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ABSTRACTS

This project focuses on the design of SDRAM Coldrothat is compatible with
Micron SDR SDRAM MT48LC4M32B2 (1 Meg x 32 x 4 bapkafter reviewing the
previous work, the SDRAM controller is working kthere are some differences with
the conventional design that makes it to becomeptioated. This topic will be
further discussed in the Literature Review and Gresilethodology.

Currently, the interface of SDRAM controller conteedo the host is not fully
determined. The bus interface within the contrelierrequired to redesign in order to
enable the caches to access the main memory. ©herehis project is aiming to
provide verification to the integration between BIBRAM controller and the cache

controller.
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Chapter 1: Introduction

1.1: Background

With the widening gap between processor and menspeeds, system
performance has become gradually more reliant upenefficient use of memory
hierarchy [1]. Many computations executed on curmaachine are often than not
limited by the response of the memory system ratiiem the speed of the processor
[2]. The introduction of high speed cache into themory hierarchy is to bridge this
speed gap. However, this introduction is not peifewithout flaw. By organizing
memory system into hierarchy, it also indicate mmymplex analysis have to be done
on the performance of the memory system. Nevesbelgince the benefit brought
forward by implementing hierarchical ordering inmmy design outshone its flaws
[3-4], it is unavoidable to use this method in ooemory system which is recently
compiled and interfaced using Verilog [5]. Therefoour project will be focused on
the design and the implementation of a 32-Bit Mgm8ystem in particular the
integration of caches, cache controllers, TrarmhatLookaside Buffer (TLB),
Memory Management Unit (MMU), SDRAM and SDRAM caoiters, and the
verification for the memory system integrated ®Reduced Instruction Set Computers
32-bit (RISC32) processor. RISC32 is a 32-bit pssoe which is compatible to the
MIPS ISA compatible. It runs a subset of MIPS iastions set, which uses small and

highly-optimized set of instructions.

1.1.2 MIPS — a RISC processor
MIPS (Microprocessor without Interlocked Pipelingitage) is a RISC

(Reduced Instruction Set Computers) processor whsghhardware implementation
to directly execute instructions, without micropragmed control. MIPS is widely
used in digital consumer, home networking, persemértainment, communications
and business applications, such as Sony Playst&artable (PSP), Smart Tab 1
(Karbonn Mobiles) andLinksys wireless router which primarily used in NBIP
implementations. MIPS can be develop using Veritog hardware description

language (HDL).
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1.2: Motivation

The motivations to initiate the project are du¢hi® following limitation:

* Microchip design companies develop microprocessangs as Intellectual
Property or IP for commercial purposes. The miavopssor IP includes
information on the entire design process for thentiend (modeling and
verification) and back-end (physical design) ingggd circuit (IC) design.
These are trade secrets of a company and certaihlypnade available in the
market at an affordable price for research purposes

» The microprocessor cores that are freely avail&fisn source such as the
miniMIPS (www.opencores.org), the PH processor ¢esier University),
uCore (www.opencores.org), Yellow Star (Manchedieiversity), etc are
incomplete in documentation and therefore do nowide good support for
reuse. It is difficult to modify and extent the dgsfor a specific applications
under research. Apart from that, the cores arevetitmodeled and developed.

» The verification specification for a freely availatRISC microprocessor core
that is available on the Internet is not well depeld and complete. Therefore,
without a good verification specification, the Ve@tion process will be slow
and hence, will slow down the overall design preces

» Since the freely available microprocessor cores tedverification are not
well developed, this has affected the physical gtegphase. The physical

design of the microprocessor cores is not well gexl and complete.

