV R S I S A SV R
LI B B I I YR o T I o B VI o I o A T YR R I o YR
LT R R I I T R T T S B I Y I S B I YRS R I S ]
LI VIS B I T VR R TS B VI o I B TSV RS RS I S SR
LTI VI B o I T VR o T I o B o oV o IV A o VR R I VYR
L I B B I I R o R T B VI o B B Y R R I o Y R
LI B R I I T T T B I S I S B I S R R I A ]
LI VIS B I T VR R TS B VI o I B TSV RS RS I S SR
LI B B I I YR o T I o B VI o I o A T YR R I o YR
LT R R I I T R T T S B I Y I S B I YRS R I S ]
LI B R I I T R T T B I S I S A I S R R I S ]
LTI VI B I TV o T Y I S B VI o I O T SV R S I S A SV R
LI B B I I YR o T I o B VI o I o A T YR R I o YR
LI B R I I T T T B I S I S B I S R R I A ]
LI VIS B I T VR R TS B VI o I B TSV RS RS I S SR
LTI VI B o I T VR o T I o B o oV o IV A o VR R I VYR
L I B B I I R o R T B VI o B B Y R R I o Y R
LI B R I I T T T B I S I S B I S R R I A ]
LTI VI B I TV o T Y I S B VI o I O T SV R S I S A SV R
LI B B I I YR o T I o B VI o I o A T YR R I o YR
LT R R I I T R T T S B I Y I S B I YRS R I S ]
LI B R I I T R T T B I S I S A I S R R I S ]
LTI VI B I TV o T Y I S B VI o I O T SV R S I S A SV R
L I B B I I R o R T B VI o B B Y R R I o Y R
LI B R I I T T T B I S I S B I S R R I A ]
LI VIS B I T VR R TS B VI o I B TSV RS RS I S SR
LTI VI B o I T VR o T I o B o oV o IV A o VR R I VYR
L I B B I I R o R T B VI o B B Y R R I o Y R
LI B R I I T R T T B I S I S A I S R R I S ]
LTI VI B I TV o T Y I S B VI o I O T SV R S I S A SV R
LI B B I I YR o T I o B VI o I o A T YR R I o YR
LA RS RS s R = s s S s s s s |
D T T T T U T e N T e T 0 I B U W R
L= = s = =T B = B I e e B L U ol = |
D R R e R B e B R B B S L B B B Bt B M)
D e e e e e e e e o e e e e e
D e e e e e e e e e e e O e e
D e B e e e e O e e e e e O e e
[ e O e e e e e e O e O e e
L s e e s s s e N e O s s O s s

in BTB

bit Way 1

iction

® Pred

Hd

FH Memory Data - /tb_test/dut/r_bth_pred{1)

LT B I I T Y o I I B I R R I I I S Y]
LT B I I S I Y o S I S B I I Y R Y B I S Y]

LT B I I S I Y o S I S B I I Y R Y B I S Y]

[ IS B B I S IV o T I B R I TV RSV T I S B B

LIS B I I VIV o I Y I VB I I VAV R SV R TS N B Y

LT B B I VIV o I o I VB o A o I TV R VR IS N B ]

LT B B I VIV o I o I VB o A o I TV R VR IS N B ]

[ T B I I Y B Y o I o I o B I T Y R SV R I N B

L T B B I B B o O T B I T Y B R I N B B

LT B I I T Y o I I B I R R I I I S Y]

LT B I I T Y o I I B I R R I I I S Y]

LT B I I S I Y o S I S B I I Y R Y B I S Y]

LT B I I S I Y o S I S B I I Y R Y B I S Y]

[ IS B B I S IV o T I B R I TV RSV T I S B B

LIS B I I VIV o I Y I VB I I VAV R SV R TS N B Y

LT B B I VIV o I o I VB o A o I TV R VR IS N B ]

