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ABSTRACTS

This project is to enhance the current RISC32 #chire that developed in Universiti
Tunku Abdul Rahman under Faculty of Information a&dommunication Technology
by redesigning the memory system. After reviewihg previous work, the RISC32
processor memory system cache unit using writedtiitoscheme which is able to

improve more of it efficiency.

Hence, this project is initiated to redesign there unit into write-back cache
and adding a write buffer(FIFO) in the cache uaibandling the data transferring back
to SDRAM when read miss and write miss occur. Sonwglification on memory
arbiter was done in order for the new cache unitke in the memory system. This
project is modelled using Verilog HDL and a tesigram will be developed in order to
test the functionality and compatibility of the ngwlesign write-back cache with the
rest of memory system (memory arbiter, SDRAM cdigroSDRAM).
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Performance

Chapter 1 Introduction

1.1 Background Information

The growing disparity between microprocessor anthorg cause by the division of the
semiconductor industry into CPU fields and memaeidé which their technology have
focus on different achievement, the first one hasscentrated on increased in speed,
while the latter one has concentrated on increasedpacity. Thus the improvement
rate in microprocessor speed by far exceeds theimmmemory. The continuous
growing gap between CPU and memory speeds is @atflaw in the overall computer
performance. Throughout the history, CPU speeds lh@en improving at an average
of 55% per year, while memory latency has only besproving at 7% per year
(Hennessy and Patterson 2007, p. 289).

100,000

0,000 nr o me et e

L T

Processor

100

10

1980 1985 1990 1985 2000 2005 2010
Year

Figure 1-1-1 starting with 1980 performance as a lsline, the gap in performance
between memory and processors is plotted over time.

The performance gap grows exponentially. This midaeasing processor-
memory performance gap is now the leading directoimmproved computer system

performance.
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Memory Hierarchy was introduced in the late of isixtto provide decreased
average latency and reduced bandwidth requirenterggeed up memory system. The
performance of a memory-hierarchy analyse throbhghalverage memory access time,

using the following expression:
average memory access time = hit time + miss ratés$ penalty.

(Aratjo 2002, p.146)

Thus the effort to decrease the performance gapedeet processor and physical
memory has been concentrated on efficient impleatems of a memory hierarchy to

reduce miss rate, miss penalty and hit time.

1.2 Motivation and Problem Background
A 32-bit RISC processor has been developed in Bacaf Information and

Communication Technology, University Tunku AbduliRzan (UTAR). The project is
based on Reduced Instruction Set Computing (RISEhitacture. There are several

purposes to initiate this project.

* Microchip design companies develop microprocesswe< as IP (Intellectual
Property) for commercial purposes only. This synpheans that the
microprocessor IP which includes information of trgire design process for
front-end and back-end IC design are trade seofetee company and certainly
not available in market at affordable price. HerRESC32 project is started at
University Tunku Abdul Rahman few years ago antll wtrking to complete

the design.

» There are several freely available microprocessoescfrom open source such
as OpenCoresofencores.ongwhich is the largest site for development of
hardware IP cores as open source. However thesegsars are not complete
and did not implement the entire MIPS Instructionclitecture (ISA).
Furthermore, they are lack of comprehensive doctatien which makes them

not suitable for reuse and further customization.
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» Verification is important for proving the functiolitg of any digital design. The
microprocessors mentioned above are handicappéadcbynplete and poorly
developed verification specifications. This hamptre verification process,

slowing down the overall design process.

* The lack of well-developed verification specificats for these microprocessor
cores will certainly affect the physical design ghaA design need to be
functionally proven before the physical design ghaan proceed smoothly.
Otherwise, if front-end design requires changirge entire physical design

needs to be redone.

1.3 Problem Statement
This project is aim to provide a solution to theowad problems by creating a 32-bit

RISC core-based development environment to assstarch work in the area of soft-
core and also application specific hardware maagllCurrently, a SDRAM Controller
and SDRAM provided by MICRON Technology Inc. hagienodelled at the Register
Transfer Level (RTL) using Verilog HDL and both t@iem have been combined
together and had gone through a series of simulaéist. There is also a cache and a
TLB modelled at RTL using Verilog HDL, both of thewere integrated together with

the SDRAM controller as a complete memory system.

Seniors of UTAR FICT computer engineering impleneeintache unit, memory
arbiter and SDRAM controller. In previous implemaiagn, cache unit is a write-
through 2-way set associative caches which it @amiproved. Thus this project aim to
redesign the cache unit into a write-back multiwdicect mapped cache with write
buffer (FIFO). The cache unit's protocol need tdesign because of the inclement of
write-back ability in cache unit. After implementdgtle new cache unit, a little
modification needs to be done in memory arbitet imiorder to compatible with the
new cache unit. After that the functionality needverify so that every unit is working

as expected.
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Chapter 2 Literature Review

2.1 Write-through Scheme vs Write-back Scheme

Write-through cache: Data are written into the eaahd sent to the main memory (in
this project is SDRAM) as operation is execuf€lis ensures that the contents of the
cache and main memory are always the same, baisidbwnside that it experiences
latency based on writing to SDRAM. This cache isdyfor application that writes and

then re-read data frequently.

Write-back cache: Write-back cache keep stored mathe cache, and when a block
that has been written is evicted from the cache, dbntents of the block are then
written back (copied) into the main memory (SDRAMrite-back cache keep stored
data in the cache, the main memory become the aéierethe contents of the block are
written back (copied) into main memory. The disadage is there is data availability
exposure risk because the only copy of the writtata is in cache. Write-back cache is
the best performing solution for mixed workloadsbash read and write have similar

response time levels. (Carter 2002

This mean that if use write-through cache systenfopeance is limited by memory

speed whereas if use write-back cache the cachgetithe full performance.

2.2 Write buffer
Data is not written to the main memory directly bub the write buffer first. Once the

data is written into the write buffer and assumaaghe hit, the CPU is done with the
write, then the SDRAM controller will move the veitbuffer’s contents to the real

memory behind the scene. This work as long asrdggiéncy of store is not too high.

2.2.1 Write Buffer Saturation
When store frequency approaching main memory wrgguency it leads to write

buffer saturation. In this case no matter how lig write buffer it is it will still
overflow because data simply come in faster thaantempty it, thus CPU will running

at main memory cycle time, which is very slow. Hwéution for write buffer saturation
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is to get rid of this write buffer and replace thigte through cache with a write back
cache. (Mok KM 2009)

2.2.2 Write-back Scheme with Write Buffer
Write buffer allow cache to proceed as soon as idgbdaced in buffer rather than wait

the full latency to write the data into memory. Wrback scheme write data to cache
only. It makes main memory is not updated and alaeche and memory to be
inconsistent. Since data in cache and memory isngistent, each block of data
requires a dirty bit to indicate a block is modifiéf block replacement happen in cache,
only evicted dirty block is kept in a write buffep that it can write-back to memory
later. The drawback of this is it has complex hadwy

Block transfer

Processor

DRAM

Evicted dirty
block on read’
write miss

Write-Back
Buffer Write-back block

Figure 2-2-1 Write-back scheme with write buffer

2.3 Reduce Miss Rate via Larger Block Size: Multiwmal Block Direct Mapped
Cache
Using multiword block direct mapped cache is theptest way to reduce miss rate.

This take advantage of spatial locality which méamword is accessed, nearby words
are likely to be accessed soon, thus it is betembve more words per block from
memory to cache. However when miss happen it tak@® cycle to handle the miss

(miss penalty increase).

D v|tag| data[31:0]| data[31:0]] data[3 1:0] | data[31:0] | data[3 1:0]] data[3 1:0]] data[31:0] | data[3 1:0]
0 ——1 One block
1 (multiword)
2
253
F2s4
255




Figure 2-2-2 Multiword block direct mapped cache (lbock size = 32 bytes)

2.4 Cache Unit

A 2-way set associative write-through cache of 2N#3 been modelled by Ching Li-

lynn. This cache can be used as both Instructimh€and Data Cache. Inside of cache

unit consists of cache controller block and cachtemhth block.

32

/
-

/

32/

u_cache_i_cpu_addr

u_cache_i_cpu_data

u_cache_i_cpu_read

u_cache_i_cpu_write

u_cache_i_rst

u_cache_i_clk

u_cache_o_cpu_data

u_cache_o_miss

u_cache

u_cache_i_mem_data

u_cache_i_mem_ack

u_cache_o_mem_addr

u_cache_o_mem_data

u_cache_o_mem_cycle

u_cache_o_mem_strobe

u_cache_o_mem_rw

u_cache_o_mem_host_Id_mode

u_cache_o_mem_sel

n

/

32/

7

32/

7

4

2.4.1 Cache Associative
* The current cache is a 2-way set associative cache

Figure 2-4-1 Cache Unit designed by Ching Li-lynn

7

* N-Way set associativeuses N cache, data RAMs and N cache-tag RAMs (built

out of N RAMs and N comparators, a cache controded isolation buffers. It

is actually separate the memory into different sktcaches and ease the

replacement and searching policy.
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» 1-way set associative cache = direct mapped cache

2.4.2 Scenarios to Represent Cache Behaviours
Basically there are just 4 scenarios might be hapg®n cache, we need to decide what

to do when these scenarios happen.

1. Read Miss

Receive physical address and instructions of reaan fthe main
controller of the CPU.

» Check validity and tag for the index of the phyb@mddress points to. A
miss signal is produced due to either it is invalidhe tag is different.
» Cache controller asserts strobe, cycle, and regdalsi to SDRAM

controller to fetch new black of data.
* Meanwhile, the pipelines of the CPU are stalled.

* Check LRU to determine which slot is least recentbed, store the

newly fetched block of data in it.
» Set valid bit for the index pointed.
* Update LRU.

» Deassert the miss, strobe, cycle and read sighal, pipelines are
un-stalled.

2. Read Hit

BIT (Hons) Computer Engineering
Faculty of Information and Communication Technolg¢Bgrak Campus), UTAR Page 18



» Receive physical address and instruction of reawh the main controller
of CPU.

» Check validity and tag for index of the physicatiegss points to. Miss
signal is active low.

» Load the selected instruction or data by deterngirihe byte offset to
host.

» Update LRU.

3. Write Miss (For D-Cache only)

Receive physical address, data, and instructiowrdé from the main
controller of CPU.

» Check validity and tag for the index of the phyb@mddress points to. A
miss signal is produced due to either it is invalidhe tag is different.
» Stall the pipelines.

» Check LRU to determine which is least recently used

» Cache controller asserts strobe, cycle, and re&DIRAM controller to
access the data in SDRAM.

 If the block of data was dirty, send the block of/@rds back to SDRAM.
» Fetch new block of data from SDRAM.

» After the new block is updated from SDRAM, strobggcle, read and

miss signals are deasserted.
* Perform the write.

» Update LRU.
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4. Write Hit (For D-Cache only)

2.4.3 Block Partitioning of Cache Unit

Receive physical address, data, and instructiorwiafe from main

controller of CPU.

Check validity of tag for index of the physical agss points to. Miss

signal is active low.

Update the selected instruction or data.

Update LRU.

b_cache_ctrl_i_cpu_read

b_cache_ctrl_i_cpu_wiits

b_cache_ctrl_irst

b_cache_crl_i_clk

b_cache_ctrl

b_cache_ctrl_i_mem_ack 4

b_cache_ctrl_o_mem sobe |
b_cache_ctrl_o_mem_cede ]

b_cache_ctrl_o_mem_sel

b_cache_ctrl_o_mem_mw

b_cache._ctrl_o_mem_host_ld_mede |

b_cache_ctrl_o_cpu_data_output_en

b_cache_cirl_o_mem_data_ourputen

b_cache_crrl_i_dinty

b_cache_etrl_i_hit

b_cache_ctrl_i_valid

b_cache_arl_i_Iru_set

b_cache_ctrl_o_courtar

b_cache_ctrl_o_cache_data_select

b_cache_ctrl_o wb_en

b_cache_ctrl_o_update_en

b_cache_ctrl_o_update_In

b_cache_ctrl_o_update_dirty

TV
ETIATSY

il

S

!

32

)

b_cache_dp_i_mem_w

b_cache_dp._i_host_ld_mods

b_cache_dp._i_cpu_dam_output_en

b_cache_dp_i_mem_dam_output_en

b_cache_dp_o_dirty

b_cache_dp_o_hit

b_cache_dp_o_valid

b_cache_dp_o_iru_set

b_cache_dp_i_counter
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b_cache_dp_i_rst

b_cache_dp_i_ck

b_cache_dp_o_cpu_data

b_cache_dp

b_cache_dp_i_mem_ack

b_cache dp_i_mem_data

32
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Figure 2-4-2 Block Partitioning of Cache Unit desiged by Ching Li-lynn

BIT (Hons) Computer Engineering
Faculty of Information and Communication Technolg¢Bgrak Campus), UTAR Page 21



2.5 SDRAM

Synchronous Dynamic Random Access Memory (SDRAM) igpe of DRAM that is

synchronised with the system bus. This project wB&DRAM that is provided by
MICRON Technology Inc. It is MT48LC4M32B2, with 1@/1of storage. (Micron
datasheet, n.d.) SDRAM control by SDRAM controlieodelled by Chin Chun Lek

thus in this project just need to focus on functtdiSDRAM and it configuration — load

mode definition.

— ba[1:0]
—| adr[1:0]

— cs
- we
_| cas

ras

- dg[31:0]
- dgm[3:0]

- clk SDRAM

Figure 2-5-1 Block diagram of MT48LC4M32B2 (Oon ZhiKang 2008)

The cs (active low) pin is used to select the SDRAMile we, cas and ras are used to

request operations from the SDRAM.

Name (Function) CS# |RAS# (CAS# |WE# ([DQM| ADDR DQ |[Notes
COMMAND INHIBIT (NOP) H X X X X X X
NO OPERATION (NOP) L H H H X X X
ACTIVE (select bank and activate row) L L H H X | Bank/row X 2
READ (select bank and column, and start READ burst) L H L H L/H | Bank/col X 3
WRITE (select bank and column, and start WRITE burst) L H L L L/H | Bank/col | Valid 3
BURST TERMINATE L H H L X X Active 4
PRECHARGE (Deactivate row in bank or banks) L L H L X Code X 5
AUTO REFRESH or SELF REFRESH (enter self refresh mode) L L L H X X X 6,7
LOAD MODE REGISTER L L L L X Op-code X 8
Write enable/output enable X X X X L X Active 9
Write inhibit/output High-Z X X X X H X High-Z| 9
Table 2-5-1 List of SDRAM commands and function. (Ntron datasheet)
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AA

AD

&E

X

A3

Address Bus

VAV T EWETETELV ETEVE

| Aesarved

REAR

Mode Register (W}
Length
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‘WE| Op Mode| CASLatency | 1.1?|
T
Proagram Burst Length
BAt, BAD= "D, 0"
to ensure compatibility RAZ M1 MO M2=0 MI=1
with future devices.
D & 0 i 1
¥
VS | |
%) Wiite Burst Maode 2 2
(i AR ! 4
a Programmed Burst Length i
o 11 B B
1 Single Location Access
] 1 @& 0 Reserved Resarved
WE W7 hAE-hAD Operatng Mode 1T 01 Reserved Reserved
o 0 Defined | Standard Cperation 1 e Resenved Resarved
- - - All other states reserved L Full Fage Reserved
L ]
M3 Burst Type
a Seguential
1 Interleaved
J
ME M5 M4 CAS Latency
oo 90 Reserved
o o1 1
o1 9 2
o 1 1 3
1 @ @ Resarved
1 0 Reserved
1T 1 @ Resarved
1 1 Reserved

Figure 2-5-2 Mode Register definitions to configureSDRAM (Micron)
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* Burst Length

Determine the maximum number of column locatiorsg tan be accessed for a
given READ or WRITE operation.

e Burst Type

Select either sequential or interleaved burst toabepted by SDRAM. The
ordering of accesses within a burst is determingdurst length, burst type,

starting column address.

* CAS Latency

Delay in clock cycles between registration of a REAommand and the
availability of the first piece of output data.dan only be set to 2 or 3 clock

cycles.
* Operating Mode

Select which operating mode should the SDRAM berréily there is only

normal operating mode is available for use.
» Writing Burst Mode

When it is ‘0", the burst length is programmed W-M2 applies to both
READ and WRITE burst.