The RISC32 project will look into the above probkerto create a 32-bit RISC core-
based development environment to assist researck wothe area of application
specific hardware modeling. The RISC32 processora isMIP-compatible ISA
processor. In the RISC32 project, it is dividediseveral units based on the MIPS
architecture. Up to date, a basic central procgssmt (CPU) has been modeled at
Register Transfer Level (RTL) using Verilog HDL (\ZH) and verified using a bus
functional model. During the verification proceashigh -level memory system unit
model was developed and temporarily used. So dlyream RTL memory system

unit model is not available.
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1.2.1: Problem Statement

At present, a basic central 32-bit memory systeah las been modeled at RTL using
VHDL is the SDRAM controller design that compatibiegh Micron SDR SDRAM
MT48LC4M32B2. However, the protocol controller bkoof SDRAM controller
design is rather complicated and need to be redol®@other problem has been
encountered is the SDRAM controller can currentipport a single cache, but
typically RISC32 processor design has separateliesad hose caches are i-cache, d-
cache, i-TLB, d-TLB, which will need to access te tSDRAM. This implies the
limitation of the SDRAM controller interfaces and redesigning is needed. Hence,
the design of memory arbiter is also required tovalthe shared bus for multiple

caches.
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Chapter 2: Literature Review

2.1: Memory Hierarchy

Computer memory is implemented with hierarchy (msmigierarchy) to take the
advantage of principle of locality. There are thgg@mary technologies used in
building memory hierarchies. Main memory is impleneel from DRAM, levels
closer to processor (cache) use SRAM. The thirdrielogy is magnetic disk which is
used to implement largest and slowest in the hibsarThe price per bit and access
time of these technologies vary widely. Therefovee can take advantage by
implementing memory hierarchy. Figure below sholes faster memory is close to
the processor, while the slower memory is belowflitis helps to present the user
with more memory as is available in cheapest telcigyowhile it also provides the

speed from the fast memory.

Higher Cost

1ns—>2ns

___3ns210ns _
,,,,,,,,,, Lesser Cost

* if volume is mounted

Figure 2.1: The Memory Hierarchy (Adapted from [4])
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2.2: Processor and Main Memory Interfacing

The processor is connected to the main memory bysasystem [4] and the
bandwidth of the bus system has a significant ihpacmiss penalty. This is due to
the clock rate for the bus is always slower thagtocessor as much as a factor of 10.
Therefore, the selection of memory organizatiobdaise in processor is important in

deciding the performance of the processor.

Figure 2.2 below shows three types of availablenorg organizations which
are one-word-wide memory, wide memory and intedgiamemory organization. If a
cache block of four words and in a) one-wide menarganization, it only can fetch
one word per time. That is the main memory havacdtess 4 times to fetch all data
require from the cache. In b) wide memory orgamzaallows the require data fetch
with parallel access in a widening bandwidth of bystem between memory and the
processor. If a cache block of four words and ®rleaved memory organization, it is

capable to fetch four words to access the main mgatmnce.

CPU CPU CPU

1L il 1L

Multiplexer

Cache @ @ @ @ Cache

Cache
Bus

Memory Memory Memory Memory
Bank 0 Bank 1 Bank 2 Bank 3

C. Interleaved memory organization

Memory

Memory

b. Wide memory organization

a. One-word-wide
memory organization

Figure 2.2: Memory Organization (Adapted from [4])
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2.3: SDRAM Controller System Background
The overall figure of SDR SDRAM controller systesrshown in the figure 2.3 below,
which is describing a brief on how SDRAM controllean communicate with

processor each other and interface with the SDRAM.

; N
N /ﬁ ‘|
: ]
1 1
i_clk 0B » 0B 0__sdram__cI:
i_rst 10B 10B COMMAND
CONTROL ADDRESS
. 10B > » 0B
v SDR SDRAM . SDR SD
Processor TATUS | 10B g Controller p| 10B |sdemdais]  Memory
ADDRESS, 10B > 10B lo_sdram_data Device
¥ -
i_data | 108 o :
] i
o_data 0B < :
! i
\ /
b 7/
. -

- -

Figure 2.3: System block diagram (Adapted from J11]

2.4: SDRAM

Synchronous Dynamic Random Access Memory (SDRAM) tgpe of DRAM that
has a synchronous interface. There are two majuestyof SDRAM which can be
distinguished by their data transfer rate. Singitadrate (SDR) SDRAM transfers
data on the rising edge of the clock, and doubta date (DDR) SDRAM transfers

data on both rising and falling edge.