LI I o B I VIV o I o I VR o I VY R VIR o I I o oV
L I B I I Y B o I o I Y B I VY R o I I I B o VI
L T B I I B o T T B I A R o R I IR B VI
LT B I I I Y o I S T VR I A Y S I I S S I B VI Y
LT B I I I Y o I S T VR I A Y S I I S S I B VI Y
LT B I I T I Y Y I I o A I A I I S S B BV
LT B I I T I Y Y I I o A I A I I S S B BV
L IS B B I SV Y o Y I SV B IV RSV IR I IR o VY
LI I I I VIV o I VI VR o I VN SV I I o SV
LI I o B I VIV o I o I VR o I VY R VIR o I I o oV
LI I o B I VIV o I o I VR o I VY R VIR o I I o oV
L I B I I Y B o I o I Y B I VY R o I I I B o VI
L T B I I B o T T B I A R o R I IR B VI
LT B I I I Y o I S T VR I A Y S I I S S I B VI Y
LT B I I I Y o I S T VR I A Y S I I S S I B VI Y
LT B I I T I Y Y I I o A I A I I S S B BV
LT B I I T I Y Y I I o A I A I I S S B BV
L IS B B I SV Y o Y I SV B IV RSV IR I IR o VY
LI I I I VIV o I VI VR o I VN SV I I o SV
LI I o B I VIV o I o I VR o I VY R VIR o I I o oV
LI I o B I VIV o I o I VR o I VY R VIR o I I o oV
L I B I I Y B o I o I Y B I VY R o I I I B o VI
L T B I I B o T T B I A R o R I IR B VI
LT B I I I Y o I S T VR I A Y S I I S S I B VI Y
LT B I I I Y o I S T VR I A Y S I I S S I B VI Y
LT B I I T I Y Y I I o A I A I I S S B BV
LT B I I T I Y Y I I o A I A I I S S B BV
L IS B B I SV Y o Y I SV B IV RSV IR I IR o VY
LI I I I VIV o I VI VR o I VN SV I I o SV
LI I o B I VIV o I o I VR o I VY R VIR o I I o oV
LI I o B I VIV o I o I VR o I VY R VIR o I I o oV
L I B I I Y B o I o I Y B I VY R o I I I B o VI
L T B I I B o T T B I A R o R I IR B VI
LT B I I I Y o I S T VR I A Y S I I S S I B VI Y
LT B I I I Y o I S T VR I A Y S I I S S I B VI Y
LS R R s L s s s s B I s s B s
L T T T T e T e R w4 e B W e oo
Comwm ™ oamw oo o™ oo - om
(== R i R e e e I B S R R e R ]
000000000000 00000000
OO0 00000000000000000
COoOoOoOoO0oO0000000 00000
COooOOoO0O0000000 00000
CO000O0000000000 00000
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® Prediction bit Way 2 in BTB

H

F Memory Data - fth_test/dutfr_btb_pred(Z)