When it is ‘1’, the programmed burst length appli@edREAD bursts, but write

accesses are single-location (non-burst) accesses.
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2.6 SDRAM Controller
A SDRAM controller had been modelled by Chin ChuekLThe SDRAM controller

acts as an intermediary between the SDRAM and tR&.Ct handles SDRAM
operations using some protocols. It has no longembmodeled based on Industry
standard HOST SoC interface due to the currengdeseds.
The main features of SDRAM Controller are:

1) Burst transfers and burst termination

2) SDRAM initialization support

3) Performance optimization by leaving active rowsrope

4) Load mode control

uo_sdc_datier} Destination name:
_ Ui sdc read uo_sdc_ack u_mem_arbiter

. uio_sdc_dg=34—~

u!_sdc_wrlte 1o sdo b2

ui_host_Ild_mode _d d_ I

. uo_sdc_dqn—~—
Source name] —-# ui_sdc_sel U s dc_ag iz o
u mem arbiter] 3241 ui_sdc_addr - = 7 Destination name:
- 32, lui_sdc_dat o_sdc_cs_{ SDRAM

= uo_sdc_ras_p——

—lui_sdc_clk uo_sdc_cas |
. ui_sdc_rst uo_sdc_we_ )
u_sdram_controller

Figure 2-6-1: SDRAM Controller Block Diagram desigred by Chin Chun Lek
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2.6.1 Block partitioning of SDRAM Controller

ui_sdc_sel
ui_sdc_dat ’
@ﬁ/_ bi_fsm_newcfg bo_fsm_cfg_modgt2
ui_sdc_ld_mode bi_fsm_ld_mode bo_fsm_bank_agt bi_amx_addr bo_amx_dgqm—
ui sdc read bi_fsm_read bo_fsm_bank_cl 421 hi_amx_sel bo_amx_b 2
ui_sdc write bi_fsm_write bo_fsm_bank_clr_alt 1241 bi_amx_cfg_mode bo_amx_adde>
T bi_fsm_bank_open bo_fsm_alo_cml bi_amx_a10_cmd
bi_fsm_any_bank_open bo_fsm_Imr_set bi_amx_Imr_sel
 sde rst bi_fsm_row_same bo_tfjsmf_row_al bi_amx_row_sel
ui_sdc_rs bi sdc rst 0_fsm_woe
ui_sdc_clk bi:s dc:clk bo_fsm_ro " b_sdc_addr_mux
bo_fsm_cm
bo_fsm_ach uo_sdc_ack
b_sdc_f:
-Soem uo_sdc_cs_n
I—A/— bi_sdif_dgm bo_sdif_cs_t uo_sdc_ras_n
2 bi_sdif_ba bO_SdlIf_I’aS_'ﬁ——J
I_ Y24 bi_sdif_addr bo_sdif_cas_f—————————————— uo_sdc_cas_n
bi_obrt_bank_act bo_obrt_bank_op 4| pisdif emd bo_sdif_we_n——L
bi_obrt_bank_clr bo_obrt_any_bank_op bi_sdif woe bo_sdif_dgm— uo_sdc_we_n
) 2312 12 bi_obrt_bank_clr_all bo_obrt_row_sam bi sdif roe bo_sdif_ba—>
ui_sdc_addr (1110) 2 bi_obrt_row_addr 32, | bi sdif dat bo_sdif_addf-2 uo_sdc_dgm
- i — = ; 32
g!_og rt_blink_addr bi_sdc_clk bo —Sd'.f—dm;/» uo_sdc_ba
b!_s dc_c ¢ bi_sdc_rst bio_sdif_dq
I_sdc_rs ——— uo_sdc_addr
b_sdc_obrt_top - -
b_sdc_sdram_if l—————— uo_sdc_dat
uio_sdc_dqg

Figure 2-6-2: The Micro-Architecture of the SDRAM Controller designed by Chin Chun Lek
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2.7 Memory Arbiter
Chin Chun Lek had modelled a new memory arbiteris Themory arbiter allows

multiple caches to access single SDRAM by giveorjyi. The block diagram below

shows a memory arbiter that can support up to AesacSome modification needs to be

done after that in order to compatible with thisjpct newly designed cache unit.

Source name:
cache3

Destination name:
cache3

Source name:
cache2

Destination name:
cache2

Source name:
cachel

Destination name:
cachel

Source name:
cache0

Destination name:
cache0

{

{

{

{

e

FEL

FEL

S

+&

2

;

32

{

HI

tui_ma_cac_host_Id_mode2

ui_ma_cac_read3
ui_ma_cac_write3
ui_ma_cac_host_Id_mode3
ui_ma_cac_sel3
ui_ma_cac_addr3
ui_ma_cac_data3
ui_ma_cac_miss3
uo_ma_cac_ack3
uo_ma_cac_data3

ui_ma_cac_read2
ui_ma_cac_write2

ui_ma_cac_sel2
ui_ma_cac_addr2
ui_ma_cac_data2
Ui_ma_cac_miss2
uo_ma_cac_ack2
uo_ma_cac_data2

ui_ma_sdc_dat
ui_ma_sdc_ac
uo_ma_sdc_red
uo_ma_sdc_writ
uo_ma_sdc_host_Id_mo(
ui_ma_cac_readl uo_ma_sdc_sé
ui_ma_cac_writel
ui_ma_cac_host_Id_model
ui_ma_cac_sell
ui_ma_cac_addrl
ui_ma_cac_datal
Ui_ma_cac_missl
uo_ma_cac_ackl
uo_ma_cac_datal

uo_ma_sdc_dalf

ui_ma_cac_readO
ui_ma_cac_write0
ui_ma_cac_host_Id_modeO
ui_ma_cac_sel0
ui_ma_cac_addr0
ui_ma_cac_data0
ui_ma_cac_miss0
uo_ma_cac_ack0
uo_ma_cac_data0

u_mem_arbiter

32 }
k——
T

—

te—
oA

32
uo_ma_sdc_addF—4

32,

Figure 2-7-1: Memory Arbiter Block Diagram

Source name:
u_sdram_controller

Destination name:
u_sdram_controller
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2.7.1 1/0 Description

Pin name:ui_ma_cac_read
Pin class:Control
Path: TLB or Cache> Memory Arbiter

Description: read signals from the TLBs and Caches.

Pin name:ui_ma_cac_write
Pin class:Control
Path: TLB or Cache> Memory Arbiter

Description: write signal from the TLBs and Caches.

Pin name:ui_ma_cac_host_Id_mode
Pin class:Control
Path: TLB or Cache> Memory Arbiter

Description: Host Load Mode signals from the TLBs and Caches.

Pin name: ui_ma_cac_sel
Pin class:Control
Path: TLB or Cache> Memory Arbiter

Description: Byte Select signals from the TLBs and Caches.

Pin name: ui_ma_cac_addr
Pin class:Address
Path: TLB or Cache> Memory Arbiter

Description: Addresses from the TLBs and Caches.

Pin name: ui_ma_cac_data
Pin class:Data
Path: TLB or Cache> Memory Arbiter

Description: Data from the TLBs and Caches.

Pin name: ui_ma_cac_miss

Pin class:Control

Path: TLB or Cache> Memory Arbiter

Description: Miss signals from the TLBs and Caches.

Pin name:uo_ma_cac_ack

Pin class:Control
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Path: Memory Arbiter-> TLB or Cache
Description: Acknowledge signal (active HIGH) to indicate readwvrite to SDRAM

is done, and send to Caches or TLB.

Pin name:uo_ma_cac_data

Pin class:Data

Path: Memory Arbiter-> TLB or Cache

Description: 32-bits data that goes to Cache or TLB.

Pin name: ui_ma_sdc_data

Pin class:Data

Path: Memory Arbiter-> SDRAM Controller
Description: 32-bits data that comes from SDRAM.

Pin name: ui_ma_sdc_ack

Pin class:control

Path: Memory Arbiter-> SDRAM Controller

Description: Acknowledge signal (active HIGH) to indicate readvrite to SDRAM
is done.

Pin name:uo_ma_sdc_host_Id_mode

Pin class:control

Path: Memory Arbiter-> SDRAM Controller

Description: Host Load Mode signals that send to SDRAM Corgroll

Pin name:uo_ma_sdc_read

Pin class:control

Path: Memory Arbiter-> SDRAM Controller

Description: read signal that goes to SDRAM Controller

Pin name:uo_ma_sdc_write

Pin class:control

Path: Memory Arbiter-> SDRAM Controller

Description: Write signal that goes to SDRAM Controller.

Pin name:uo_ma_sdc_sel
Pin class:control
Path: Memory Arbiter-> SDRAM Controller
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Description: 4-bits control signals to mask which byte of thieytles (32-bits) data
goes in or comes out from SDRAM.

When it is ‘1’, the corresponding byte will enable.

When it is ‘0’, the corresponding byte will be madkand the output becomes ‘z’.

Pin name:uo_ma_sdc_addr

Pin class:control

Path: SDRAM Controller-> Memory Arbiter

Description: 32-bits address to indicate which location in $ZRAM to be

accessed.

Pin name:uo_ma_sdc_data

Pin class:control

Path: SDRAM Controller-> Memory Arbiter

Description: 32-bits data that goes into the SDRAM.

When wants to configure the operating mode of th&&M, the configuration value

4

goes into SDRAM via this port too.

Table 2-7-1: Memory Arbiter I/O Descriptions
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2.7.2 Memory Arbiter State Diagram

:) miss2

Figure 2-7-2: Memory Arbiter State Diagram

2.7.3 State Definition

State Name Definition
Memory cache3 First priority cache given to perform ogerat
Arbiter cache2 Second priority cache given to perform djmera
cachel Third priority cache given to perform operat
cache0 Last priority cache given to perform operati
idle Wait for new operation

Table 2-7-2: State Definition of Memory Arbiter
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2.7.4 Output or Behaviors Corresponding to the Stas

State Name

Correspondence Output Behaviors

cache3

When ui_ma_cac_miss3 =1,

from cache3 to SDRAM controller:

uo_ma_sdc_read = ui_ma_cac_read3,
uo_ma_sdc_write = ui_ma_cac_write3,
uo_ma_sdc_host_Id_mode = ui_ma_cac_host_Id_mg
uo_ma_sdc_sel = ui_ma_cac_sel3,
uo_ma_sdc_addr = ui_ma_cac_addr3,

uo_ma_sdc_data = ui_ma_cac_data3

from SDRAM controller to cache3:
ui_ma_sdc_ack = uo_ma_cac_ack3,

ui_ma_sdc_data=uo_ma_cac_data3

nde3

cache2

When ui_ma_cac_miss3 = 0 and

ui_ma_cac_miss2 =1,

from cache2 to SDRAM controller:

uo_ma_sdc_read = ui_ma_cac_read2,
uo_ma_sdc_write = ui_ma_cac_write2,
uo_ma_sdc_host_Id_mode = ui_ma_cac_host_Id_mg
uo_ma_sdc_sel = ui_ma_cac_sel2,
uo_ma_sdc_addr = ui_ma_cac_addr2,

uo_ma_sdc_data = ui_ma_cac_data2

from SDRAM controller to cache2:
ui_ma_sdc_ack =uo_ma_cac_ack2,

ui_ma_sdc_data = uo_ma_cac_data2

nde?2

cachel

When ui_ma_cac_miss3 = 0 and

BIT (Hons) Computer Engineering
Faculty of Information and Communication Technolg¢Bgrak Campus), UTAR Page

32



ui_ma_cac_miss2 =0 and

ui_ma_cac_missl =1,

from cachel to SDRAM controller:
uo_ma_sdc_read = ui_ma_cac_readl,
uo_ma_sdc_write = ui_ma_cac_writel,
uo_ma_sdc_host_Id_mode = ui_ma_cac_host_Id_mg
uo_ma_sdc_sel = ui_ma_cac_sell,
uo_ma_sdc_addr = ui_ma_cac_addrl,

uo_ma_sdc_data = ui_ma_cac_datal

from SDRAM controller to cachel:
ui_ma_sdc_ack =uo_ma_cac_ackl,

ui_ma_sdc_data=uo_ma_cac_datal

cache0

When ui_ma_cac_miss3 = 0 and
ui_ma_cac_miss2 =0 and
ui_ma_cac_missl =0 and

ui_ma_cac_miss0 =1,

from cacheO to SDRAM controller:

uo_ma_sdc_read = ui_ma_cac_read0,
uo_ma_sdc_write = ui_ma_cac_write0,
uo_ma_sdc_host_Id_mode = ui_ma_cac_host_Id_mg
uo_ma_sdc_sel = ui_ma_cac_sel0,
uo_ma_sdc_addr = ui_ma_cac_addr0,

uo_ma_sdc_data = ui_ma_cac_data0

from SDRAM controller to cacheO:
ui_ma_sdc_ack = uo_ma_cac_acko,

ui_ma_sdc_data = uo_ma_cac_data0

idle

All outputs are received zero.

ndel

ndeO
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Table 2-7-4: Memory Arbiter Output or Behaviours Corresponding to the States

Chapter 3 Project Scope and Objectives
This project aims to redesign existing memory systay changing write-through

scheme to write-back scheme by adding a write b(if#=O) to improve the efficiency

of previous memory system. A fully functionality nfeed and synthesis-ready model
will be modelled in RTL using the Verilog HDL atelend of this project including the
development of test specification, test plan, westor and testbench which are written

in Verilog HDL to ensure functional correctness #éimel performance.

3.1 Project Objectives
This project’s objectives include:

» Design the write-back scheme direct mapped cacite un

» Design the protocol of cache unit (cache contrdileck).

» Design the write buffer (FIFO).

» Design the protocol of write buffer (FIFO contraolldock).

* Modification on memory arbiter to compatible witeva cache unit.

* Integration of cache unit, memory arbiter, SDRAMoller and SDRAM.

» Verified the functionality of the integrated unitaChe unit, memory arbiter,
SDRAM controller and SDRAM) by construct properttesses.
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3.2 Impact and Significance
As a summary to the problem statement, there mchk ¢f well-developed and well-

founded 32-bit RISC microprocessor core-based dewedtnt environment. The

development environment refers to the availabdityhe following:

A well-developed design document, which includes tthip specification,

architecture specification and micro-architectyrecsfication.

A fully functional well-developed 32-bit RISC artdcture core in the form of

synthesis-ready RTL written in Verilog HDL.

A well-developed verification environment for the&-Bit RISC core. The
verification specification should contain suitablerification methodology,

verification techniques, test plans, testbenchitectures etc.

A complete physical design in Field ProgrammableeGaray (FPGA) with
documented timing and resource usage information.

With the available well-developed basic 32-bit RIRCL model (which has been fully
functional verified), the verification environmeamd the design documents, researchers
can develop their own specific RTL model as parthef development environment
(whether directly modifying the internals of theopessor or interface to the processor)
and can quickly verify their model to obtain resulvithout having to worry about the
development of the verification environment and mhedeling environment. This can
speed up the research work significantly. For examp researcher may have
developed an image-processing algorithm and mabiffee algorithm to obtain a
structure that suits the hardware implementatiome Ftructure can be modeled in
Verilog as part of a specialized datapath or as@acessor interfacing to the RISC
processor.
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Chapter 4 Method and Technologies Involved

4.1 Design Methodology
There are several types of design methodologiegdsign process:

* Top-down design methodology
* Bottom-up design methodology
* Mixed design methodology

A top down design approach was adopted as the design methodology in this

project as shown in the following figure.

%
Micro-Architecture Specification
Micro-Architecture Level
% Clesign
. — = g (Uni Level
Micro-Architecture Level Modeling and !
\erification
A

N ;
Micro-Architecture Level
(--\ RTL Madeling and Verification | Mo i
. . Design
! | (Block Level)
J

Figure 4-1-1 General Design Flow without Synthesasnd Physical Design

This methodology put design partition reduces apierdesign into smaller
and a manageable piece thus provides step to sieelige that leading to a good
design work and development of systems A good desigthodology can ensure that
functionality correctness in design, satisfactionerm of performance and power goals,
can catches bugs at early stage, and provide goodhtentation for future references
(Wolf 2004, p.22).
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This project only involved in micro-Architecturevid design (Unit Level and
Block Level) since higher architecture level haderbecomplete and waiting for

integration only.

4.1.1 Micro-architecture Level Design (Unit Level)
The alternate appellation of this level is RTL (Régr Transfer Level). This level

describes the internal design of architecture mmiidule with data flow. The unit
module is partition into several blocks which e&dbck have its own functionality to

carry out the sub-function of the unit module tduee complexity of design process.

4.1.2 Micro-architecture Level Design (Block Level)
This level further describes each partition froneyious level which is block. Their

specification are written in this level, normallgroy following information such as:
» Functionality / Feature
« Block interface and 1/0O pin description
* Internal operation which include function table
» Schematic and block diagram
» Test plan
» Timing requirement

Once done with the micro-architecture specifiaatwith the information in the
specification, RTL modelling with High Level Langym or Hardware Description
Language (HDL) can be start. It is combination cfhdéwviour and data flow
synthesizable HDL model. Throughout the RTL modelliVerilog will be use as the
design language in this project. The model canifnelate and synthesis. The model is
then need to go through verification process whigtify the functionality of the design
which need to meet the micro-architecture speditioa Verification includes

development of testbench, timing verification anddtionality verification.
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4.2 Design Tools

4.2.1 Verilog HDL Simulator - Mentor Graphics ModelSim SE-64 10.1c

Develop using Verilog Hardware Description LanguégBL) require a simulator tool

that can provide simulation environment to verifye tfunctional behaviours and
waveform simulation. With multiple choices of HDIosilator in the market, a research
had been to choose the most appropriate desiga toolhis project which affect by
language supported, availability, price and etconkrthe consideration above,
ModelSim from Mentor Graphic is the best choiceaadesign tools for this project as
they offer a free license for Student Edition, é@md in internet and support Microsoft
Windows platform. Although with some limitation, wh is slower simulation speed
than full version and have code limitation, buisitsufficient for this project as the

scope of this project would not reach the limit.
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Chapter 5 Memory System Specification

5.1 Partitioning and Design Hierarchy

Memory System

Cache Unit (u_cache) x 4
instruction_cache + 3 data_cache

Cache Controller
cac_ctrl (b_cache_ctrl)

FIFO controller
fifo_ctrl (b_fifo_ctrl)

FIFO
Fifo (b_fifo)

Memory Arbiter
mem_arbiter (u_mem_arbiter)

SDRAM Controller
sdram_controller (u_sdram_controller)

Physical Memory
sdram (mt48lc4m32b2)

Figure 5-1-1 Memory System Partitioning

BIT (Hons) Computer Engineering
Faculty of Information and Communication Technolg¢Bgrak Campus), UTAR Page 39



Chip Partitioning at
Architecture level

Unit Partitioning at Micro-
Architecture Level

Block and Functional BlocK
Partitioning at RTL level
(Micro-Architecture level)

Memory System unit

u_cache (for data)

b_cache_ctrl

b_fifo_ctrl
b_fifo
u_cache (for instruction) | b_cache_ctrl
b_fifo_ctrl
b_fifo
u_mem_arbiter -
u_sdram_controller b _sdc_fsm

b_sdc_sdram_if

b_sdc_addr_mux

b_sdc_obrt_top

sdram (mt48lc4m32b2)

Table 5-1-1 Design hierarchy for 32-bit Memory Sy&m

5.2 Memory System Specifications

RISC32 with Integrated Main Memory

SDRAM

16MB

Instruction Cache

Direct mapped write-back cacB 2

Data Cache

Direct mapped write-back cache, 2MB

Data Bus Width

32-bits

Instruction Width

32-bits

Table 5-2-1 Specifications of the Memory System
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5.3 Memory Map

Segment Address Purpose
kseg2 - 1GB OxFFFF FFFF Kernel module,
Page Table allocated here
0xC000 0000
ksegl — 512MB OxBFFF FFFF Boot Rom
I/O Register (if below 512MB)
0xA000 0000
kseg0 — 512MB Ox9FFF FFFF Direct view of memory to 512MB

kernel code and data.