Figure 2.4 shows the pins for a conventional 1M2»b& x 4 banks SDRAM which is
referring to the Micron. Pin ba(1:0) is used toeselthe 4 internal memory banks
within the SDRAM while adr(11:0) is used as an infusend column address, row
address and configuration setting to the SDRAM. T®IBRAM has adopted
bidirectional data line, dq, for write transfer arehd transfer. This is because the
SDRAM can only do one of the operations at a tiffiee granularity of a bus is
defined as the smallest transfer can be done byhhs According to [12], the
granularity of a SDRAM is 8-bit. This is accompksh using the data masking
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pin,dgm(3:0). The data masking pin is used to s$elenich byte of the 32-bit
bidirectional data line, dq, is valid.

For example, if dgm = 0001 (binary), the valid 84bata is located at dq(7:0). Here is
another example, if dgm = 1100 (binary), the valkdbit data is located at dq(31:16).
As mentioned, since the smallest transfer is 8thét,granularity of this SDRAM is 8-
bit. As a comparison, the customized SDRAM [11] haganularity of 32-bit for its
32-bit write data line and 256-bit granularity fits 256-bit read data line. This also
means that the customized SDRAM cannot supportdydeessing.

A A
i

3

. ==
= CiK -~ LS

Figure 2.4: 128Mb banks SDRAM Block diagram (Addgtem [10])

To select the SDRAM, the cs (active low) pin is diséleanwhile active low
command signals (we, cas and ras) are used togteqgperations from the SDRAM.
The list of commands available in SDRAM is showT able 2.4.

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 2.4: Truth Table - Command and DQM operafiddapted from [14])
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2.5: SDRAM controller

The SDRAM Controller is located between SDRAM ahé thost, provide proper

commands for SDRAM initialization, read/write acees and memory refresh. The
host can be either a microprocessor or a user’prigtary module interface. The
SDRAM Controller has been previously modele\d based industry standard

WISHBONE SoC interface [10].

ip_wb_clk op_sdr_cs_n
— ip_wb_rst op_sdr_ras_n (——
op_wb_ack op_sdr_cas_n
— ip_wb_stb op_sdr_we_n —
— ip_wh_cyc op_sdr_dgm )
-1 ip_wb_we op_sdr_ba %,
574 ip_wb_sel op_sdr_addr %,
77— ip_wb_addr io_sdr_dq >~
77— ip_wb_dat
—~— op_wb_dat
— ip_host_ld_mode

sdram_controller

Figure 2.5: SDRAM Controller Block Diagram (Adaptedm [10])

Pin name:ip_wb_clk
Path: Memory Bus Clock -> SDRAM Controller
Description: Wishbone Clock Input

Pin name:ip_wb_rst
Path: System Reset -> SDRAM Controller
Description: Wishbone Synchronous reset

Pin name:ip_wb_cyc
Path: Host -> SDRAM Controller
Description: When asserted, this pin indicates that a validdyate is in progress.

Pin name:ip_wb_stb
Path: Host -> SDRAM Controller
Description: When asserted, this pin indicates that the SDRANtroller is selected

Pin name:ip_wb_we

Path: Host -> SDRAM Controller

Description: When asserted, this pin indicates that the cungeie is READ.
When deasserted, it indicates WRITE.

Pin name:op_wb_ack

Path: SDRAM Controller -> Host

Description: When asserted, it indicates that the current RE&ADWRITE is
successful.