L I I I B I o VI o B B R R I oV B R S R R A R

[ I I I R o R I o I BV RV R o I VBT RV R o R o I VY

[ I I I R o R I o I BV RV R o I VBT RV R o R o I VY

L I I VI B S o VI VI B RV R VI VI R SV R ¥ B I VI

L I I VI B S o VI VI B RV R VI VI R SV R ¥ B I VI

L I I S I B R RV I S I B RV R S I SV Y RSV R B S I

L I I S I B R RV I S I B RV R S I SV Y RSV R B S I

L T I I R R I I R R T I I SV I SV I B I VY

L I I R R T B R R R I I I S I SV R B I VY

L I I R R T B R R R I I I S I SV R B I VY

L I T B B o R I o B B B R I o B B R R

L I I I B I o VI o B B R R I oV B R S R R A R

L I I I B I o VI o B B R R I oV B R S R R A R

[ I I I R o R I o I BV RV R o I VBT RV R o R o I VY

[ I I I R o R I o I BV RV R o I VBT RV R o R o I VY

L I I VI B S o VI VI B RV R VI VI R SV R ¥ B I VI

L I SV I B S I SV R VI VI B RV R I VI SV R N S I SV & I Y
L I S I B R I SV B B R I SV R SV R IS S S )
L I S I R R N I A R R T I S A S B SV I B I SV SV oY)
L I S I R R N I A R R T I S A S B SV I B I SV SV oY)
L I I S I R I T I A R A I I A YR SV B I R Y I )
L I I B B o R T o B B B o R TR o B R R R VR o Y
L I I B B o R T o B B B o R TR o B R R R VR o Y
L I I B B o R VI o B o B BV I I o B R SV R R R Y
L I I B B o R VI o B o B BV I I o B R SV R R R Y
L I I S I B I oV I oV o B R oV I I VR SV R o R S I SV oY)
L I I S I B I oV I oV o B R oV I I VR SV R o R S I SV oY)
L I SV I B S I SV R VI VI B RV R I VI SV R N S I SV & I Y
L I S I B R I SV B B R I SV R SV R IS S S )
L I S I B R I SV B B R I SV R SV R IS S S )
L I S I R R N I A R R T I S A S B SV I B I SV SV oY)
L I I I R R T I B R R I A S B SV I B I SV SV oY)
L I I S I R I T I A R A I I A YR SV B I R Y I )
L I I B B o R T o B B B o R TR o B R R R VR o Y
L I I B B o R T o B B B o R TR o B R R R VR o Y
L I I B B o R VI o B o B BV I I o B R SV R R R Y
L I I S I B I oV I oV o B R oV I I VR SV R o R S I SV oY)
L I I S I B I oV I oV o B R oV I I VR SV R o R S I SV oY)
L I SV I B S I SV R VI VI B RV R I VI SV R N S I SV & I Y
L I SV I B S I SV R VI VI B RV R I VI SV R N S I SV & I Y
L I S I B R I SV B B R I SV R SV R IS S S )
L I S I B R I SV B B R I SV R SV R IS S S )
L I S I R R N I A R R T I S A S B SV I B I SV SV oY)
L I I S I R I T I A R A I I A YR SV B I R Y I )
L I I S I R I T I A R A I I A YR SV B I R Y I )
L I I B B o R T o B B B o R TR o B R R R VR o Y
L I I B B o R VI o B o B BV I I o B R SV R R R Y
L I I B B o R VI o B o B BV I I o B R SV R R R Y
L I I S I B I oV I oV o B R oV I I VR SV R o R S I SV oY)
L I I S I B I oV I oV o B R oV I I VR SV R o R S I SV oY)
L I SV I B S I SV R VI VI B RV R I VI SV R N S I SV & I Y
NECECECEC R LRy YRR e s s Ly
L L T e TV T e e o e N 0 I T N 6
= s T e I =T B o e T Y S o N T s
[ B e e B e B B B B B R B B s B B B B
[ e e O e e e e e e e e e e
D e e O e e e e e e e e e e
P e e e e O e e e e e e e e e e e
P e e e e O e e e e e e e e e e e
(=== = === = = I = = = = == = = =

® Prediction bit Way 3 in BTB

+H

E3 Memory Data - th_test/dutfr_btb_pred(3)

LTI S I IV R o I T S I S o B VIV N VI VI ST SV R o Vo

LTI I R R I I S I R T I B T I S R A ]

LTI I VR I I Y I S I R IV I R I S R S I B ]

LI B I B I I I I B R R I B T R B BV

LTI I I B o I I I o B o I o I I T B T SV R o R B oV

LTI I o AV R o I I I o B VI oV R o I VI T SV R o A o R oV

LTI S I IV R o I T S I S o B VIV N VI VI ST SV R o Vo

LTI I R R I I S I R T I B T I S R A ]

LTI I VR I I Y I S I R IV I R I S R S I B ]

LI B I B I I I I B R R I B T R B BV

LTI I I B o I I I o B o I o I I T B T SV R o R B oV

LTI I o AV R o I I I o B VI oV R o I VI T SV R o A o R oV

LTI S I IV R o I T S I S o B VIV N VI VI ST SV R o Vo

LTI I R R I I S I R T I B T I S R A ]

LTI I VR I I Y I S I R IV I R I S R S I B ]