Exception and Page Table Base
Register allocated here.

0x8000 0000
kuseg — 2GB Ox7FFF FFFF Stack Segmenstarts from the ending
address and expand down.
Heap Segmenstarts from the starting
address and expand top.

0x1000 8000

0x1000 7FFF Data segmentand Dynamic library
code.

0x1000 0000

Ox09FFF FFFF Code Segmentwhere the main
program stored.

0x0040 0000
0x003F FFFF Reserved

0x0000 0000
Table 5-3-1 Virtual memory map of 32-bits MIPS

» Stack Segment
0 Use for storing automatic variables, which areafalgs that allocated
and de-allocated automatically when program flow.

* Heap Segment
o Use for dynamic memory allocation such as mallae@lloc() and free().

» Data Segment

o0 Use for storing global or static variables thatiatize by programmer.

» Code Segment
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o Use for storing codes of main program or main pogmstructions.
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cpu_stall ——

CPU

5.4 Architecture of Memory System

7“L uo_cac_cpu_data
2 oo il
— A ui_eae_cpu_data
— L ui_cac_cpu_read
——ui_cac_cpu_write
—ui_cac_rst

——ui cac_ck

uo_cac_cpu_stall [—

uo_cac_miss[—

uo_cac_mem_read

uo_cac_memy
wo_cac_mem._sel -4
uo_cac_mem_addr —“—
o_cac_mem_data [
wo_cac_mem_lmc_data [~
wo_cac_mem_data_ready —
uo_cac_mem_complete ——
ui_cac_mem_ack [—
ui_cac_mem_data |5

ui_cac_mem_Ime_same —

u_cache

uo_cac_cpu_data
ui_cac_cpu_addr
ui_cac_cpu_data

REES

ui_cac_cpu_read

ui_cac_cpu_write

ui_cac_rst

cac_clk

uo_cac_cpu_stall

uo_cac_miss [—

uo_cac_mem_read |—

uo_cac_mem_write |—

uo_cac_mem_sel

uo_cac_mem_addr

uo_cac_mem_data,

uo_cac_mem_lme_data

uo_cac_mem_data_ready

10_cac_mem_complete

ui_cac_mem_ack

s 2
ui_cac_mem_data

ui_cac_mem lmc

- ui_cac_cpu_addr

SNENENE

- ui_cac_cpu_read

ui_cac_cpu_wiite

o ui_cac_rst

ui_cac_ck

u_cache
| uo_cac_cpu_data uo_cac_cpu_stall
uo_cac_miss

ui_cac_cpu_data uo0_cac_mem_read

uo_cac_mem_write

uo_cac_mem_sel

uo_cac_mem_addr

u0_cac_mem_data

uo_cac_mem_Imc_data|
uo_cac_mem_data_ready

u0_cac_mem_complete

ui_cac_mem _ack

ui_cac_mem_data

ui_cac_mem lmc_same

u_cache

uo_cac_cpu_data
ui_cac_cpu_addr

ui_cac_cpu_data

ui_cac_cpu_read

ui_cac_cpu_write

HEEEEE

ui_cac_rst

ui_cac_ck

uo_cac_cpu_stall
uo_cac_miss

uo_cac_mem_read

o ma_cac_Ime_same2

ui_ma_cac_miss1

ui_ma_cac_readl

14 ma cac miss3
ui_ma_cac_read3
ui_ma_cac_write3
ui_ma_cac_sel3
ui_ma_cac_addr3
ui_ma_cac_data3
ui_ma_cac lmc_datad
ui_ma_cac_data_ready3
ui_ma_cac_complete3
uo_ma_cac_ackd
uo_ma_cac_data3

uo_ma_cac_lmc_same3

5

ui_ma_cac_read2
ui_ma_cac_write2
ui_ma_cac_sel2
ui_ma_cac_addr2
ui_ma_cac_data2
ui_ma_cac Imc_data2
ui_ma_cac_data_ready2
ui_ma_cac_complete2
uo_ma_cac_ackd

uo_ma_cac_data

ui_ma_sdc_data
ui_ma sdc_ack

uo_ma sdc_read
uo_ma_sde_write
uo_ma_sde_host_Id_mode
w0 ma_sde_sel
uo_ma_sde_addr
uo_ma_sdc_data

ui_ma_cac_writel

ui ma_cac_addrl
ui_ma_cac_datal

ui ma_cac lmc_datal
——ui_ma_cac_data_readyl
——ui_ma_cac_completel
uo_ma_cac_ackl
uo_ma_cac_datal

—————{uo_ma_cac_lmc_samel

— lui ma_cac_miss0

uo_cac_mem_write
uo_cac_mem_sel
wo_cac_mem_addr
uo_cac_mem_data
uo_cac_mem _lmc_data
uo_cac_mem_data_ready ——

10_cac_mem_complete ——

ui_cac_mem_data e

ui_cac_mem lmc_same

u_cache

ui_ma_cac_zcadd

—lui ma cac_writed

ui_ma_cac_sel0
ui_ma_cac_addr0
ui_ma_cac_data0
ui_ma_cac_lmc_data0

ui_ma_cac_data_ready0

i ma_cac_completed
 luoma cacackd

S

uo_ma_cac_data)

——luo.ma_cac_lmc_same0

u_mem _arbiter

~——— ui_sde_read

wo_sde_dat

uo_sde_ack

uio_sdc_dq
ui_sde_write o
ui_host_ld_mode  uo_sdc_dqm
ui_sde_sel uo_sde_addr
ui_sde_addr uo_sde_cs_n
ui_sde_dat uo_sde_ras 1
ui_sde_ellc uo_sde_cas_n
ui_sde_rst uo_sde_we_n

u_sdram_controller

Ba Cke

Figure 5-4-1 Architecture of Memory System
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Chapter 6 Micro-Architecture Specification

6.1 Cache Unit

32

73%’ uo cac_cpu_data uo cac cpu_ stall ——

—4— ui_cac_cpu_addr uo_cac_miss —

wa ui_cac _cpu_data uo_cac_mem read —
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uo_cac_mem_Imc_data

uo_cac_mem_data ready

RESSEE

uo cac_mem_complete |

ui_cac_mem_ack
. 32
ui_cac_mem_data ;

ui_cac_mem_Imc_same

u_cache

Figure 6-1-1 Block diagram of cache unit

This is a direct mapped write-back cache with whoitdfer. The functionalities of Cache

Unit are:

1. Store a small fraction of data (for D-Cache) otnnstions (for I-Cache) of main

memory.
2. Output desired data or instruction to CPU whessties a READ.
3. Write data into desired location as instructed IRUQD-Cache only).

4. Send signal to stall the CPU when read miss oewniss.
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5. Communicate with SDRAM Controller to write backrigi block of data back
into SDRAM and fetch new block of data from it.
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6.4 Cache Unit I/O Description

Input pins

Pin name:ui_cac_clk
Pin class:Global
Path: External> Cache

Description: System clock signal.

Pin name: ui_cac_rst
Pin class:Global
Path: External> Cache

Description: System reset signal.

Pin name: ui_cac_cpu_data[31:0]

Pin class:Data

Path: CPU> Cache

Description: 32-bits data from CPU that to be written into taehe.

Pin name: ui_cac_cpu_addr[31:0]
Pin class:Address
Path: CPU> Cache

Description: 32-bits address from CPU that indicates the looathat to be accessed.

Pin name: ui_cac_cpu_read

Pin class:Control

Path: CPU> Cache

Description: A control signal that enables the read from cadiesed or

ui_cac_cpu_addr[31:0] when itis asserted (HIGH).

Pin name: ui_cac_cpu_write
Pin class:Control

Path: CPU> Cache
Description: A control signal that enables the write of dattoicache based gn

ui_cac_cpu_addr[31:0] when asserted (HIGH).

Pin name: ui_cac_mem_ack
Pin class:Control
Path: Memory Arbiter-> Cache
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Description: Acknowledge signal (active HIGH) to indicate redata is ready fron
SDRAM (read from SDRAM) or SDRAM prepare to recedata (write to SDRAM).

=

Pin name: ui_cac_mem_data[31:0]

Pin class:Data

Path: Memory Arbiter-> Cache

Description: 32-bits data that is read from SDRAM.

Pin name:ui_cac_mem_Imc_same
Pin class:Status
Path: Memory Arbiter-> Cache

Description: Indicate the configuration of SDRAM is same wherated (HIGH).

Output pins

Pin name:uo_cac_cpu_data[31:0]

Pin class:Data

Path: Cache> CPU

Description: 32-bits data that to be output to CPU.

Pin name:uo_cac_cpu_stall
Pin class:Control
Path: Cache> CPU

Description: A status signal that used to stall the pipelines.

Pin name:uo_cac_miss
Pin class:Status
Path: Cache> Memory Arbiter

Description: A status signal indicates cache miss.

Pin name:uo_cac_mem_read
Pin class:Control
Path: Cache> Memory Arbiter

Description: Read signal that indicate need read from SDRAM.

Pin name:uo_cac_mem_write
Pin class:Control
Path: Cache> Memory Arbiter

Description: Write signal that indicate need write data intoRZ0M.
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Pin name:uo_cac_mem_sel[3:0]

Pin class:Control

Path: Cache> Memory Arbiter

Description: 4-bits control signals to mask which byte of théytes (32-bits) dat

j))

goes in or comes out from SDRAM.
When it is ‘1’, the corresponding byte will enable.

When it is ‘0’, the corresponding byte will be madkand the output becomes ‘z’.

Pin name:uo_cac_mem_addr[31:0]

Pin class:Address

Path: Cache> Memory Arbiter

Description: 32-bits address that indicates which location ie SDRAM to be

accessed.

Pin name:uo_cac_mem_data[31:0]

Pin class:Data

Path: Cache> Memory Arbiter

Description: 32-bits data that to be written in to the SDRAM.

Pin name:uo_cac_mem_Ilmc_data[31:0]

Pin class:Data

Path: Cache> Memory Arbiter

Description: 32-bits data that configure the SDRAM.

Pin name:uo_cac_mem_data_ready

Pin class:Status

Path: Cache> Memory Arbiter

Description: When asserted (HIGH), data is ready write backnffdFO to SDRAM.

Pin name:uo_cac_mem_complete

Pin class:Status
Path: Cache> Memory Arbiter

Description: Indicates one block of data was written into SDRMien HIGH.

Table 6-4-1: Cache Unit I/O Descriptions
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bi_cac_ctrl dirty
bi_cac_ctd_hit
bi_cac_ctrl_cpu_read
bi_cac_ctrd_cpu_write
bi_cac_ctrl_mem_ack
bi_cac_ctrl_Imc_same
bi_cac_ctid_fifo_hit
bi_cac_ctd_fifo_full
bi_cac_ctd_fifo_busy
bi_cac_ctrl_rst
bi_cac_ctil clk

bo_cac_ctrl_cpu_data output_en
bo_cac_ctrl_counter
bo_cac_ctrl_cache_data select
bo_cac_ctrl_mem_write
bo_cac_ctrl_mem_read
bo_cac_ctrl_mem_sel
bo_cac_ctrl_update_en
bo_cac_ctrl_update_dirty
bo_cac_ctrl_fifo_buffer_en
bo_cac_ctrl_cac_fifo_en
bo_cac_ctrl buffer cac_en
bo_cac_ctrl fifo update valid

b_cache controller

6.5 Block Partitioning of Cache Unit
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Figure 6-5-1 Block Partition of Cache Unit

6.6 Cache Controller Block
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Figure 6-6-1 Block diagram of Cache Controller Blok
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Functionalities of Cache Controller:

Control main activity of cache unit.

Determine data to read when read hit.

N o o b~ 0w Db P

6.6.1 Cache Controller block 1/0O description

Determine data to be updated when write hit.
Determine data to read from SDRAM when miss.

Output control signal to move dirty data from cath&IFO.

Output control signal and status signal out to GiAd SDRAM.

Output control signal and status signal to writekbdata from FIFO to cache.

Input pins

Pin name:bi_cac_ctrl_clk
Pin class:Global
Path: External=> Cache> Cache Controller

Description: System clock signal.

Pin name:bi_cac_ctrl_rst
Pin class:Global
Path: External=> Cache> Cache Controller

Description: System reset signal.

Pin name: bi_cac_ctrl_Imc_same

Pin class:Status

Path: Memory Arbiter- Cache> Cache Controller
Description: Indicates the configuration of SDRAM is same whsgerted (HIGH).

Pin name:bi_cac_ctrl_mem_ack

Pin class:Control

Path: SDRAM controller-> Memory Arbiter-> Cache> Cache Controller
Description: Acknowledge signal (active HIGH) to indicate redata is ready fron
SDRAM(read from SDRAM) or SDRAM prepare to recedata (write to SDRAM).

=
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Pin name: bi_cac_ctrl_cpu_write

Pin class:Control

Path: CPU-> Cache> Cache Controller
Description: A control signal that enables the write of dattoicache based gn

ui_cac_cpu_addr[31:0] when asserted (HIGH).

Pin name: bi_cac_ctrl_cpu_read

Pin class:Control

Path: CPU> Cache> Cache Controller

Description: A control signal that enables the read from cadiesed or

ui_cac_cpu_addr[31:0] when itis asserted (HIGH).

Pin name:bi_cac_ctrl_hit
Pin class:Status
Path: Cache> Cache Controller

Description: Asserted when (tag == tag_ram) && (valid_ram == 1)

Pin name: bi_cac_ctrl_dirty
Pin class:Status
Path: Cache> Cache Controller

Description: Asserted when dirty_ram == 1.

Pin name: bi_cac_ctrl_fifo_busy

Pin class:Status

Path: FIFO - Cache Controller

Description: HIGH when FIFO is writing into SDRAM.

Pin name:bi_cac_ctrl_fifo_full
Pin class:Status
Path: FIFO = Cache Controller

Description: Status signal that indicate FIFO is full.

Pin name:bi_cac_ctrl_fifo_hit

Pin class:Status

Path: FIFO - Cache Controller

Description: Status Signal that FIFO contain same tag and ind#x the physica

address tag and index.
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Output pins

Pin name:bo_cac_ctrl_cpu_data_output_en

Pin class:Control

Path: Cache Controllep Cache

Description: When asserted (HIGH), data is enabled to be outpGPU.

Pin name:bo_cac_ctrl_counter[2:0]

Pin class:Control
Path: Cache Controllep Cache
Description: 3-bits counter value. This is used to count tha aéhen transferring a

whole block (8 words) of data.

Pin name:bo_cac_ctrl_cache_data_ select
Pin class:Control

Path: Cache> Cache Controllep Cache
Description: Instruct the cache datapath which data (data fopon or data fron
SDRAM) to be written into.

When HIGH, choose data from SDRAM.
When LOW, choose data from CPU.

Pin name:bo_cac_ctrl_mem_read

Pin class:Control
Path: Cache Controlle® Cache>Memory Arbiter> SDRAM Controller->SDRAM
Description: Read signal that indicate need read from SDRAM.

Pin name:bo_cac_ctrl_mem_write
Pin class:Control
Path: Cache Controlle®FIFO controller

Description: Write signal that indicate need write data intoRZOM.

Pin name:bo_cac_ctrl_mem_sel [3:0]

Pin class:Control

Path: Cache Controllep Cache>Memory Arbiter

Description: 4-bits control signals to mask which byte of théytes (32-bits) dat
goes in or comes out from SDRAM.

jey)

When it is ‘1’, the corresponding byte will enable.
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When it is ‘0’, the corresponding byte will be madkand the output becomes ‘z’.

Pin name:bo_cac_ctrl_update_en
Pin class:Control
Path: Cache Controlle® Cache

Description: Enables the update of cache when asserted (HIGH).

Pin name:bo_cac_ctrl_update_dirty

Pin class:Control

Path: Cache Controllep Cache

Description: Enables the update of ‘Dirty’ when asserted (HIGH)

Pin name:bo_cac_ctrl_fifo_buffer_en
Pin class:Control
Path: Cache Controlle® Cache

Description: Enable to move write back data from FIFO to terappbuffer.