Pin name:ip_wb_sel
Path: Host -> SDRAM Controller
Description: This signal indicates where valid data is placadte input data ling

Y%
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(ip_wb_dat) during WRITE cycle and where it shophésent on the output data i
(op_wb_dat) during READ cycle. The array boundarggs determined by th
granularity of a port. In this SDRAM controller,ifts granularity is used and all t

ne
e
ne

data ports are 32-bits. Therefore, there would Iseldct signals with the boundaries

of ip_wb_sel(3:0). Each individual select signairetates to one of 4 active bytes
the 32-bits data port.

on

Pin name:ip_wb_addr
Path: Host -> SDRAM Controller
Description: The address input is used to pass the memory sslfitan the host.

Pin name:ip_wb_dat
Path: Host-> SDRAM Controller
Description: This pin is used to pass WRITE data from the host.

Pin name:op_wb_dat
Path: SDRAM Controller -> Host
Description: This pin is used to output READ data from the SDRA

Pin name:ip_host_Id_mode
Path: SDRAM Controller -> Host
Description: This pin is asserted to load a new mode into DHRAM.

Pin name:op_sdr_cs_n
Path: Host -> SDRAM
Description: SDRAM chip select

Pin name:op_sdr_ras_n
Path: Host -> SDRAM
Description: SDRAM row address select

Pin name:op_sdr_cas_n
Path: Host -> SDRAM
Description: SDRAM column address select

Pin name:op_sdr_we _n
Path: Host -> SDRAM
Description: SDRAM write enable.

Pin name:op_sdr_addr

Path: Host -> SDRAM

Description: This pin is used as an address output to the SDREM address wil
be segmented into row, column and bank before be#ngout through this pin.

Pin name:op_sdr_ba
Path: Host -> SDRAM
Description: This pin is used to select the bank within the 3R There are a tota
of 4 banks within the SDRAM and each of them operadependently.

Pin name:op_sdr_dgm

Path: Host -> SDRAM

Description: This pin is used to select which bits of the data (io_sdr_dq) to bg
masked.

D

Pin name:io_sdr_dq
Path: Host -> SDRAM
Description: This data line is a bidirectional line to receiREAD data or sen

WRITE data.
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2.5.1: Read/Write Cycle Timing diagram

Figure 2.5.1 indicates the timing diagram for wgtia burst of four data words to the
SDRAM. The wb_dat indicates the command receivenhfhost is in the idle state at
the begining. At T1, the system places Addresshenbius continue until T3. After
SDRAM detects ACTIVE command and row address aaii@ after RAS-to-CAS
delay (tRCD), SDRAM receives the WRITE command #mel first data comes in.

The four words burst write is done at T8.

T T2 T3 T4 T5 T6 ) T8 T9
woek (VY
wb_addr 7 /X Ader ¥ i Aotk Adle
wh_dat. | | YooY ol Yoo O T O ) O )
e _ema | Y e ) e Yo Y ot Y e Yo Y e o o Yo Y e ) e
sdr_dgm |
sdr_addr [9:0] \( Row y \(wum y \(L}( \(M_
sdr_addr [11]
sdr_addr (10 L =
sdr_addr [1:0] e | \ ] Y w =
w04 C DD

IZ] Don't care

Figure 2.5.1: Write Timing Diagram

Figure 2.5.2 indicates the timing diagram for regda burst of four data words to the
SDRAM. At T1, the system places Address on the bl T3. After SDRAM
detects the ACTIVE command and row address at ii@,adter RAS-to-CAS delay,
SDRAM receives the READ command and the column esfdat T4. After CAS
latency delay, the SDRAM starts to receive firgiadat T6. The four words burst read

are completed in T9.
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T1 T2 T3 T4 T5 T6 7 T8 T9 T10
e avalavalabal Avavaw
wb_addr [7 /X o 4 LT A s
wh_dat | cjan | Yesomk) crcd Yerman) e | X Lo e | )eom) cred
sdr_emd Y wor Y woe| Y rorwg Y e ) meag Y wor| )\ wor| Y wor Y e Y or| (e ) wor | Y wer| Y s
sdr_dgm
oo Sy =
sdr-addrizol LT SR I
sdr_addr [1:0] Ve Y [\ e Y i
sir do D
ZE Don't care

Figure 2.5.2: Read Timing Diagram

2.6: SDRAM Controller and Cache Controller Interfacing

The following figure 2.6 shows the interface of SENR controller to the cache unit.