LI B I B I I I I B R R I B T R B BV

LI B B B I I I Y B R R o I T B Y I o A Y B B R I
LTI I BV R o I o I I o R RV R oI T I SV I SV B B R o
LIS B B R I I S I SV B R R o I T RSV SV B B I
LT A R R S T I S T S R R R I S I VI S A I S R R ]
LT R R T T I T R R R I I I S B R IO
LI B B B I I o I I B B R I T B Y I B B B R I
LI B B B I I I Y B R R o I T B Y I o A Y B B R I
LTI I BV R o I o I I o R RV R oI T I SV I SV B B R o
LIS B B R I I S I SV B R R o I T RSV SV B B I
LT A R R S T I S T S R R R I S I VI S A I S R R ]
LT R R T T I T R R R I I I S B R IO
LI B B B I I o I I B B R I T B Y I B B B R I
LI B B B I I I Y B R R o I T B Y I o A Y B B R I
LTI I IV I o T I o I I SV R RV R o I VI SV SV B B VA
LIS B B R I I S I SV B R R o I T RSV SV B B I
LT A R R S T I S T S R R R I S I VI S A I S R R ]
LT R R T T I T R R R I I I S B R IO
LI B B B I I o I I B B R I T B Y I B B B R I
LI B B B I I I Y B R R o I T B Y I o A Y B B R I
LTI I IV I o T I o I I SV R RV R o I VI SV SV B B VA
LIS B B R I I S I SV B R R o I T RSV SV B B I
LT A R R S T I S T S R R R I S I VI S A I S R R ]
LT R R T T I T R R R I I I S B R IO
LI B B B I I o I I B B R I T B Y I B B B R I
LI B B B I I I Y B R R o I T B Y I o A Y B B R I
LTI I IV I o T I o I I SV R RV R o I VI SV SV B B VA
LIS B B R I I S I SV B R R o I T RSV SV B B I
LT A R R S T I S T S R R R I S I VI S A I S R R ]
LT R R T T I T R R R I I I S B R IO
LI B B B I I o I I B B R I T B Y I B B B R I
LTI I BV R o I o I I o R RV R oI T I SV I SV B B R o
LTI I IV I o T I o I I SV R RV R o I VI SV SV B B VA
LIS B B R I I S I SV B R R o I T RSV SV B B I
LT A R R S T I S T S R R R I S I VI S A I S R R ]
LT R R T T I T R R R I I I S B R IO
[N RIS B B B B B B s B s B MRS B B B B IS IS |
[ = S = T S T e s N R S i T S R I ) o0
[ - Ve I T =T B o e B T S o B B o g |
[ R R R e e e = e s s S R e e e ]
e e e e e e e e e e e e |
o e e e e e e e e e
e e e O e e e e e e
e e e O e e e e e s
(=== = = = = = = == = = = = ===

LRU state at Way 0

Hidfl X

00000000 000 0003000000000000000000000000000000000000000000000000000O00

st(0) - Default

_bith_ru_

F Memory Data - ftb_test/dut/r

000000000000 000000000000000000000000000000000000000000030000
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LRU state at Way 1
B Memory Data - jtb_test/dut/r_btb_Iru_st(1)
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LRU state at Way 2
F Memory Data - ftb_testfdutjr_btb_lru_st(2)
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LRU state at Way 3
B Memory Data - ftb_test/dut/r_bth_Iru_st{3)
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4. Scenario3 - Read Hit

1'bl;

B BP BTB4WAY i Br<

B BP BTB4WAY i ID E

Equal <= 1'bl;
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LRU state at the way it store - Way 0

Hdfl X

00000000 0000000000000000000000000000000000000O000O0CO0Q¢0
00000000000000000000000000000000000000000000000000O00¢0

N

00000000000000000000000000000000000000000000000000000000000
00000000000 000000000000000000000000000000000000000000O000O0CO0QC0