Pin name:bo_cac_ctrl_cac_fifo_en
Pin class:Control
Path: Cache Controlle® Cache

Description: Enable to move cache data to FIFO.

Pin name:bo_cac_ctrl_buffer_cac_en
Pin class:Control
Path: Cache Controlle® Cache

Description: Enable to move write back data from temporarydiuid cache.

Pin name:bo_cac_ctrl_fifo_update_valid
Pin class:Control
Path: Cache Controllep FIFO
Description: Control signal that update the valid bit in FIFO.
Table 6-6-1: Cache Controller Block I1/O Descriptiors
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6.6.2 Cache Controller State Diagram

Figure 6-6-2 State Diagram of Cache Controller
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6.7 FIFO Controller Block

3
—— bo_fifo_ctrl counter
— bo_fifo ctrl mem write

bo fifo ctrl data ready

bo fifo ctrl complete

bi fifo ctrl cpu clk

— bi fifo ctrl mem write
— bi fifo ctrl cpu rst

b fifo_ctrl

bi_fifo ctrl hit
bi fifo ctrl mem ack

bo fifo ctrl mem output en bi fifo ctrl Imc same

bi fifo ctrl empty

Figure 6-7-1 Block diagram of FIFO Controller Block

Functionalities of FIFO Controller:

1. Control main activity of FIFO block.

2. Send control signal to FIFO to write data back BlR&M behind the scene.

6.7.1 FIFO Controller block I/O description

Input pins

Pin name: bi_fifo_ctrl_cpu_clk
Pin class:Global
Path: External=> Cache> FIFO Controller

Description: System clock signal.

Pin name:bi_fifo_ctrl_cpu_rst
Pin class:Global
Path: External=> Cache> FIFO Controller

Description: System reset signal.

Pin name:bi_fifo_ctrl_hit
Pin class:Status
Path: FIFO = FIFO Controller

Description: Status Signal that FIFO contain same tag and ind#x the physica
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address tag and index.

Pin name:bi_fifo_ctrl_mem_write
Pin class:Control
Path: Cache Controller> FIFO controller

Description: Write signal that indicate need write data intoRZ{M

Pin name:bi_fifo_ctrl_mem_ack

Pin class:Control

Path: SDRAM controller-> Memory Arbiter-> Cache> FIFO Controller
Description: Acknowledge signal (active HIGH) to indicate redata is ready fron
SDRAM(read from SDRAM) or SDRAM prepare to recedata (write to SDRAM).

Pin name:bi_fifo_ctrl_Imc_same

-

Pin class:Status
Path: Memory Arbiter-> FIFO Controller

Description: Indicate the configuration of SDRAM is same wherated (HIGH).

Pin name:bi_fifo_ctrl_empty
Pin class:Status
Path: FIFO = FIFO Controller

Description: When asserted, it indicate FIFO is empty.

Output pins

Pin name: bo_fifo_ctrl_counter [2:0]
Pin class:Control

Path: FIFO Controller> FIFO
Description: 3-bits counter value. This is used to count tha aéhen transferring a

whole block (8 words) of data.

Pin name: bo_fifo_ctrl_mem_write

Pin class:Control

Path: FIFO Controller> Memory Arbiter

Description: Write signal that indicate need write data frof®linto SDRAM.

Pin name: bo_fifo_ctrl_data ready
Pin class:Status
Path: FIFO Controller>Memory Arbiter
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Description: When asserted (HIGH), data is ready write backffiFO to SDRAM.

Pin name: bo_fifo_ctrl_mem_output_en

Pin class:Control
Path: FIFO Controller> FIFO
Description: Enable data in FIFO to be written into SDRAM

Pin name: bo_fifo_ctrl_complete

Pin class:Control

Path: FIFO Controller> Memory Arbiter

Description: Indicates one block of data was written into SDRlen HIGH.
Table 6-7-1: Cache Controller Block I1/O Descriptiors

6.7.2 FIFO Controller State Diagram

Figure 6-7-2 State Diagram of Cache Controller
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6.8 FIFO Block

bi fifo update valid
bi fifo cpu clk
bi fifo cpu rst

—JHL bi_fifo data bo_fifo wb_data %
—,j; bi fifo counter bo fifo mem data —/ﬂL
7”4— bi fifo tag compare bo fifo mem addr <
— bi_fifo complete bo fifo empty ——
— bi_fifo mem output en bo_fifo full ——
— bi_fifo write bo fifo hit ——

b_fifo

Figure 6-8-1 Block diagram of FIFO Block

This FIFO block consists of 4 entries to store datek from cache. The functionalities
of FIFO block are:

1. Store dirty block from cache that need to writtacbto SDRAM
2. Data able to written back to cache or back to SDRAM

3. Communicate with SDRAM to written data back to SDMAvhen SDRAM is

free.

4. Compare tag and index to indicate whether sameklbdata need to accessed

next in cache.
5. Output a full signal when 4 entries are used.

6. Output an empty signal when FIFO contains no data.
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6.8.1 FIFO Controller block 1/0O description

Input pins

Pin name:bi_fifo_cpu_clk
Pin class:Global
Path: External> Cache> FIFO

Description: System clock signal.

Pin name:bi_fifo_cpu_rst
Pin class:Global
Path: External> Cache> FIFO

Description: System reset signal.

Pin name:bi_fifo_update_valid

Pin class:Control

Path: Cache Controlle> FIFO

Description: Control signal that update the valid bit in FIFO.

Pin name: bi_fifo_write
Pin class:Control
Path: Cache Controlle> FIFO

Description: Write signal that indicate data write from cacbhé-tFO.

Pin name:bi_fifo_mem_output_en

Pin class:Control

Path: FIFO controller> FIFO

Description: Enable data in FIFO to be written into SDRAM

Pin name:bi_fifo_complete
Pin class:Status
Path: FIFO controller=> FIFO

Description: Indicates one block of data was written into SDRMien HIGH.

Pin name:bi_fifo_tag_compare[10:0]
Pin class:Address
Path: Cache~> FIFO

Description: Tag from physical address that used to compar® Hii signal
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Pin name:bi_fifo_counter [2:0]
Pin class:Control

Path: FIFO Controller> FIFO
Description: 3-bits counter value. This is used to count tha @éhen transferring a

whole block (8 words) of data.

Pin name: bi_fifo_data [284:0]
Pin class:Data

Path: Cache> FIFO
Description: contain index from physical address, tag_ram, data and byte_ram

from cache.

Output pins

Pin name: bo_fifo_hit

Pin class:Status

Path: FIFO Controller> Cache Controller

Description: Status Signal that FIFO contain same tag and ind#x the physica

address tag and index.

Pin name: bo_fifo_full
Pin class:Status
Path: FIFO = Cache Controller and FIFO Controller

Description: Status signal that indicate FIFO is full.

Pin name: bo_fifo_empty
Pin class:Status
Path: FIFO - Cache Controller

Description: When asserted, it indicate FIFO is empty.

Pin name: bo_fifo_mem_addr[31:0]

Pin class:Address

Path: FIFO - Memory Arbiter-> SDRAM controller-> SDRAM

Description: 32-bits address that indicates which location e EDRAM to be

accessed.

Pin name: bo_fifo_mem_data [31:0]

Pin class:Data
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Path: FIFO - Memory Arbiter-> SDRAM controller-> SDRAM
Description: : 32-bits data that to be written in to the SDRAM.

Pin name:bo_fifo_wb_data [268:0]

Pin class:Data

Path: FIFO - Cache

Description: Contain all data that need to write back to cdda¢a, tag and byte).
Table 6-8-1: FIFO Block I/O Descriptions
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Chapter 7 Verification

7.1 Test Plan
Function To be Tested Test Case
Test 1. System Reset tb_r_rstis asserted to hitgast one clock

cycle
Test 2: Testing Cache priority andifferent load mode configuration with burst
reading in different burst length length 1, 2, 4 and 8.

tb_r_BL_sel[3] = 3'd3;//burst length = 8
tb_r_BL_sel[2] = 3'd2; ;//burst length = 4
tb_r_BL_sel[1] = 3'd1; ;//burst length = 2
tb_r_BL_sel[0] = 3'd1; ;//burst length = 2
tb_r_cpu_cac_addr3 = 32'h00567000 ;
tb_r_cpu_cac_addr2 = 32'h00567000 ;
tb_r_cpu_cac_addrl = 32'h00567000 ;
tb_r_cpu_cac_addrO = 32'h00567000;

tb_r_cpu_cac _read3 =1,
tb_r_cpu_cac_write3 = 0;
tb_r cpu_cac_read2 =1;
tb_r _cpu_cac_write2 = 0;
tb_r cpu_cac_readl =1;
tb_r _cpu_cac_writel = 0;
tb_r_cpu_cac _read0 =1,
tb_r_cpu_cac_writeO = 0;

Test 3 : Write Hit in Cache 3 andrirst write instruction,
continuous Write Hit tb_r_cpu_cac_data3 = 32'h07070707;
tb_r_cpu_cac_addr3 = 32'h00567004;

tb_r_cpu_cac_read3 =0;
tb_r_cpu_cac_write3 = 1;

Second write instruction,
tb_r_cpu_cac_data3 = 32'h04404404;
tb_r_cpu_cac_addr3 = 32'h00567000;

tb_r_cpu_cac_read3 =0;

tb_r cpu_cac write3 = 1;

Test 4. Read Hit in Cache 3 anéirst read instruction,

continuous Read Hit tb_r cpu_cac_data3 = 32'h0;

tb r cpu_cac_addr3 = 32'h00567004,
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tb_r_cpu_cac_read3 =1;
tb_r_cpu_cac_write3 = 0;

Second read instruction,
tb_r_cpu_cac_data3 = 32'h0;
tb_r_cpu_cac_addr3 = 32'h00567000;

tb_r_cpu_cac_read3 =1;
tb_r_cpu_cac_write3 = 0;

in Cache 3

Test 5. Write Miss with FIFO missFirst read a data from SDRAM by trying wri

miss in @89A00 (where valid = 0),
tb_r_cpu_cac_data3 = 32'h00B00177;
tb_r_cpu_cac_addr3 = 32'h0089A000;

tb_r cpu_cac_read3 =0;
tb_r cpu_cac_write3 =1;

Then try to write a data with same index
different tag with @56700, (tag different),
tb_r_cpu_cac_data3 = 32'h06070809;
tb_r_cpu_cac_addr3 = 32'h00167000;

tb_r cpu_cac_read3 =0;
tb_r cpu_cac_write3 =1;

with FIFO miss,@56700 data evict to FIFO

te

but

Test 6: Write Miss with FIFO hit ir
Cache 3

1 FIFO hit,@56700 data write back from FIFC
tb_r_cpu_cac_data3 = 32'hF1FA0000;
tb_r_cpu_cac_addr3 = 32'h00567000;

tb_r_cpu_cac_read3 =0;
tb_r_cpu_cac_write3 = 1;

@16700 move to FIFO

Test 7: Auto Write Back to SDRAN
in Cache 3 with FIFO busy

clock cycle
tb_r_cpu_cac_data3 = 32'h0;
tb_r_cpu_cac_addr3 = 32'h00567004;

tb_r cpu_cac_read3 =1;
tb_r _cpu_cac_write3 = 0;

@16700 move from FIFO to SDRAM

A1Give an instruction that give hit cache for 6
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Then give miss cache instruction, cac

controller wait for FIFO finish writing

he

Test 8: Read Miss with FIFO miss|iib_r_cpu_cac_data3 = 32'h0;

Cache 3

tb_r_cpu_cac_addr3 = 32'h00E9QA0QOQ;

tb_r_cpu_cac_read3 =1;
tb_r_cpu_cac_write3 = 0;

Data read back from SDRAM,@89A00 mo
to FIFO (same index different tag)

Test 9: Read Miss with FIFO hit intb_r_cpu_cac_data3 = 32'h0;

Cache 3

tb_r_cpu_cac_addr3 = 32'h0089A000;

tb_r cpu_cac_read3 =1;
tb_r_cpu_cac_write3 = 0;

Since previous instruction is read only so d
is 0. @E9AQO did not move to FIFO

rty

Test 10: Miss happen and FIFO full

IIFIFO statys*®
Try a write miss instruction where valid = 0,
tb_r_cpu_cac_data3 = 32'h26100AAA;
tb_r_cpu_cac_addr3 = 32'h00261000;

tb_r cpu_cac_read3 =0;
tb_r cpu_cac_write3 =1;

Write miss and @26100 move to FIFO,
tb_r_cpu_cac_data3 = 32'h46100BBB;
tb_r_cpu_cac_addr3 = 32'h00461000;

tb_r_cpu_cac_read3 =0;
tb_r_cpu_cac_write3 = 1;
IIFIFO after this: 26100,*,**

Write miss and @46100 move to FIFO,
tb_r_cpu_cac_data3 = 32'h66100CCC,;
tb_r_cpu_cac_addr3 = 32'h00661000;

tb_r_cpu_cac_read3 =0;
tb_r_cpu_cac_write3 = 1;
I/IFIFO after this: 26100,46100,**

Write miss and @66100 move to FIFO,
tb_r_cpu_cac_data3 = 32'h86100DDD;
tb_r_cpu_cac_addr3 = 32'h00861000;
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tb_r cpu_cac_read3 =0;
tb_r_cpu_cac_write3 = 1;
I/IFIFO after this: 26100,46100,66100,*

Write miss and @86100 move to FIFO,
tb_r_cpu_cac_data3 = 32'hA6100EEE;
tb_r_cpu_cac_addr3 = 32'h00A61000;

tb_r_cpu_cac_read3 =0;
tb_r_cpu_cac_write3 = 1;
IIFIFO after this: 26100,46100,66100,8610(

Write miss and FIFO is full, @ 26100 write
back to SDRAM, after that @A6100 move |to
FIFO, and cache resumes write operation
tb_r_cpu_cac_data3 = 32'hC6100FFF;
tb_r cpu_cac_addr3 = 32'h00C61000;

tb_r cpu_cac_read3 =0;
tb_r cpu_cac_write3 =1;
//[FIFO after this: A6100,46100,66100,86100

Table 7-1-1: Memory system Full Chip Test Plan
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7.2 Testbench Verilog Code

‘include "././util/sdc_macro.v"

“timescale 1ns / 10ps

module tb_cac_ma_sdc();

/ICPU to 4 caches

/lcache3

wire [31:0] tb_w_cpu_cac_data3;

reg [31:0] tb_r cpu_cac_addr3,
tb_r_cpu_cac_data3;

reg tb_r _cpu_cac_read3,
tb_r_cpu_cac_write3;

/lcache2

wire [31:0] tb_w_cpu_cac_dataz;

reg  [31:0] tb_r _cpu_cac_addr2,
tb_r_cpu_cac_dataz;

reg tb_r_cpu_cac_read?2,
tb_r_cpu_cac_write2;

/lcachel

wire [31:0] tb_w_cpu_cac_datal;

reg  [31:0] tb_r _cpu_cac_addrl,
tb_r_cpu_cac_datal,;

reg tb_r_cpu_cac_readl,
tb_r_cpu_cac_writel,;

//lcache0

wire [31:0] tb_w_cpu_cac_data0;

reg  [31:0] tb_r_cpu_cac_addrO,
tb_r_cpu_cac_data0;

reg tb_r_cpu_cac_readO,
tb_r_cpu_cac_write0;

reg tb_r_clk;

reg tb_r_rst;

//Ibetween caches and memory arbiter

/4 caches

/lcache3

wire W_ma_cac_read3,

W_ma_cac_write3,
w_data_ready3,
W_ma_cac_miss3;
wire [3:0] w_ma_cac_sel3;
wire [31:0] w_ma_cac_addr3,
W_ma_cac_o_data3;
reg  [31:0] r_ma_cac_Imc_data3;
wire w_ma_cac_complete3;
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reg [31:0] r_ma cac_i_data3;

wire w_cac_mem_acks3;

wire w_cac_mem_Imc_same3;
/lcache2

wire W_ma_cac_read?2,

W_ma_cac_write2,
w_data_ready?2,
W_ma_cac_miss2;
wire [3:0] w_ma_cac_sel2;
wire [31:0] w_ma_cac_addr2,
W_ma_cac_o_dataZ2;
reg [31:0] r_ma_cac_Imc_data2;

wire W_ma_cac_complete2;
reg  [31:0] r_ma_cac_i_dataz;

wire w_cac_mem_ackz;

wire w_cac_mem_Ilmc_samez;
/lcachel

wire w_ma_cac_readl,

W_ma_cac_writel,
w_data_readyl,
W_ma_cac_missl;
wire [3:0] w_ma_cac_sell,
wire [31:0] w_ma cac_addrl,
w_ma_cac_o_datal;
reg [31:0] r_ma_cac_Imc_datal;

wire w_ma_cac_completel,;
reg [31:0] r_ma_cac_i_datal,;

wire w_cac_mem_ackl;

wire w_cac_mem_Ilmc_samel,
/lcacheO

wire w_ma_cac_reado,

w_ma_cac_write0,
w_data_readyoO,
w_ma_cac_miss0;
wire [3:0] w_ma_cac_sel0;
wire [31:0] w_ma_cac_addrO,
w_ma_cac_o_data0;
reg  [31:0] r_ma_cac_Imc_data0;

wire w_ma_cac_completeO;
reg  [31:0] r_ma_cac_i_data0;

wire w_cac_mem_acko;

wire w_cac_mem_Ilmc_sameO;