- u_c_i_cpu_addr[31:0) u_c_i_mem_data[31:0] - 'ip _“b_c]k op. _Sdl"_CS n
4 ip_wb_rst op_sdr_ras_n
-| u_c_i_cpu_data[31:0] u_c_i_mem_ack Op_'l'ob_aCk Op _Sdl'_C&S n
ip_wb_stb op_sdr_we_n
=| u_c_i_cpu_read u_c_o_mem_addr [31:0] o ip_,".b_cyc m_sdr_dq-n
| u_c_i_cpu_wr u_c_o_mem_data[31:0) | }gjﬁ:sw:_] m?&f\dgﬁﬁ
: . ip_wb_addr io_sdr_dq
-| u_c_i_cpu_byte_select u_c_o_miss |- -
c_i_cp sele ¢_o_miss 1p_v,\b_dat
-| u_c_o_cpu_data[31:0] u_c_o_mem_cycle Op_'n'ob_dat
1 ip_host_ld_mode
op_u_c_o_mem_strobe
SDRAM controller
u_c_o_mem_rw

=| u_c_i_cpu_rst

= u_c_i_cpu_clk

Cache controller
Figure 2.6: Connection between Cache controller &@RAM controller
ip_host_Id_mode indicates as an enable pin to fead mode by passing write data
from the host (ip_wb_dat). If the current load moegister (LMR) command is same
with the previous mode, the register will retaie game configuration and not going
to load any new mode to the SDRAM. But if both nodee differences, the

BIT (Hons) Computer Engineering
Faculty of Information and Communication Technology, UTAR



ip_host_Id_mode will be asserted high to allow & neode load to the SDRAM. This
feature is required in order to reduce LMR timeagted whenever the same mode is

appeared in the next stage.

2.7: Load Mode Register

The pins of the SDRAM adr[11:0]and command sigitess we, cas and ras) are used
to configure the mode register which can define gpecific mode of operation for
SDRAM via the LOAD MODE REGISTER (LMR) command atfte information
stored will be retain until it has been reprogrardroe the device has been powered
off. The definition includes the selection of bulkshgth, burst type, CAS latency,
operating mode and write burst mode. Burst indiatiee technique used as
continuous read or continuous write the data. AangXe of read operation with burst
is when the burst length is set to be 4; the daltedbe/read 4 times continuously. And
the sequence of data will be read or write openatiad either in a sequential or

interleaved order. The figure 2.7 will show theadstiatus to be configured.
The description of each Mode Register definitianirfigure 2.4.2 is listed as below:

Burst Length
To determine the maximum number of column locatitheg can be accessed for a
given READ or WRITE command.

Burst Type

Access within a given burst can be programmed tceitleer sequential burst or
interleaved burst to be adopted by SDRAM. The angeof accesses within a burst is
determined by burst length, burst type, and theistacolumn address.

CAS Latency
Delay in clock cycles between registration of a REeommand and the availability

of the first piece of output data. It can only kéet® 2 or 3 clock cycles.

Operating Mode
To select the operating mode should be used ifSBRAM. Currently there is only

normal operating mode is available for use.

Write Burst Mode
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When the mode is asserted high, the burst lenggitagrammed as READ burst or

WRITE burst. If it is asserted low, the programnimdst length applies to READ

burst, but WRITE access are single-location ac@e®s-burst). The burst length that

mentioned is referred to the M0O-M2.