00000000000 000000000000000000000000000000000000000000O000O0CO0QC0

000O0000000000000000000000000000000000000000000000000000000020

00000000000 000000000000000000000000000000000000000000O000O0CO0QC0

Q0000000 )00 000

E Memory Data - ftb_test/dut/r_btb_lru_st(0) - Default
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LRU state at Way 1
B Memory Data —m_nest,-‘mt,-‘r’b\m_m_stm
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LRU state at Way 2
E Memory Data -r&:_besﬂmmﬂ:_m_st(z)
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LRU state at Way 3
& Memory Data - ,l‘tb_hest,-‘mtﬁib‘ﬂ:_iu_st(s’)
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0000003k |3 3333 3
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00O0OOb1 |3 333333333333 3333333333333333333333333333333333333333333338¢83

000000ec |13 33 3333333333333333333333333333333333333333333333333333333+3
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00000184 |3 33 3333333333333333333333333333333333333333333333333333333+3

00000148
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0OpooO28% |3 33 333333333333333333333333333333333333333333333333333333+3¢3
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5. Scenario 4 - Read Hit - Mispredict

B BP BTB4WAY i Br<

1'bl;

B BP BTB4WAY i ID E

_Equal <= 1'b0;

Wave - Default

Zh3

Iru_st_0

L thdway

Loway_r_id_wr_addr |32h00000018

L.way_r_id_br_taddr |3Zh123201a9

Cursor 1

to "00". (Weakly taken -> Strongly untaken)

Prediction bit changes from "10"

LRU state at the way it store - Way 0

Hidfl X

000000000 O00000000000000000000000000000000000000000020
0o0o0O0O0O0O0O0O0OCO0DO000000O0O00000000000000000000O0O0O00Q000O0O0O0OQO0CO0O00O0

O
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00000000000 000000000000000000000000000000000000000000O000O0CO0QC0
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000O0000000000000000000000000000000000000000000000000000000020

00000000000 000000000000000000000000000000000000000000O000O0CO0QC0

EH Memory Data - j‘tb_hest,-‘th,r‘r’{m_ku_st(U) - Default
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LRU state at Way 1
B Memory Data —m_nest,-‘mt,-‘r’b\m_m_stm
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LRU state at Way 2
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LRU state at Way 3

Hd x|
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0000003k |3 3333 3
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F Memory Data

6. Read Hit - Mispredict
B BP BTB4WAY i Br<

1'bl;

B BP BTB4WAY i ID E

_Equal <= 1'b0;

Wave - Default

Iru_st_3 |Zh2

e thdway_w

3
i
£
i

3

-
&

bp_bthdway_r_rst | 1ho

Misprediction, so the prediction bit changes. (Increase)
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7. Read Hit
B BP BTB4WAY i Br<=1'bl;
B BP BTB4WAY i ID Equal <= 1'bl;

|| | o] Wave - Default

away_r_id_wr_addr |3
._bp_bth4way _r_br
Jth4way_r_id_equal
Jway_r_id_br_taddr
._bp_bth4way_r_dk
._bp_bth4way_r_rst

iEE Cursor 1

No misprediction, and prediction bit change to "Strongly untaken"

57



Chapter 7 - Discussion

7.1 Discussion

The branch predictor is essential as there is always branch instruction occurring in a

microprocessor.

The branch predictor developed in this project is capable of solving the beq instruction. It
able to send out the branch targeted address, read hit or miss of buffer, prediction bit
value as well as the LRU. If there is any misprediction occur, it will notify the BPB to

update the entry inside the BTB.

In this design, the BTB are capable of handling accessing and updating at the same
moment as it uses the dual-port configuration and both the process will not have the same

output source.

Cache memory technology is used as a guide of designing the buffer, so the BTB
characteristics is almost similar with a normal cache but it has much more information
store inside the BTB. Somehow, there is always a miss while first start of the

microprocessor and this model only capable for beq function only.
Lastly, the objective of this project is achieved. The BPB is developed in RTL and work

well. The functionality of BPB is tested as well. The BTB that work inside the BPB also

functioning well.

7.2 Future Works

The branch predictor in this project is completed, yet, it still need to be implemented into
the RISC32 processor. The future improvement should implement the model into the

microprocessor and enhance it to make it capable for other branch instruction as well.
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