/Ibetween memory arbiter and sdram controller
wire w_ma_sdc_host_Id_mode,
w_ma_sdc_read,
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w_ma_sdc_write;
wire [3:0] w_ma_sdc_sel,
wire [31:0] w_ma_sdc_addr,

w_ma_sdc_i_data,

w_ma_sdc_o data;
wire w_ma_sdc_ack;

/Ibetween sdram controller and sdram
wire [31:0] w_sc_sdc_dg;

wire [11:0] w_sc_sdc_addr;

wire [1:0] w_sc_sdc_ba;

wire w_sc_sdc_cs_n;

wire w_sc_sdc_ras_n;
wire w_sc_sdc_cas_n;
wire w_sc_sdc_we n;

wire [3:0] w_sc_sdc_dgm;

/IChange burst length of caches to test different ade configuration
reg  [2:0] tb_r BL_sel[0:3];
wire [31:0] w_i_data3,

w_i_data2,
w_i_datal,
w_i_datao;

/lindicates current test status in waveform
reg [300:0] status;

/ITo generate ASCII value in the waveform to easeathugging
bfm_wave_monitor bfm_monitor();

u_cache cache_3

(//memory arbiter connection
.Uo_cac_mem_addr(w_ma_cac_addr3),
.uUo_cac_mem_data(w_i_data3),
.uo_cac_mem_Imc_data(),
.uUo_cac_miss(w_ma_cac_miss3),
.uo_cac_mem_read(w_ma_cac_read3),
.uUo_cac_mem_write(w_ma_cac_write3),
.uUo_cac_mem_data_ready(w_data_ready3),
.uo_cac_mem_sel(w_ma_cac_sel3),
.uo_cac_mem_complete(w_ma_cac_complete3),
.ui_cac_mem_data(w_ma_cac_o_data3),
.ui_cac_mem_ack(w_cac_mem_ack3),
.ui_cac_mem_Imc_same(w_cac_mem_Ilmc_same3),
/I CPU connection
.uo_cac_cpu_stall(),
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.Uo_cac_cpu_data(tb_w_cpu_cac_data3),
.Ui_cac_cpu_addr(tb_r_cpu_cac_addr3),
.ui_cac_cpu_data(tb_r_cpu_cac_data3),
.ui_cac_cpu_read(tb_r_cpu_cac_read3),
.ui_cac_cpu_write(tb_r_cpu_cac_write3),
.ui_cac_rst(tb_r_rst),
.ui_cac_clk(tb_r_clk)) ;

u_cache cache 2

(//memory arbiter connection
.Uo0_cac_mem_addr(w_ma_cac_addr2),
.Uo_cac_mem_data(w_i_data?2),
.uo_cac_mem_Imc_data(),
.U0_cac_miss(w_ma_cac_miss2),
.uo_cac_mem_read(w_ma_cac_read2),
.uUo_cac_mem_write(w_ma_cac_write2),
.uUo_cac_mem_data_ready(w_data_ready?),
.uo_cac_mem_sel(w_ma_cac_sel2),
.uo_cac_mem_complete(w_ma_cac_complete2),
.Ui_cac_mem_data(w_ma_cac_o_data2),
.ui_cac_mem_ack(w_cac_mem_ack?2),
.Ui_cac_mem_Imc_same(w_cac_mem_Imc_same?2),
/I CPU connection

.uo_cac_cpu_stall(),
.Uo_cac_cpu_data(tb_w_cpu_cac_data2),
.Ui_cac_cpu_addr(tb_r_cpu_cac_addr2),
.Ui_cac_cpu_data(tb_r_cpu_cac_data2),
.Ui_cac_cpu_read(tb_r_cpu_cac_read?2),
.Ui_cac_cpu_write(tb_r_cpu_cac_write2),
.ui_cac_rst(tb_r_rst),

.ui_cac_clk(tb_r_clk));

u_cache cache_1

(//memory arbiter connection
.U0_cac_mem_addr(w_ma_cac_addrl),
.uUo_cac_mem_data(w_i_datal),
.uo_cac_mem_Imc_data(),
.uUo_cac_miss(w_ma_cac_missl),
.uo_cac_mem_read(w_ma_cac_readl),
.uo_cac_mem_write(w_ma_cac_writel),
.uUo_cac_mem_data_ready(w_data_readyl),
.uo_cac_mem_sel(w_ma_cac_sell),
.uo_cac_mem_complete(w_ma_cac_completel),
.ui_cac_mem_data(w_ma_cac_o_datal),
.ui_cac_mem_ack(w_cac_mem_ackl),
.ui_cac_mem_Imc_same(w_cac_mem_Ilmc_samel),

BIT (Hons) Computer Engineering
Faculty of Information and Communication Technolg¢Bgrak Campus), UTAR Page 69



/I CPU connection

.uo_cac_cpu_stall(),
.uUo_cac_cpu_data(tb_w_cpu_cac_datal),
.ui_cac_cpu_addr(tb_r_cpu_cac_addrl),
.ui_cac_cpu_data(tb_r_cpu_cac_datal),
.ui_cac_cpu_read(tb_r_cpu_cac_readl),
.ui_cac_cpu_write(tb_r_cpu_cac_writel),
.ui_cac_rst(tb_r_rst),
.ui_cac_clk(tb_r_clk));

u_cache cache 0

(//memory arbiter connection
.Uo_cac_mem_addr(w_ma_cac_addr0),
.uUo_cac_mem_data(w_i_data0),
.uo_cac_mem_Imc_data(),
.uo_cac_miss(w_ma_cac_miss0),
.uo_cac_mem_read(w_ma_cac_read0),
.uo_cac_mem_write(w_ma_cac_write0),
.uo_cac_mem_data_ready(w_data_ready0),
.uo_cac_mem_sel(w_ma_cac_sel0),
.uo_cac_mem_complete(w_ma_cac_complete0),
.Ui_cac_mem_data(w_ma_cac_o_data0),
.ui_cac_mem_ack(w_cac_mem_ack0),
.Ui_cac_mem_Imc_same(w_cac_mem_Imc_same0),
/I CPU connection

.uo_cac_cpu_stall(),
.Uo_cac_cpu_data(tb_w_cpu_cac_data0),
.Ui_cac_cpu_addr(tb_r_cpu_cac_addr0),
.Ui_cac_cpu_data(tb_r_cpu_cac_data0),
.Ui_cac_cpu_read(tb_r_cpu_cac_read0),
.Ui_cac_cpu_write(tb_r_cpu_cac_write0),
.Ui_cac_rst(tb_r_rst),

.ui_cac_clk(tb_r_clk));

u_mem_arbiter mem_arbiter

(//caches connection

/lcache3
.Ui_ma_cac_miss3(w_ma_cac_miss3),
.Ui_ma_cac_data_ready3(w_data_ready3),
.ui_ma_cac_read3(w_ma_cac_read3),
.ui_ma_cac_write3(w_ma_cac_write3),
.ui_ma_cac_sel3(w_ma_cac_sel3),
.ui_ma_cac_addr3(w_ma_cac_addr3),
.ui_ma_cac_data3(w_i_data3),
.ui_ma_cac_Imc_data3(r_ma_cac_Imc_data3),
.Ui_ma_cac_complete3(w_ma_cac_complete3),
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.Uo_ma_cac_ack3(w_cac_mem_ack3),
.Uo_ma_cac_Imc_same3(w_cac_mem_Ilmc_same3),
.Uo_ma_cac_data3(w_ma_cac_o_data3),
/lcache2

.Ui_ma_cac_miss2(w_ma_cac_miss2),
.Ui_ma_cac_data_ready2(w_data_ready?2),
.Ui_ma_cac_read2(w_ma_cac_read?2),
.Ui_ma_cac_write2(w_ma_cac_write2),
.ui_ma_cac_sel2(w_ma_cac_sel2),
.ui_ma_cac_addr2(w_ma_cac_addr2),
.Ui_ma_cac_data2(w_i_data2),
.Uui_ma_cac_Imc_data2(r_ma_cac_Imc_data?2),
.Ui_ma_cac_complete2(w_ma_cac_complete2),
.uo_ma_cac_ack2(w_cac_mem_ack?2),
.U0_ma_cac_Imc_same2(w_cac_mem_Imc_same?2),
.U0_ma_cac_data2(w_ma_cac_o_data2),
/lcachel

.Ui_ma_cac_missl(w_ma_cac_missl),
.Ui_ma_cac_data readyl(w_data readyl),
.Ui_ma_cac_readl(w_ma_cac_readl),
.Ui_ma_cac_writel(w_ma_cac_writel),
.Ui_ma_cac_sell(w_ma_ cac_sell),
.Ui_ma_cac_addrl(w_ma_cac_addrl),
.Ui_ma_cac_datal(w_i_datal),
.Ui_ma_cac_Imc_datal(r_ma_cac_Imc_datal),
.Ui_ma_cac_completel(w_ma_cac_completel),
.Uo_ma_cac_ackl(w_cac_mem_ackl),
.uo_ma_cac_Imc_samel(w_cac_mem_Ilmc_samel),
.Uuo_ma_cac_datal(w_ma_cac_o_datal),
/lcache0

.Ui_ma_cac_missO(w_ma_cac_miss0),
.Ui_ma_cac_data_readyO(w_data_ready0),
.ui_ma_cac_readO(w_ma_cac_read0),
.ui_ma_cac_writeO(w_ma_cac_write0),
.ui_ma_cac_selO(w_ma_cac_sel0),
.ui_ma_cac_addrO(w_ma_cac_addr0),
.ui_ma_cac_dataO(w_i_data0),
.ui_ma_cac_Imc_dataO(r_ma_cac_Imc_data0),
.ui_ma_cac_completeO(w_ma_cac_complete0),
.uo_ma_cac_ackO(w_cac_mem_ack0),
.uo_ma_cac_Imc_sameO(w_cac_mem_Imc_same0),
.Uo_ma_cac_dataO(w_ma_cac_o_data0),

/Isdram controller connection
.ui_ma_sdc_ack(w_ma_sdc_ack),
.Ui_ma_sdc_data(w_ma_sdc_i_data),
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.uo_ma_sdc_read(w_ma_sdc_read),
.uo_ma_sdc_write(w_ma_sdc_write),
.uo_ma_sdc_host_ld_mode(w_ma_sdc_host_Id_mode),
.uo_ma_sdc_sel(w_ma_sdc_sel),
.uo_ma_sdc_addr(w_ma_sdc_addr),
.uo_ma_sdc_data(w_ma_sdc_o_data),
.ui_ma_clk(tb_r_clk),

ui_ma_rst(tb_r_rst));

u_sdram_controller u_sdram_controller
(-ui_sdc_clk(tb_r_clk),
.ui_sdc_rst(tb_r_rst),

//memory arbiter connection
.Ui_host_Id_mode(w_ma_sdc_host_|d_mode),
.ui_sdc_read(w_ma_sdc_read),
.ui_sdc_write(w_ma_sdc_write),
.ui_sdc_sel(w_ma_sdc_sel),
.Ui_sdc_addr(w_ma_sdc_addr),
.Ui_sdc_dat(w_ma_sdc_o_data),
.uo_sdc_dat(w_ma_sdc_i_data),
.uo_sdc_ack(w_ma_sdc_ack),
//[sdram connection
.uio_sdc_dqg(w_sc_sdc_dq),
.uo_sdc_ba(w_sc_sdc_ba),
.uo_sdc_dgm(w_sc_sdc_dgm),
.uo_sdc_addr(w_sc_sdc_addr),
.uo_sdc_cs_n(w_sc_sdc_cs_n),
.uo_sdc_ras_n(w_sc_sdc_ras_n),
.uo_sdc_cas_n(w_sc_sdc_cas_n),
.uo_sdc_we _n(w_sc_sdc_we n));

/IMICRON SDRAM Instantiation
mt48lc4m32b2 sdram(
.Dg(w_sc_sdc_dq),
Addr(w_sc_sdc_addr),
.Ba(w_sc_sdc_ba),
.Clk(tb_r_clk),

.Cke(1'b1), //Icke always activated
.Cs_n(w_sc_sdc_cs_n),
.Ras_n(w_sc_sdc_ras_n),
.Cas_n(w_sc_sdc_cas_n),
We_n(w_sc_sdc_we_n),
.Dgm(w_sc_sdc_dgm));

/linitialize clock signal
initial tb_r_clk = 1;
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always #10tb_r _clk = ~tb_r_clk;

always@* begin
r_ma_cac_Imc_data3 = {29'h4,tb_r_BL_sel[3]};
r_ma_cac_Imc_data2 = {29'h4,tb_r_BL_sel[2]};
r_ma_cac_Imc_datal = {29'h4,tb_r_BL_sel[1]};
r_ma_cac_Imc_dataO = {29'h4,tb_r_BL_sel[0]};
end

initial begin
1 e o e s e e s e
//Signals initialization
1l e e o e e e e s e
status = "Signals initialization";
tb_r _cpu_cac_addr3 = 32'b0;
tb_r _cpu_cac_data3 =32'b0;
tb_r_cpu_cac_write3 = 1'b0;
tb r cpu_cac read3 =1'b0;

tb r cpu_cac_addr2 = 32'b0;
tb_r _cpu_cac_data2 32'b0;
tb_r_cpu_cac_write2 1'b0;
tb r cpu_cac read2 =1'bO;

tb r cpu_cac_addrl = 32'b0;
tb r cpu_cac _datal =32'b0;
tb_r cpu_cac_writel = 1'b0;
tb r cpu_cac readl =1'bO;

tb r cpu_cac_addrO = 32'b0;
tb r cpu_cac _data0 =32'b0;

tb_r cpu_cac_write0 = 1'b0;
tb_r cpu_cac_read0 =1'bO0;
tb r rst =0;

repeat(2) @(posedge tb_r_clk);

1 e ~~———— ~—
/[Test 1: System Reset
1 e~ ~~ ~—
status = "System Reset";
tb r rst =1;

repeat(1l) @(posedge tb_r_clk);

tb r rst =0;
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repeat(20) @(posedge tb_r_clk);

lI~~ e ~

Il Prepare data in sdram

I e e ~~

$readmemh("rtl/micron SDRAM/sdram_bankO_data.txt" , sdram.Banko) ;
status = "Read data (Cache3->Cache2->Cachel->Caf})";

//select brust length 0,1,2,3 =1,2,4,8
tb_r BL_sel[3] = 3'd3;
tb_r BL_sel[2] = 3'd2;
tb_r BL_sel[1] = 3'd1;
tb_r BL_sel[0] = 3'd1;

lI~~ e ~

Il Test 2: Testing Cache priority and reading in diferent burst length

I e e ~~

/I All 4 cache read misses in same clock cycle
tb_r cpu_cac_data3 = 0;
tb_r cpu_cac_data2 = 0;
tb_r cpu_cac_datal = 0;
tb_r _cpu_cac_dataO = 0;

tb_r _cpu_cac_addr3 = 32'h00567000 ;
tb_r _cpu_cac_addr2 = 32'h00567000 ;
tb_r _cpu_cac_addrl = 32'h00567000 ;
tb_r _cpu_cac_addrO = 32'h00567000 ;

tb r cpu_cac read3 =1;
tb_r_cpu_cac_write3 = 0;
tb r cpu_cac read2 =1;
tb_r_cpu_cac_write2 = 0;
tb_r _cpu_cac_readl =1,
tb_r_cpu_cac_writel = 0;
tb_r_cpu_cac_read0 =1,
tb_r_cpu_cac_write0 = 0;

@(posedge tb_r_clk);
/I Expecting cache misses
/[ Wait until they are done

while(w_ma_cac_miss3||w_ma_cac_miss2||w_ma_cassl|jw_ma_cac_missO

|lw_data_ready3||w_data_ready?||lw_data_readyd||data_readyO)
@(posedge tb_r_clk);
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I

I

I

I

/ITest 3: Write Hit in Cache 3

status = "Write Hit";
tb_r_cpu_cac_data3 =32'h07070707;
tb_r _cpu_cac_addr3 = 32'h00567004;

tb_r_cpu_cac_read3 =0;
tb_r_cpu_cac_write3 = 1;

@(posedge tb_r_clk);

status = "Write Hit";

tb_r _cpu_cac_data3 =32'h04404404;
tb_r_cpu_cac_addr3 = 32'h00567000;

tb_r_cpu_cac_read3 =0;
tb_r_cpu_cac_write3 =1;

I*@56700
0440_4404
0707_0707
24A6_0004
0004_1080
00C2_3021
0020_0900
0100_0750
3402_000A*/

@(posedge tb_r_clk);

/ITest 4: Read Hit in Cache 3

status = "Read Hit";
tb_r _cpu_cac_data3 = 32'h0;
tb_r _cpu_cac_addr3 = 32'h00567004;

tb_r_cpu_cac_read3 =1,
tb_r_cpu_cac_write3 = 0;

@(posedge tb_r_clk);

status = "Read Hit";

tb_r _cpu_cac_data3 = 32'h0;

tb_r _cpu_cac_addr3 = 32'h00567000;
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tb r cpu_cac _read3 =1;
tb_r_cpu_cac_write3 = 0;

[~~~ ~ ~ ~ ~ ~

/ITest 5: Write Miss with FIFO miss in Cache 3

I

@(posedge tb_r_clk);
status = "Write Miss"; // with dirty = O; after write dirty = 1,

tb_r _cpu_cac_data3 = 32'h00B00177;
tb_r_cpu_cac_addr3 = 32'h0089A000;

tb_r_cpu_cac_read3 =0;
tb_r_cpu_cac_write3 =1;