Al2 A11 A0 A9 AB AT AB A5 A4 A3 A2 AT AD Address Bus

AARARARRARAL

/':2_‘_/'}‘[/19[3/.8/7/5/5/.‘/3/2/1/nlﬂmadekegistermu]

| Reserved WEB | Op Mode| CASLatency lET| Burst Length

|
Program Burst Length
BA1, BAD = "0, 0"
to ensure compatibility M2 M1 MO MI=0 M3=1
with future devices.
a o o 1 1
0. 3 2 2
e Write Burst Mode
e 1 0 4 4
(1] Programmed Burst Length
[: B 8 8
1 Single Location Access
y 1 0 0 Reserved Reserved
M8 w7 ME-MO | Operating Mode 1. 01 Reserved Reserved
o 0 Defined | Standard Operation 1 1 0 Reserved Reserved
- - - All other states reserved 1 11 Full Page Reserved
/
M3 Burst Type
a Seguential
1 Interleaved

ME M5 M4 CAS Latency
[ S ] Reserved
o o1 1

g 1 0 2

0 1 1 3

1. 0 0 Reserved
1.0 1 Reserved
1 1 0 Reserved
i 1 1 Reserved

Figure 2.7: Mode Register Definition (Adapted fr{iv])

BIT (Hons) Computer Engineering
Faculty of Information and Communication Technology, UTAR



2.8: Memory Arbiter

The Figure 2.6 interface that shows in previouslymierely an explanation on how
SDRAM controller is connected with a cache. If there independent requesting
processor units connecting to the SDRAM, we reguaememory arbiter to resolve

the shared bus conflict. The memory arbiter allone MASTER to access SDRAM

controller at single time while the other MASTERavhA to be waiting. It is given a

pattern or ordering for each of the MASTER to ascist. The shared bus usually
uses a priority or a round robin arbiter. Thesengthe shared bus on a priority or
equal basis. And a timeout is given to ensure tthetous does not remain locked at
particular MASTER for duration greater than thediout period.

Core

Address, data bus, control bus

—_— i-cache
Confroller

Controller Unit

d-cache ! N E—
Controller ——

SDRAM _
= SDRAM

d-cache

Controller
I-TLB HMMU

‘ Datapath Unit

d-TLB d-MMU

Arbiter

Figure 2.8.1: Micro-Architecture Level Design (Uhkvel)

i-cache

Arbiter
controller

A

d-cache

SDRAM
Controller

controller

i-TLB
controller

*

d-TLB
controller

T

output read data
from SDRAM

TTTT

Figure 2.8.2: Interface of Memory Arbiter
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2.9: Protocol Controller State Diagram

A 32-Bit Memory System of SDRAM controller was igtated by the previous work
[10]. However there was an attempt to integrate 8IDRAM controller, the design
has its own readability issue.

The SDRAM controller was designed in the previouskwhas consequently leads to
the difficulty of understanding how the design paal works in SDRAM controller.
The design has a combination of SDRAM initializatend SDRAM command in the
finite state machine (FSM). Therefore this projectnitiated to create a better and
easier analyzing SDRAM controller. In the figurddve shows the FSM of SDRAM

protocol in previous work.

WRITE_LOOP
15 Best aivR ‘

ty brst.active

Figure 2.9: Initialization Protocol FSM (Adaptedofin [10])
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Chapter 3: Project Scope and Objectives

3.1: Project Scope

This project is to redesign the existing interfatenemory system and processor. A
completed 32-bit memory system will be deliverethefie are two parts of works
required to be improved, which are the design oR8M controller compatible with

Micron SDRAM and compatible with current memorytsys design.

3.2: Project Objectives

The project’s objectives include:

* Analyze the 32-Bit Memory System organization fgamining the scope of
the integration done thus far. In addition, an appate test and testbench will
be constructed to assist test analysis.

* Redesign the sub module of SDRAM controller ProtdController block
Finite State Machine (PCB FSM) that compatible witicron SDR SDRAM.

* Redesign the SDRAM controller to support multiplaclted load mode
configurations.