*@89A00
00B0_0177
1234 ABCD
5678_7654
3456_789A
9876_3210
FAFA_FAFA
BEEF_BEEF
DEAD_DEAD*/

@(posedge tb_r_clk);
while(w_ma_cac_miss3)@(posedge tb_r_clk);

status = "Check";
tb_r_cpu_cac_data3 = 32'h0;
tb_r _cpu_cac_addr3 = 32'h0089A000;

tb_r_cpu_cac_read3 =1,
tb_r_cpu_cac_write3 = 0;

@(posedge tb_r_clk);

status = "Write Miss"; // dirty =1; with FIFO m iss,@56700 data erect to FIFO

tb_r _cpu_cac_data3 = 32'h06070809;

tb_r_cpu_cac_addr3 = 32'h00167000; //same inddifferent tag (@56700)

tb_r_cpu_cac_read3 =0;
tb_r_cpu_cac_write3 = 1;

I*@16700
0607_0809
5201 314B
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I

5201_314C
5201 314D
5201 314E
5201 314F
5201 3140
5201 315A
5201 315B */

@(posedge tb_r_clk);
while(w_ma_cac_miss3)@(posedge tb_r_clk);

status = "Check";
tb_r _cpu_cac_data3 = 32'h0;
tb_r _cpu_cac_addr3 = 32'h00167000;

tb_r_cpu_cac_read3 =1,
tb_r_cpu_cac_write3 = 0;
@(posedge tb_r_clk);

[ITest 6: Write Miss with FIFO hit in Cache 3

I

status = "Write Miss"; //with FIFO hit,@56700 data write back from FIFO
tb_r_cpu_cac_data3 = 32'hF1FA0000;
tb_r _cpu_cac_addr3 = 32'h00567000; // @1670®mwue to FIFO

tb_r cpu_cac_read3 =0;
tb_r_cpu_cac_write3 = 1;

I*@56700
F1FA_0000
0707_0707
24A6_0004
0004_1080
00C2_3021
0020_0900
0100_0750
3402_000A*/

@(posedge tb_r_clk);
while(w_ma_cac_miss3)@(posedge tb_r_clk);

status = "Check";
tb_r _cpu_cac_data3 = 32'h0;
tb_r_cpu_cac_addr3 = 32'h00567000;
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I

tb r cpu_cac read3 =1;
tb_r_cpu_cac_write3 = 0;

/[Test 7: Auto Write Back to SDRAM in Cache 3 withFIFO busy

I

@(posedge tb_r_clk);

status = "FIFO WB to SDRAM"; //(@16700 move fran FIFO to SDRAM)
tb_r _cpu_cac_data3 = 32'h0;

tb_r_cpu_cac_addr3 = 32'h00567004;

tb_r_cpu_cac_read3 =1,
tb_r_cpu_cac_write3 = 0;

@(posedge tb_r_clk);
tb_r cpu_cac_data3 = 32'h0;
tb_r cpu_cac_addr3 = 32'h00567008;

tb r cpu_cac read3 =1;
tb_r_cpu_cac_write3 = 0;

@(posedge tb_r_clk);
tb_r cpu_cac_data3 = 32'h0;
tb_r cpu_cac_addr3 = 32'h0056700C;

tb_r cpu_cac read3 =1;
tb_r_cpu_cac_write3 = 0;

@(posedge tb_r_clk);
tb_r _cpu_cac_data3 = 32'h0;
tb_r _cpu_cac_addr3 = 32'h00567010;

tb_r_cpu_cac_read3 =1,
tb_r_cpu_cac_write3 = 0;

@(posedge tb_r_clk);
tb_r _cpu_cac_data3 = 32'h0;
tb_r _cpu_cac_addr3 = 32'h00567014;

tb_r_cpu_cac_read3 =1,
tb_r_cpu_cac_write3 = 0;

@(posedge tb_r_clk);
tb_r _cpu_cac_data3 = 32'h0;
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tb_r cpu_cac_addr3 = 32'h00567018;

tb_r_cpu_cac_read3 =1,
tb_r_cpu_cac_write3 = 0;

@(posedge tb_r_clk);
tb_r _cpu_cac_data3 = 32'h0;
tb_r_cpu_cac_addr3 =32'h0056701C;

tb_r_cpu_cac_read3 =1,
tb_r_cpu_cac_write3 = 0;

@(posedge tb_r_clk);

I e e ~~

/ITest 8: Read Miss with FIFO miss in Cache 3

I e ~ ~—~

status = "Read Miss"; //data read back from SDRAM,@89A00 move to FIFO

tb_r cpu_cac_data3 = 32'h0;
tb_r_cpu_cac_addr3 = 32'h00E9SAQQO;

tb r cpu_cac_read3 =1;
tb_r_cpu_cac_write3 = 0;

[*@89A00  @E9A00
00BO_0177 39A8_776F
1234 ABCD 5555 5555
5678 7654 7777 7777
3456_789A FFFF_FFFF
9876 3210 1212 3434
FAFA_FAFA 0000 0001
BEEF BEEF BADO ADDS
DEAD _DEAD 2345 5432%

@(posedge tb_r_clk);
while(w_ma_cac_miss3)@(posedge tb_r_clk);

I e e ~~

/ITest 9: Read Miss with FIFO hit in Cache 3

I e e ~~

status = "Read Miss"; //@89A00 move from FIFO to cahe
tb_r_cpu_cac_data3 = 32'h0;
tb_r _cpu_cac_addr3 = 32'h0089A000;

tb_r_cpu_cac_read3 =1,
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I

I

tb_r_cpu_cac_write3 = 0;

@(posedge tb_r_clk);
while(w_ma_cac_miss3)@(posedge tb_r_clk);

/[Test 10: Miss happen and FIFO full

status = "FIFO Full,Write Miss1"; //[FIFO status : *,* **
tb_r _cpu_cac_data3 = 32'h26100AAA;
tb_r_cpu_cac_addr3 = 32'h00261000;

tb_r_cpu_cac_read3 =0;
tb_r_cpu_cac_write3 = 1;

@(posedge tb_r_clk);
while(w_ma_cac_miss3)@(posedge tb_r_clk);
status = "Write Miss2"; /IFIFO after this: 26100,***
tb_r cpu_cac_data3 = 32'h46100BBB;

tb_r cpu_cac_addr3 = 32'h00461000;

tb_r cpu_cac_read3 =0;
tb_r_cpu_cac_write3 = 1;

@(posedge tb_r_clk);
while(w_ma_cac_miss3)@(posedge tb_r_clk);

status = "Write Miss3"; /[FIFO after this: 26100,46100,*,*
tb_r cpu_cac_data3 = 32'h66100CCC;

tb_r cpu_cac_addr3 = 32'h00661000;

tb_r cpu_cac_read3 =0;
tb_r_cpu_cac_write3 = 1;

@(posedge tb_r_clk);

while(w_ma_cac_miss3)@(posedge tb_r_clk);

status = "Write Miss4"; //FIFO after this: 26100,46100,66100,*
tb_r _cpu_cac_data3 = 32'h86100DDD;

tb_r_cpu_cac_addr3 = 32'h00861000;

tb_r_cpu_cac_read3 =0;
tb_r_cpu_cac_write3 = 1;

@(posedge tb_r_clk);
while(w_ma_cac_miss3)@(posedge tb_r_clk);
status = "Write Miss5"; //FIFO after this: 26100,46100,66100,86100
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tb_r cpu_cac_data3 = 32'hA6100EEE;
tb_r_cpu_cac_addr3 = 32'h00A61000;

tb_r_cpu_cac_read3 =0;
tb_r_cpu_cac_write3 = 1;

@(posedge tb_r_clk);

while(w_ma_cac_miss3)@(posedge tb_r_clk); /@B wb to SDRAM
status = "Write Miss6"; //FIFO after this: A6100,46100,66100,86100
tb_r _cpu_cac_data3 = 32'hC6100FFF;

tb_r_cpu_cac_addr3 =32'h00C61000;

tb_r cpu_cac_read3 =0;
tb_r_cpu_cac_write3 = 1;

@(posedge tb_r_clk);
while(w_ma_cac_miss3)@(posedge tb_r_clk);
repeat(5) @(posedge tb_r_clk);
$stop;

end

endmodule
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7.3 Simulation Result

Test 1 and Test 2 overall Timing Diagram

&

I

[

1

& [tb_cac_ma_sdcftb 1_ck 1 A AR AR AR AR A AT AR A A LA AR AR ARAARAAAAR)
& [tb_cac_ma_sdcftb_r rst [} L1
& [tb_cac_ma_sdc/status ReadHit  [(TJSystem Resét Jdata (Cadje3->Cache2->Cache 1->Cachf0) H
P coche 3 {cache_3)
[+ 4 cache_3/b_cache ctrifstatus |READ_... |READ WRITE FACHE JL0AD... [JREAD MEM | EAD|WRITE CACHI
[+) 29 cache_3/ui_cac_mem data | 00000000 | (0000000 —— 00 -hoogooog
& cache_3/ui_cac_mem_ack st — M T 1
3] < cache_3fuo_cac_cpu_data | 07070707 (0000000 Bfa0b0 b
(3} th_r_cpu_cac_addr3 00567004 ({D0000000 !
3 mem_arbiter/ui_ma_cac_miss3 | 5t0 L
& cache 2 {cache_2)
[+« cache_2/b_cache_ctrl/status | READ_... |[READ WRITE FACHE JOREAD 1 ITE_CACHE
[+ 5% cache_2fui_cac_mem_dsta | 00000000 (0000000
P cache_2/i_cac_mem ack  [st0 — I
[+ @ cache_2fuo_cac_cpu_data | 00000000 ((@3000000 I
[+ @ th_r_cpu_cac_addr2 00367000 ({G0000000
% mem_arbiter/ui_ma_cac_miss2 | 5t0 L [
& cache_1 (cache_t)
3] ¥ cache_1/b_cache_ctrl/status | READ_... |[READ WIRTTE [ACHE [OAD MpDE DREAD WEH JREAD WRITE [-ACHE
+) 1% cache_1fui_cac_mem dats | 00000000 |[GGG00GG0 (0—0——0—{{-boao0000
P cache_thi_cac_mem_ack |50 f— I [
[+ <& cache_1fuo_cac_cpu_data | 00000000 (53000000
[# < th_r_cpu_cac_addr1 00567000 ({D0000000
& mem_arbiter/ui_ma_cac_miss1 | 5t L |
& e (cache_0) :L
3]  cache_0fh_cache_cirlfstatus | READ_... |READ WRITE [ACHE JLOAD MODE JREAD Wit JRE|
+] 4 cache_Ofui_cac_mem_data | 00000000 |{p0000000 00— 0—0—0+g
P cache_Dji_cac_mem_ack | St0 — M ri
[+ < cache_Ofuo_cac_cpu_data 00000000 |{D0000000
(3 th_r_cpu_cac_addrd 00567000 ({D0000000
2 mem _arbiterjui_ma_cac_missD | 5t ! [ | [

Test 1: System Reset

Signal Initialization and System Reset

’ ftb_cac_ma_sdcftb_r_dk
v) ftb_cac_ma_sdcfth_r_rst

Y] v) ftb_cac_ma_sdc/status
=) 4 cache_3

i
HEe R

i
e FE

i
= =

=+ ’ cache_3b_cache_ctrl/status
=+ ;’ cache_3/ui_cac_mem_data
:’ cache_3/ui_cac_mem_ack

& cache_3/uo_cac_cpu_data
’ th_r_cpu_cac_addr3

;’ mem_arbiter fui_ma_cac_miss3
cache_2

~ cache_2/b_cache_ctrl/status
;, cache_2/ui_cac_mem_data
:’ cache_2/ui_cac_mem_ack

& cache_2/uo_cac_cpu_data
& th_r_cpu_cac_addr2

;, mem_arbiterfui_ma_cac_miss2
cache_1

P cache_1/b_cache_ctrlfstatus
;’ cache_1ui_cac_mem_data
;, cache_1jui_cac_mem_ack

¢ cache_1fuo_cac_cpu_data
~ th_r_cpu_cac_addr1

;’ mem_arbiterfui_ma_cac_miss1
cache_0

v) cache_0,/b_cache_ctrl/status
4 cache_jui_cac_mem_data
;’ cache_0jui_cac_mem_ack

v¢ cache_0juo_cac_cpu_data
v) th_r_cpu_cac_addr0

:’ mem_arbiter fui_ma_cac_miss0

[+

=

1
1]
Read Hit

READ_..
00000000
5t
07070707
00567004
st

READ_..
00000000
5t
00000000
00567000
St

READ_..
00000000
S0
00000000
00567000
st

READ_..
00000000
st
00000000
00567000
sto

N S R .

L]

[Signals initidization

ystem Rese

(cache_3)

IREAD WRITE CACHE

00000000

0000000

100000000

(cache_2 )

[READ WRITE CACHE

00000000

{D0000000

(00000000

(cache_1))

READ WRITE CACHE

(00000000

{D0000000

D0000000

(cache_0 )|

READ WRITE CACHE

D0000000

00000000

{D0000000
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Test 2: Testing Cache priority and reading in défe burst length
Priority is given to cache_3 to run first accordtnghe priority arrangement in Memory Arbiter. HE8DRAM configuration is burst

length = 8.
 Jtb_cac_ma_sdc/tb_r_ck e e e e e e Yy Y oy I
’ fth_cac_ma_sdc/fth_r_rst
1;’ ftb_cac_ma_sdc/status Systerp Reset ata (Cachg3-=Cache2->Cache 1->Cached)
= ’ cache_3 (cache_3)
4] ¥ cache_3/b_cache_cirlfstatus || READ [WRITE CACHH \LOAD[ MODE . JREAD MEM JEMAD WRITE CACHE
4] 49 cache_3/ui_cac_mem_data 00000pa0 Bf.. J27... J24... Jo0... foo[.. §p0...J01... {34... ——D0OD0000D
;_* cache_3/ui_cac_mem_ack ] | |
+ * cache_3juo_cac_cpu_data 00000000 J&k4000
4] 4 th_r_cpu_cac_addr3 00000p00 JD05E 7000 ﬁ
;_* mem_arbiter fjui_ma_cac_miss3 | |
= @ cache_2 (cache_2) / A
4] ¥ cache_2/b_cache_cirlfstatus || READ [WRITE CACHEH JLOAD| MODE / / / I
4] 49 cache_2/ui_cac_mem_data 00000p00 / / —
;’ cache_2/ui_cac_mem_ack / / / [
4] 4 cache_2fuo_cac_cpu_data 00000p00 / ,/I / /,’\
< th_r_cpu_cac_addr2 00000p00 d0567000 7 7 ]
;’ mem_arbiter fui_ma_cac_miss2 [ f /
= ’ cache_1 (cache_1) / / /
+] < cache_1/b_cache_ctrl/status || READ [WRITE CACHR \LOAD| MODE 7/ i ]
4] 49 cache_1ui_cac_mem_data 00000p00 / / /
;’ cache_1ui_cac_mem_ack / / / /
4] 4 cache_1juo_cac_cpu_data 00000p00 / / / /
< th_r_cpu_cac_addr1 00000p00 Yoose7000 |/ 7 / ]
;’ mem_arbiter fui_ma_cac_miss1 [ f ’
= ’ cache_0 (cache_0) / / /
#] 4 cache_0yb_cache_ctr/status || READ [WRITE CACHE JLOAD| MODE 7 / ]
+ ;’ cache_0jui_cac_mem_data 00000000 / - f
;’ cache_0jui_cac_mem_ack / / / /
+ ¢ cache_0juo_cac_cpu_data 00000000 / / / ,i
4] 4 th_r_cpu_cac_addrd 00000000 100561;600 / / ]

;’ mem_arbiter fui_ma_cac_missd [ /

Load mode to configure
SDRAM, acknowledge signal
= 1when load mode finish

Performing read burst] | \jiss signal de-assertefl | Cache_2 repeat the
length = 8, continue fof after finish read process by performing
8 clock cvcle load mode to SDRAI
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Then, priority is given to cache_2 to run. SDRAMfiguration is burst length = 4.

* ftb_cac_ma_sdc/tb_r_dk ML L e e 5 e I I D
* Jth_cac_ma_sdcftb_r_rst
& P [th_cac_ma_sdc/status data (Cathe3->Cache2-FCache 1->Cached)
= * cache_3 (cache_3)
+] « cache_3/b_cache_ctrljstatus | READ WRITE CACHE
| :’ cache_3/ui_cac_mem_data DDDDDDD@I
= cache_3jui_cac_mem_ack
| ¢ cache_3fuo_cac_cpu_data Bfa4000d
+]  th_r_cpu_cac_addr3 0056700
:’ mem_arbiter fui_ma_cac_miss3
= @ cache_2 (cache_2) )J
+] 4 cache_2/b_cache_ctrl/status || LOAD MGDE E...JREAD MEM JREAD[WRITE CACHE
+l 3 cache_2fui_cac_mem_data | D0D0000 h {Bfl. [27...424...00...} 0...)00... f01l.. 34... \—{00000000
=¥ cache_2jui_cac_mem_ack 1 [ | |
+] % cache_2juo_cac_cpu_data 0000000
| th_r_cpu_cac_addr2 m 7y
: mem_arbiter fui_ma_cac_miss2 f :
= * cache_1 (cache_1)
+] 4 cache_1/b_cache_ctrl/status | [OAD MQIDE / JRE[..JREAD MEM
=+l 29 cache_1jui_cac_mem_data DDDDDDDF i }
;’ cache_1/ui_cac_mem_adk | / [
=]« cache_1fuo_cac_cpu_data 000000 !m [
+ f th_r_cpu_cac_addrl 005570 / / :
:’ mem_arbiter fui_ma_cac_miss1 i f 4
= @ cache_D (cachJ_El ) / /
[+ Q cache_0/b_cache_ctrljstatus | LOAD lMQDE / ,/
] ;’ cache_0/ui_cac_mem_data 00000h0 ]
:’ cache_0/ui_cac_mem_ack ] / /
+ ¢ cache_0fuo_cac_cpu_data 0000g00 | /
| Q th_r_cpu_cac_addrD DDSGII"DD_q] / /’

;’ mem_arbiter fui_ma_cac_miss0 / |

Performing Load Mode

Cache_1 repeat the
process by performing
load mode to SDRAI

Performing read burst, length = 4
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Then, priority is given to cache_1 to run. SDRAMfiguration is burst length = 2.