» Design of Memory Arbiter to allow the connection differing caches to
SDRAM controller.

» Verify the integration of the RISC32 processor amémory system by
construct an appropriate test cases for direct ii@sigration test and random

test.

3.3: Significance and Impact

As a synopsis to the problem statement, therelaglaof well-developed and well-

founded 32-bit RISC microprocessor core-based dewe¢nt environment. The

development environment refers to the availabdityhe following:

. A well-developed design document, which includes thip specification,
architecture specification and micro-architectyrecsfication.

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

synthesis-ready RTL written in Verilog.

BIT (Hons) Computer Engineering
Faculty of Information and Communication Technology, UTAR



. A well-developed verification environment for th&-Bit RISC core. The
verification specification should contain suitableerification methodology,
verification techniques, test plans, testbenchitactures etc.

. A complete physical design in FPGA with documentieling and resource

usage information.

The project is an effort to develop the environmmeintioned above: to be used as a
multi-cycle pipelined RISC microprocessor core-lohptatform to support hardware
modeling research work.

With the existing well-developed basic RTL modeh{gh has been fully functionally
verified), the verification environment and the igesdocuments, a researcher can
develop his research specific RTL model as pathefenvironment (whether directly
modifying the internals of the processor or integf@o the processor) and can quickly
verify his model to obtain results, without havitggworry about the development of
the verification environment and the modeling eominent. This can hasten the
research work significantly. Relating exclusivetythis project, the availability of a
good methodology to help support memory systemyaisaimakes it easier for any

future improvement on the existing system.
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Chapter 4: Methods/Technologies Involved

4.1: Design Methodology

Design Methodology basically refers to the methédi@velopment of a system. It
provides us with a set of guidelines to successftdiry out the design work. A good

design methodology needs to ensure the following [8

. Correct Functionality

. Satisfaction of performance and power goals
. Catching bugs early

. Good documentation

The ideal design flow for this project would be top-down methodology as shown

in figure 4.1.:
. o N
Written Specification
Architecture Level
\ 4 Design
C Executable Specification
_/
Y -~
Micro-Architecture Specification
Micro-Architecture
v v > Level Design
C Micro-Architecture Level Modeling (Unit Level)
and Verification
_/
Y
v —
C RTL Modeling and Verification ) )
Micro-Architecture
<—J Level Design
A \ 4 (Block Level)
C Logic Synthesis for FPGA
_J
L] |
Y
C Physical Design

Figure 4.1: General Design Flow without Logic Syegls and Physical Design.

Source: K.M. MOK [8]
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4.1.1 Architecture Level Design

Architecture Level Design is level where chip sfieations are being developed. The
level design includes the following two typestitten specificationand executable

specification which carry (refer to Appendix A):

» functionality / features

» Operating procedures and application

* Naming convention

» Pipeline chip interface and I/O description

*  Memory map

» System register

» Supported instruction set (machine language)
* Instruction formats

» Addressing modes
4.1.2 Micro-Architecture Level Design (Unit Level)

Micro-Architecture Level Design can categorize ird@gphasesMicro-Architecture
specificationand Micro-Architecture Level Modeling and Verificatiom the content
of this level of design includes (refer to AppenBix

» Design hierarchy

» Unit level functional partitioning (Datapath Unitnstruction Fetch Unit,

Control Unit, Instruction Memory Unit and Data MemadJnit)

» Worst case timing

» Full chip Verilog model

» Test plan

* Testbench
4.1.3 Micro-Architecture Level Design (Block Level)

In this level, RTL (Register Transfer Level) is ééped. A micro-architecture
specification of each unit, which used to descthee internal design of architecture
block module. Micro-architecture specification maglude information of:

» functionality / feature

» datapath unit interface and 1/O pin description,
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* internal operation, block / sub-block level funciab partitioning (Register
File Block, ALU Block, etc)
* Verilog model is later inserted
» Testbench and simulation result
After developed Micro-architecture SpecificationTlRmodeling with programming
language can be start. Model can be simulate anfiedewith software. Verification
includes development of test plan, timing verifieatand functionality verification.