’ Jtb_cac_ma_sdcftb_r_dk

’ ftb_cac_ma_sdcftb_r_rst
4 @ (th_cac_ma_sdc/status
= 4 cache_3
* cache_3/b_cache_ctrl/status
;’ cache_3ui_cac_mem_data
& cache_3fui_cac_mem_ack
& cache_3fuo_cac_cpu_data
* th_r_cpu_cac_addr3
;’ mem_arbiter fui_ma_cac_miss3
cache_2
 cache_2/b_cache_ctrl/status
;’ cache_2/ui_cac_mem_data
;’ cache_2{ui_cac_mem_ack
« cache_2fuo_cac_cpu_data
& th_r_cpu_cac_addr2
;’ mem_arbiter ui_ma_cac_miss2
cache_1
« cache_1/b_cache_ctrl/status
& cache_1jui_cac_mem_data
;’ cache_1ui_cac_mem_ack
¢ cache_1fuo_cac_cpu_data
« th_r_cpu_cac_addr1
:’ mem_arbiter/ui_ma_cac_miss1
cache_0
’ cache_0/b_cache_ctrl/status
+9 cache_0/fui_cac_mem_data
;’ cache_0jui_cac_mem_ack
+ ¢ cache_0juo_cac_cpu_data
’ th_r_cpu_cac_addrD
:’ mem_arbiterfui_ma_cac_miss0

(e CA R

0
REIR 2

[E3RE

o
& =4

e EE

I*

L L L]

data (Jache3->Cache

(cache_3)

READ WRITE CACHE

00000000

8fa40000

00567000

(cache_2)

READ !\“J'RI'I'E CACHE

DDDDU%DD

T
00000400

00557000

{cache_1)

LOAD MODE IRE]

00000000

1

18

00000000

00557000

{cache_0)

LOAD IF"IODE

DUDDD%DD

DDDDUq‘DD

0055 ?C?DD
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Performing read burst, length = 2




Then, priority is given to cache_0 to run. SDRAMfiguration is burst length = 2. The configuratsame as previous thus SDRAM
no need to load mode again.

v) ftb_cac_ma_sdc/tb_r_dk
 ftb_cac_ma_sde/tb_r _rst
+) « (th_cac_ma_sdc/status dfta (Cache3->Chche2-»Cache{-=Cache0) Wit Fit _Read AT
=) 4 cache_3 {cache_3)
+] « cache_3/b_cache_ctrlfstatus |READ WRITE CACHE

| _’ cache_3/ui_cac_mem_data Q0000000
;’ cache_3ui_cac_mem_ack

I e Y e e Y Y I I B I B

+] 4 cache_3fuo_cac_cpu_data &FE40000 jnooodoon fo7... o4
| * th_r_cpu_cac_addr3 00se7000 100, J00... Jo0... oo
:’ mem_arbiter jui_ma_cac_miss3
=) & cache_2 {cache_2)

1;‘ cache_2/b_cache_ctrlfstatus  |RHAD WRITE CAICHE
+| o9 cache_2/ui_cac_mem_data | D0D00000

:’ cache _2ui_cac_mem_ack
+) % cache_2fue_cac_cpu_data n000000a

= ’ th_r_cpu_cac_addr2 Q0567000
;’ mem_arbiter fui_ma_cac_miss2
= v’ cache_1 {cache_1)
1;‘ cache_1b_cache_ctrlfstatus EAD WRITE [CACHE

+] o9 cache_1jui_cac_mem_data  |__|——{D000000P
& cache_1/ui_cac_mem_ack ]
+ ¢ cache_1fuo_cac_cpu_data 0000000

+| 4 th_r_cpu_cac_addr1 ‘DO5&7000

;’ mem_arbiter fui_ma_cac_miss _|

= v) cache_0 (Icache_D )

+) 4 cache_0/b_cache_ctrlfstatus | | [JAD MGDE JRH. . JREAD| MEM JREAD WRIJE CACHE
1,:’ cache_0jui_cac_mem_data 00000000 ¥ f.. 127... {24... J00...} oa... joo... } {01... {34].. —f-{Dooodooo

& cache_0/ui_cac_mem_ack 1
= ¢ cache_0juo_cac_cpu_data | |00000000 7\
=+ 4 th_r_cpu_cac_addr0 [i ’IEG?DDU Elﬂ /“

:’ mem_arbiter fui_ma_cac_missi |

Ack signal did not asserted Performing read burst, length = 2

mean configuration is same
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Test 3: Write Hit in Cache 3 and continuous Wriieathd

Test 4: Read Hit in Cache 3 and continuous Read Hit

& /tb_cac_ma_sdc/tb_r_dk | | |
@ /tb_cac_ma_sdc/tb_r_rst
+ 4 /tb_cac_ma_sdc/status Nrite Hit ead Hit
= 4 cache_3 (cache_3)
+) 4 cache_3/b_cache_ctrlfstatus || READ WRITE CJACHE
:_* cache_3fui_cac_mem_ack

+ :_* cache_3fui_cac_mem_data 000p0000
:’ cache_3/ui_cac_cpu_read T

:’ cache_3fui_cac_cpu_write

+) 24 cache_3/fui_cac_cpu_addr 0567004 ]00567000 [00557004 J00567000
+) 24 cache_3fui_cac_cpu_data 7070707 |04404404 J00000000

+) 4 cache_3fuo_cac_cpu_data 0000000 (07070707 J04404404
+) 4 cache_3fuo_cac_mem_data 000Pa000

vb cache_3fuo_cac_mem_read
wé cache_3fuo_cac_mem_write
;_* mem_arbiter fui_ma_cac_miss3
+ « b_fifo_ctrl/status IDLH
-¢ b_fifo/bo_fifo_hit
v¢ cache_3fuo_cac_mem_data_ready
3 v) mem_arbiter fstatus DLE

Data had been written into cache in previous ®siis write hit occur here with same tag and in@ata were
written into cache continuously (data become didggause not updated to SDRAM) and then for nextchaok
cycle data were read out to uo_cac_cpu_data.
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Test 5: Write Miss with FIFO misses in Cache 3

v} Jtb_cac_ma_sdcftb_r_dk
’ fth_cac_ma_sdcfth r_rst
+ @ Jth_cac_ma_sdc/status
= 4 cache_3
+ ’ cache_3/b_cache_ctrlfstatus
& cache_3/ui_cac_mem_ack
+ __* cache_3jui_cac_mem_data
;_* cache_3jui_cac_cpu_read
;_* cache_3jui_cac_cpu_write
+ __* cache_3jui_cac_cpu_addr
+ _’ cache_3jui_cac_cpu_data
+ w¢ cache_3juo_cac_cpu_data
+ ¢ cache_3juo_cac_mem_data
'¢ cache_3/uo_cac_mem_read
w& cache_3/uo_cac_mem_write
;_* mem_arbiterfui_ma_cac_miss 3
+! « b_fifo_ctrl/status
-¢ b_fifo/bo_fifo_hit

‘¢ cache_3juo_cac_mem_data_read
[+ <y mem_arbiter [status

Lo e e e e e e e e e Ly
TWrite Miss ICH. .. Write Miss
{cache_3)
READ... JLOAD| fIODE E.[JREAD MEM EACIWROE ... JLO...
[ [
00000000 tab... 12... {56... }34... 28|, Jfaf. .. Jbe... opodanad
1 7
— /
jo0a9a000 / 00167000
Joobo0177 / ﬂ 00|, 105070809
joooo00o0 / | 0], 0000000
00000000 / : 1
| - sim:/th’/tac_ma sdc/
00b00LYI
/
7 L
_ 7 L/ | ]
IDLE // //
= / /
IDLE _ JCH...JLOAD MODE CACHE/3 / \IDLE JCH....

Write miss occur and FIFO_hit is
de-asserted because trying to write
into cache location that valid=0.

Read data from SDRAM to cac

Then write data into cac

Read back that location for checking
writing is successful or n
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& ftb_cac_ma_sdc/tb_r_dk L e e e e e e | L L LT
« /tb_cac_ma_sdcith_r_rst
+ -) ftb_cac_ma_sdc/status TWrite Miss Ch.. Jlwrite Mid
= 4 cache_3 (cache_3)
1,* cache_3fb_cache_ctrlfstatus || READ...JLO...JRE...JBL... [[RERD MEM Eaf WRITE ... JFI
:’ cache_3fui_cac_mem_ack AN |
+] 5% cache_3jLi_cac_mem_data | |DO0C0000 | ‘ {52...152.. {52...152... 52... {57.. J52].. {52, . 000p000
% cache_3jui_cac_cpu_read ] \ — |
;_’ cache_3fui_cac_cpu_write | I\ /‘ |
+) 28 cache_3jui_cac_cpu_addr 100167000 ll 0056700
+ =4 cache_3jui_cac_cpu_data 06070809 ll / Wi | 0...JiF1fa0000
+] « cache_3juo_cac_cpu_data 100000000 |I / 5. )0000000
= wb cache_3fuo_cac_mem_data 00000000 lI / zim:/th
v¢ cache_3fuo_cac_mem_read L \ / | 06070209
vb cache_3fuo_cac_mem_write
& mem_arbiter/ui_ma_cac_miss3| | _| l\ / I_’L_I—
=« b_fifo_ctrlfstatus IDLE [ / / JLOAD M... JiD)
& b_fifojbo_fifo_hit \ / / |
¢ cache_3/juc_cac_mem_data_read 4 \ / / |
[+ «p mem_arbiter status / TOLE__JCH... JCACHE 3 | // //I DLE JCH...{CA
Write miss occur and. FIFO_hl.t Is de Read data from SDRAM 1o Then write data into cache. Dirty :
asserted because trying to write intg /
. . cache.
cache location that tag is different.

I Read back that location for checking
Since cache location that need to b writing is successful or n«

written is dirty the block is evict and
copy to FIFO.

U

FIFO entries: @56700, *, *, *
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Test 6: Write Miss with FIFO hitin Cache 3

v) Jib_cac_ma_sdcfth_r_dk | | i | L L
v) ftb_cac_ma_sdcftb_r_rst |
+ v) ftb_cac_ma_sdc/status Write Miss li Chedk
= v) cache_3 (cache_3
] * cache_3/b_cache_ctrl/status READ ... IFD WEB LOCK E...BUFFER... [READ WRIFE CACHE
;_) cache_3jui_cac_mem_ack
+) =4 cache_3jui_cac_mem_data ‘00000000 0000000
:_’ cache_3jui_cac_cpu_read N
:_’ cache_3jui_cac_cpu_write \\
+] @ cache_3jui_cac_cpu_addr 00567000 \
) 49 cache_3jui_cac_cpu_data f1fa0000 y 0000000
) & cache_3juo_cac_cpu_data 00000000 \ F1fa0000
+) « cache_3/uo_cac_mem_data | D00O000D \ Read back that cache location for
¥ cache_3juo_cac_mem_read A\ checking writing is successful or r
¢ cache_3juo_cac_mem_write \
:, mem_arhiter fui_ma_cac_miss3 \\
) ’ b_fifo_ctrlfstatus LOAD M...JIDLE OAD MOD
& b_fifo/bo_fifo_hit \
v¢ cache_3fuo_cac_mem_data_ready / \\
hiiv) mem_arbiter fstatus CHECK ... JCACHE 3 \\ DLE
Write miss occur and FIFO _hit is Since it is FIFO hit, data written back from FIF®@dache. The
asserted because trying to write into location in cache to be written is dirty thus mehat data block
cache location that tag is different. from cache to FIFO.

FIFO entries: @16700, *, *, "
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Test 7: Auto Write Back to SDRAM in Cache 3 withHEl busy

& [th_cac_ma_sdc/tb_r_ck SN U U U S S I N U [ U N B
Q Jtb_cac_ma_sdcftb_r_rst
+  [th_cac_ma_sdc/status V... [Chedk TFO WE to|SDRAM £ad Miss
=} @ cache_3 {cache_3) N
+ \> cache_3/b_cache_cirlfstatus | REAC] WRITE CAEHE \\ IFQ BUSY
+§ cache_3/ui_cac_mem_ack
4« cache_3/ui_cac_mem_data ——{D0000000 7‘
;'> cache_3/ui_cac_cpu_read 1 / \
+ cache_3/ui_cac_cpu_write ] — y
Ed} :,> cache_3fui_cac_cpu_addr 0055 F000 0567004 00567003 |0056700c JO0567010 JO0S67014 00557018 0519?0 ic h‘lﬂ?"-hﬂﬂﬂ \\
# 59 cache_3/ui_cac_cpu_data f1... 100000004 / | A\
E3} \\, cache_3fuo_cac_cpu_data 00... [f1fa0000 J070707 (24260004 00041080 J00c23021 1000750 ;?%ﬁmnnnnnn \‘
] \\' cache_3fuo_cac_mem_data 000oQoog 6070809 52013140 ]5201314c [5201314d |5201314e [5201314f [52013140 [5201315a (00000000
\\' cache_3fuo_cac_mem_read ' /
\\' cache_3fuo_cac_mem_write / \
;} mem_arbiter jui_ma_cac_miss3 y \
=« b_fifo_ctrl/status TDLE LOAD MODI NATT RITE MEN 1 7 X EMOVE. ..
<& b_fifa/bo_fifo_hit / \
\\' cache_3fuo_cac_mem_data_ready | | / \
h:m} mem_arbiter status C... IDLE CHECK. ... JCACHE 3 \

A series of read hit operation is given and now
SDRAM is free. FIFO is written back to SDRAM
while read operation is in progress.

During writing into SDRAM, read mis$
occur, thus pipeline was stalled until
data block is finish written into

FIFO wait for SDRAM to prepare
receive data, then when ack signal is
asserted data were written back to
SDRAM.
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Test 8: Read Miss with FIFO misses in Cache 3

& [tb_cac_ma_sdcjth_r_ck N I e A Y I B I
v‘ ftb_cac_ma_sdcftb_r_rst
+ ~ (tb_cac_ma_sdc/status Refad Miss FIFO mss ead Miss FIFQ) hit
=) 4 cache_3 (cache_3)
) 4 cache_3/b_cache_cirijstatus  |FIFO BUSY JLOAD M...JRE...JBL... JRERD MEM EADfW.. JFL... JBL].. JBU.. JREAD
;, cache_3ui_cac_mem_ack T ] [
|+ cache_3jui_cac_mem_data {D0000000 {39... Jo8l. J77.. Jfff..J12.. oo, Jpal..J23... 0000000}
;, cache_3ui_cac_cpu_read
;, cache_3ui_cac_cpu_write 7]
= ;, cache_3ui_cac_cpu_addr 00E9a000 / 0392000
| 4§ cache_3jui_cac_cpu_data 00p000a0 /
= v¢ cache_3fuo_cac_cpu_data 00p00000 // 39... J00000000 J00...
)« cache_3/uo_cac_mem_data 52...)52... j00p00000 //
v¢ cache_3fuo_cac_mem_read |
& cache_3juo_cac_mem_write |7 | /
;_’ mem_arbiter fui_ma_cac_miss3 // /I [ [
!« b_fifo_ctrl/status WHRITE ME... JRE[.. JIDLE / / .. )IOLE
& b_fifobo_fifo_hit / ]
4 cache_3juo_cac_mem_data_ready | / / |
(&) g mem_arbiter fstatus CHcHE 3 JIDLE JCH...JCACHE 3 7 7 DLE JCH. . JCAICHE 3

_ / Read miss and FIFO miss (fifo_hit de-
After wait for data written | | aqserted) happen since tag is different; data Data is then read
finish into SDRAM, read need read back from SDRAM to cache and
instruction was resum out to CPU
struction was resume. @89A00 move to FIFO (Test 5 had made

dirty to 1).

FIFO entries: @89A00, *, *, *
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Test 9: Read Miss with FIFO hit in Cache 3

:E-CEC-ME-SSCJ{EJ-dkt L L | L p—t—t—t— L Data in respective location
+ w‘ fﬁ::cac:ma:sdcfsta_b:s Read Miss FIFO migs ead Mizs F[FO hit @89A00 @ E9AQQ
= * cache_3 (cache_3) 00 BO_0177 39A8_776F
&« cache_3/b_cache_ctrlfstatus | READ|MEM EAD WHITE CACHE JFIFO WE JBUFFER J.JREAD WWRIY 1234 ABCD 5555 5555
=¥ cache_3jui_cac_mem_ack - -
1,:, cache_3fui_cac_mem_data 00... |bad0addd [23455432 0000000 5678—7654 7777—7777
= cache_3jui_cac_cpu_read 3456_789A FFFF_FFFF
B e iocanie | — 9876_3210  1212_3434
[+ 29 cache_3jui_cac_cpu_addr =05 al
5 4 cache_3i_cac_cpu_data 00555 FAFA FAFA 0000 _0001
) <& cache_3/uo_cac_cpu_data D0000p0D 028776 |00000000 0600177 BEEF_BEEF BADO_ADDS8
1,-& cache_3fuo_cac_mem_data 00000p00 DEAD DEAD 2345 543
v¢ cache_3fuo_cac_mem_read - -
¢ cache_3fuo_cac_mem_write
:’ mem_arbiter fui_ma_cac_miss3
+) 4 b_fifo_ctrl/status IDLE OAD M... JIDLE
*; b_fifo/bo_fifo_hit
w¢ cache_3juo_cac_mem_data_ready
) g mem_arbiter [status LE—7 oo JCA .
Ch = A - A2 Data is then read out to CPU
Read miss because tag is different Since previous instruction is
and fifo_hit asserted, data written read only so dirty is 0.
back from FIFO to SDRAM @E9AO00 did not move to
FIFO

4 FIFO entries: *, *, *, *
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Test 10: Miss happen and FIFO full

g th_r_dk AU AU A AUy agrnmny
th_r_rst
& @ ftb_cac_ma_sdc/status|{FHIFQ Full, Write Miss1 Yvrite Miss2 Twurite Misd3 Twrite Miss4 TWrite Miss5 Turite Miss6
= v) cache_3 cache_3)
+) < b_cache_ctrljsta... | TIJREAD MEM COREAD MEM O READ MEM 0 READ MEM ] JREAD MEM T WRITE MEN JRED MEM R...
;} ui_cac_mem_ack 1] 1 [ | 1
) 5 ui_cac_mem_data T ——————00000— 0 ooon—0 ooon—0 on—C0 Coooo—{ - O—{
;} ui_cac_cpu_read || \
& ui_cac_cpu_write || \
+) 29 ui_cac_cpu_addr  |[0261000 {Do4e 1000 | N T} \Dozg1000 J04/1000 jooks 1000
+) 29 ui_cac_cpu_data |(E100asa 46100066 {66 100cce {86 100ddd Ja61jpece a7 (i !
+) % uo_cac_cpu_data  |(000000 \
+) <& uo_cac_mem_data | 0j000000 {Ze100... 11— }oondoooa
& uo_cac_mem_read |_| | [ [ [ | \ L |
\\' uo_cac_mem_write [ \
:_> ui_ma_cac_miss3 [ | [ L L LI LI IA\ \ L |
%« b_fifo_ctrl/status IPLE §it iDLE TS} T . fWRITE MiEM 2 fiote [
<& b_fifo/bo_fifo_hit \
[ 4 mem_arbiter/status | ([ JCACHE 3 [ JjchcHE 3 [jcAcHE] 3 [chaie 3 {0gACHE = {1 JcACHE 3 \\ \\ R

FIFO entries:@26100,*,**

FIFO full thus FIFO write data back to
SDRAM first to free up a space, and
FIFO entries: @26100, @46100,*,* then continue it write miss progess.

\

FIFO entries: @26100, @46100, @66100,*| | FIFO entries: @A6100, @46100, @66100, @8610

FIFO entries: @26100, @46100, @66100, @86100

BIT (Hons) Computer Engineering
Faculty of Information and Communication Technolg¢Bgrak Campus), UTAR Page 94



Chapter 8 Conclusion

8.1 Conclusion

Cache unit had successfully redesigned with wratekbscheme and write buffer
(FIFO) from previous work. With this cache unit,talano longer always need to
written back to SDRAM since SDRAM accessing takdigto 50 cycles

Now with the new cache unit dirty data able to tentback to SDRAM if
SDRAM is free while CPU is can do other procesrbter to suit in this new ability,
a little modification on memory arbiter was madeileststill keeping the same good

feature and functionality of memory arbiter modelly Chin Chun Lek.

At the end, all the objective of this project ishewed. The cache unit is
developed in RTL (Register Transfer Level) form amddeled in synthesizable
Verilog. A series of test cases and scenarios leas lcarried to verified memory
system functionality. All the expected results an¢ained.

8.2 Discussion and Future Work
With the newly designed cache unit, data no loragerays need to written back to

SDRAM. In worst case scenario if a miss happenheateed to access SDRAM
twice by writing the dirty data into SDRAM and readother data from SDRAM.
With write-back write buffer (FIFO) it can reduce only read data from SDRAM
since dirty data was written into FIFO. Also, iftddound in write buffer (FIFO) data
can always write back from write buffer (FIFO) askip the writing from SDRAM.
Now with the new cache unit dirty data in FIFO atbewritten back to SDRAM if
SDRAM is free while CPU is can do other procesastit increase the efficiency use
of clock cycle.

Some modifications need to be done in the futurekwOne is in SDRAM,
the acknowledgement signal had two functions ingigeal, it indicates load mode is
done and data was ready. It is better in to spliwio signals to prevent confusion.
Next is implementation of Load Mode Instruction@®U since now did not have a
method to change the configuration mode of SDRAMIisTheed look into pipeline

and cache unit and modified both of them.
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Appendices

System Specification

Appendix A

Chip level design: RISC32 processor

A.1 Feature

Basic RISC32 Full RISC32
Dummy Instruction Cache (KB)| 16 16
Dummy Data Cache (KB) 16 16
Data width (bits) 32 32
Instruction width (bits) 32 32
General Purpose Register 32 32
Special Purpose Register HILO, PC HILO, PC
Pipelined Stage 5 5
Hazard Handling No Yes
Interlock Handling No Yes
Data Dependency Forwarding No Yes

Branch Prediction

Fixed — always
invalid

Dynamic — 2bits
scheme

Multiplication (size of multiplier| yes — 32bits yes — 32 bhits
and multiplicand)
Branch Delay Slot Not supported Not supported
Instruction supported 38 38
Table A-1 RISC32 features
A.2 Naming Convention
Module — [Ivl]_[mod. name]
Instantiation — [Ivl]_[abbr. mod. name]
Pin — [Ivl] [Type] _[abbr. mod. name] _ [pin hame]

— [Ivl]_[abbr. mod. name]_[Type]_[stage]_[pin name
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Abbreviation:

Description | Case Available Remark
vl level lower c: Chip
u : Unit
b : Block
thb: Test
Bench
mod. name | Module lower all any
Name
abbr. mod. | Abbreviated| lower all any maximum 3 characters
name module
name
Type Pin type lower 0 : output
i : input
r: register
W wire
f- :function
stage Stage name  lower all if, id, ex,
mem, wb
pin name Pin name lower all any Several word sépdna

Table A-2 Naming Convention
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A.3 Basic RISC32 processor

A.3.1 Processor Interface

—c_r32_i_clk

c_risc32_basic

0—c_r32 i reset

Figure A.3 Block diagram for RISC32-basic processor

A.3.2 1/0 Pin Description

Pin Name: Source~> Destination: Registered:
c_r32_ i reset External Source> RISC32 processor No

Pin Function:

System reset for the RISC32 microprocessor. §mglsronous to the system clock.
Pin Name: Source~> Destination: Registered:

c r32 i clk External Source> RISC32 processor No

Pin Function:

System clock for the RISC32 microprocessor.

Table A-3 Basic RISC32 Input Pins Description
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A.4 System Register

A.4.1 General Purpose Register

Width

Size

: 32-bits

: 32 units

Retrieving method : 5-bits address as index

Name Address | Use Preserved Across A
Call?
$zero 0 Constant Value 0 N.A.
$at 1 Assembler Temporary No
Value for Function Results
$v0 - $vl 2-3 and Expression Evaluation No
$a0 - $a3 4-7 Arguments No
$t0 - $t7 8—15 Temporaries No
$s0 - $s7 16 - 23 Saved temporaries Yes
$t8 - $t9 24 — 25 | Temporaries No
$kO - $k1 26 -27 Reserved for OS kernel No
$gp 28 Global Pointer Yes
$sp 29 Stack Pointer Yes
$fp 30 Frame Pointer Yes
$ra 31 Return Address Yes

Table A-4-1 Register file

A.4.2 Special Purpose Register

Width
Size

: 32-bits

1 2-units

Retrieving method : access using MFHI, MTHI, MFU@TLO, MULT and

MULTU instructions

_ location in double
Name definition [64:0]
Most Significant )
HI Word Double [63:32]
Least Significant )
LO Word Double [31:0]

Table A-4-2 HILO Register

A.4.3 Program Counter Register

Width
Size

: 32-bits
: 1 unit

Retrieving method : Control by instruction addrgeserator control
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A.5 Instruction Format

R-type (Register)

Op [31:26] | Rs[25:21]| Rt[20:16]] Rd[15:11] Sharh@[6] | Funct [5:0]

I-type (Immediate)

Op [31:26] | Rs[25:21]| Rt[20:16]] Immediate [15:0]

J-type (Jump)

Op [31:26] | Target [25:0]

Table A-5 Instruction Type

Abbreviation:
Definition width
op Operation code (instruction) 6
rs Source register 5
rt Target(source/destination) or branch 5

immediate Immediate, branch displacement or address displeicem 16

target Jump target address 26
rd Destination register 5
shamt Shift amount 5
funct Function field 6
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A.6 Addressing Mode

1 Immediate Addressing

‘ op ‘ rs ‘ rt ‘ Immediate ‘

2 Register Addressing

‘op‘rs‘rt‘rc

‘ ‘fund ‘ Registers

3 Base Addressing

Register

IENCEEN

Address ‘

Halfworc

Word

‘ Register

4 PC-relative Addressing

[ ol o [ ]

Address ‘

Word

‘ PC

5 Pseudodirect Addressing

‘ op ‘ Address

Word

‘ PC

il

Figure A-6

1. Immediate Addressingvhere operand is constant within the instructiself

RISC32 Addressing Mode.

2. Register Addressingvhere operand is a register

3. Based Displacement Addressimghere operand is at the memory location whose

address is the sum of a register and a constaheimstruction

4. PC-relative Addressingvhere branch address s the sum of the PC andstacd

in the instruction

5. Pseudodirect Addressingvhere the jump address is the 26-bits of theuntbn

concatenated with the upper bits
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A.7 Instruction Set and Description

Instruction | Format | Addr. Mode| Machine Language Register Transfer Notation Assembly Overflow
/ OpCod | Rs | Rt | Rd| Shamt Fungc Format
Assembly e
nop R Register 0x00 of O o O 0x00 NOP sll $zerorchzeno

0
sli R Register 0x00 0| $rf $rdn 0x01| R[rd] =R[rs] <<n sll $rd, $rt, n no
sl R Register 0x00 0| $rt $ndn 0x03| R[rd] =R[rs] >>n srl $rd, $rt, n no
sra R Register 0x00 0| St $ran 0x04| R[rd] =R[rs] >>>n sra $rd, $rt, n no
jr R Register 0x00 $rs 0O 0] O 0x0 PC = R][rs] jr $rs no

A
jalr R Register 0x00 $rs 0 o] O 0x0 PC = R][rs] jalr $rs no
B R[31] = PC + 4

mfhi R Register 0x00 0] 0| $dO 0x10| R[rd] = HI mfhi $rd no
mthi R Register 0x00 $rs 0 of O 0x11 HI=R[rs] nihs no
mflo R Register 0x00 0| O $rd0 0x12| R[rd] =LO mflo $rd no
mtlo R Register 0x00 $rs 0 o O 0x13 LO =R]rs] ngts no
mult R Register 0x00 $rs St 0 O 0x24 HILO = Rfr4}[rt] mult $rs, $rt no
multu R Register 0x00 $rs $t 0] O 0x24 HILO = U@]r* U(R[rt]) multu $rs, $rt no
add R Register 0x00 $rs St $rd 0x20| R[rd] = R[rs] + R]rt] add $rd, $rs, $rt  yes
addu R Register 0x00 $rs St $ro 0x21| R[rd] = U(R[rs]) + U(R]rt]) addu $rd, $rs, | no

$rt
sub R Register 0x00 $rs St Hr@ 0x22| R[rd] = R[rs] - R][rt] sub $rd, $rs, $1t  yes
subu R Register 0x00 $rs St Frd 0x23| R[rd] = U(R]rs]) - U(R]rt]) subu $rd, $rs, | no

$rt
and R Register 0x00 $rs St $rd 0x24 | R[rd] = R[rs] & R[rt] and $rd, $rs, $1it  no
or R Register 0x00 $r5 Bt $rd 0x25| R[rd] = R[rs] | R[rt] or $rd, $rs, $rt| no
Xor R Register 0x00 $rs St $rd 0x26| R[rd] = R[rs] * R]rt] xor $rd, $rs, $rt  no
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nor R Register 0x00 $rs St $rd 0x27| R[rd] = ~(R[rs] | R[rt]) nor $rd, $rs, $it on
slt R Register 0x00 $r5 Bt Srd 0x2 | R[rd]=(R[rs]<R[rt]) ?1:0 | slt$rd, $rs, $rt| on
A
sltu R Register 0x00 $r5 St Hrd 0x2 | R[rd] = (U(R]rs]) < U(R][rt])) ? | sltu $rd, $rs, $rtf no
B 1:0
] J Pseudo- 0x02 JumpAddr (Label) PC ={(PC+4) [31:28], j label no
Direct JumpAddr, 2’b00}
jal J Pseudo- 0x03 JumpAddr (Label) PC = {(PC+4) [31:28], jal label no
Direct JumpAddr, 2'b00}
R[31]=PC +4
beq I PC-Relative| 0x04 $rs  $it  BranchAddr PC = (R[rs] == R][rt]) ? beq $rs, $rt, no
(Label) (PC+4+ label
(SE(BranchAddr)<<?2)) :
(PC + 4)
bne I PC-Relative| 0x05 $rs  $it  BranchAddr PC = (R[rs] '= R][rt]) ? bne $rs, $rt, no
(Label) (PC+4+ label
(SE(BranchAddr)<<2)) :
(PC + 4)
blez I PC-Relative| 0x06 $rs 0 BranchAddr PC = (R[rs] <=0) ? blez $rs, $rt, no
(Label) (PC+4+ label
(SE(BranchAddr)<<2)) :
(PC + 4)
bgtz I PC-Relative| 0x07 $rs 0 BranchAddr PC=(R[rs]>0)? bgtz $rs, $rt, no
(Label) (PC+4+ label
(SE(BranchAddr)<<?2)) :
(PC + 4)
addi I Immediate | 0x08 $r5 Bt Imm R[rt] = R[rs] €£&mm) addi $rt, $rs, | yes
imm
addiu I Immediate | 0x09 $rs St Imm R[rt] = U(R[rs]) addiu $rt, $rs, no
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U(ZE(Imm)) imm
slti Immediate | Ox0A | $rs $rt| Imm R[rt] = (R[rs] SE(Imm)) ? 1 :| slti $rt, $rs, no
0 imm
sltiu Immediate | O0x0B $rs Bt Imm R[rt] = (U(R[)st sltiu $rt, $rs, no
U(SE(Imm)))?1:0 imm
andi Immediate | 0x0C $rs Bt Imm R[rt] = R[rs] &Amm) andi $rt, $rs, | no
imm
ori Immediate | 0x0D $rs  $rt  Imm R[rt] = R[rs] | ZEm) ori $rt, $rs, imm no
Xofri Immediate | OxOE $rs Bt Imm R[rt] = R[rs] "EZImm) xori $rt, $rs, | no
imm
lui Immediate | OxOF $rs $rf Imm R[rt] = Imm << 16 lui $rt, imm no
Iw Based- 0x23 $rs| $rt| Imm R[rt] = MEM[ R][rs] + lw $rt, no
Displaceme SE(Imm) ] imm($rs)
nt
sw Based- 0x2B $rs| $rt| Imm MEM[ R[rs] + SE(Imm) ] = | sw $rt, no
Displaceme R[rt] imm($rs)
nt
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A.8 Memory Map

Purpose start address DirectionSegment
0xCO000
Kernel module 0000 Up Kseg2
Boot Rom Up
i/o register(if below 512MB) 8)8'8800 Up Ksegl
Direct view of memory to 512MB linux kernel
Up
code and data
0x8000 Ksego
EXxception Entry point 0000 Up
Stack OX7fff ffff Down
0x1000
Program heap 8000 Up
. 0x1000
Dynamic library code and data 0000 Up Kuseg
. 0x0040
Main program 0000 Up
0x0000
Reserved 0000 Up

Table A-8 Memory Map

Memory map description
Kernel module
- Accessible by kernel*
Boot Rom
- Start up ROM which keep the system configuration*
I/O registers (if below 512MB)
- External 10 device register*

Direct view of memory to 512MB linux kernel codedagiata

*

Exception Entry point
- Software exception handling *
Stack
- Use for argument passing
Program heap
- Dynamic memory allocation such as malloc()

Dynamic library code and data
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- Data segment which is access by
Main program
- Text segment which contain the main program

Reserved

Note *: required CPO

S5 el 7 £ fffC i Stack

ex

Dynamic Datz

$gp el 1000 0000h
ex
Static Data
0060 0000
hex
Text
PC e 0040 0000
hex
Reserved
C

hex

———— 32-bits ————

Figure A.8 Memory map for Kuseg section, accessiilrout CPO
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A.9 Operating Procedure
» Start the system

» Porting sequence of instruction into cache (ircdiom or data)
* Reset the system for at least 2 clocks

* While release the reset, the system will automiyican the program inside

instruction cache

* Observe the waveform from the development tools.
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