Hence designer can verify and modify the desigméet the chip specification.
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4.2: Protocol Controller Block Design

Instead of the design protocol discussed in theipue work from [10], the FSM also
can be separated into two by using one-hot enco8ialyl, which shows in the
following figure 4.2.1 and figure 4.2.2.

The INIT_FSM state machine from Figure 4.3.1 hasidlee SDRAM initialization.
This initialization states begin with a NOP statentinued with PRECHARGE state,
followed by AUTO REFRESH states, and then LOAD MOBEGISTER (LMR)
states to configure SDRAM specific mode of operatim each state consists of its
delay time, and will be done by the timer. The awivesh state use repeatedly [10]

can be separated into two auto refresh to simghigiogic and state.

sys_DLY_100US
i_NOP

endOf_tRP

sys_DLY_100US

endOi_tRFC

endOf_tRFC

endOf_tMRD

Figure 4.2.1: INIT_FSM (Adapted from [13])
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The CMD_FSM state machine from Figure 4.2.2 handm®mands such as read,
write, and refresh of the SDRAM. The command FSM itsown auto refresh state,
since the initialization and command FSM has begrasated away. Other than that,
the rest of the states are not much different Wiéhprevious work [10].

endOf_tRFC

sys_INIT_DOMNE * eys_REF_REQ * sys_ADSn

b

c_ACTIVE Mogoen
P e S
54__5';"-" -=.___—-.|I'I'n

- -

endI_tRCD * sys_A_Wn endDi_tRCD * sys_R_Wn

endOI_tRCD

Figure 4.2.2: CMD_FSM (Adapted from [13])

The signal sys DLY_100US from Figure 4.2.1 indisatee system clock delayed for
100 ps, which can be generated by the internalé?bhasked Loop (PLL) by setting
the proper PLL attributes (clock multiplication adiision). An example of Clock

divider with a 50% duty cycle can be generateda®ming to the following steps.
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Firstly, the counts from N-1 to O count down courntaust be created and always on
the rising edge of input system clock. Secondlggte flip-flops TFFs are used and
generate their enables. For an example the cloglakis divided by 3, TFF1 enable
when count value is 1, TFF2 enable when count vau2 Thirdly, the output of

TFF1 (divl) triggered on rising edge of input clagkereas the output of TFF2 (div2)
triggered on falling edge of input clock. Lastligetfinal output signal is generated by
the two clocks (divl and div2) at half desired amtfrequency by undergoes XOR

operation of the two waveforms together.

count[1:0]§ 2 )( 1 )( 0 X 2 X 1 )( 0 )f 2 X 1 )( 0 X 2 X 1 X 0 X 2 X 1 X 0 X 2 X 1
LS NI s VNS SN ) (I S WS, W -
tf_2en | T‘ , ;,J | K‘ 7 J | \ ‘ J ‘ \ ' , \ ‘ ) ! \ ,

divl

div2

clkout

Figure 4.2.3: Timing diagram for Divide by 3 (N=2)

rising ed tff1_en———»{ Enable
of rgf_ 9 »IINR (on count =1) TFF1 div1
count[1:0] A it
oncount=2 . {sountzr) S —— XOR [—clkout = ref _clk/3-—»
ﬂ;ﬁm—’ Reset tff2_en———» Enable
(on count =2) .
TFF2 div2
_\ Reset
*
ref_clk Do—

Figure 4.2.4: Divide by 3 using T Flip-flops

We can use the timer to create the exact delay tageired for the SDRAM clock.
To create the 50% duty cycle output clock delayigdad, we need to double up the

input clock frequency use as referencing clock erdorm the equation below:

output clock frequency

count value = .

100us delay time frequency
For an example, the system clock speed has 100 (KBjzs per clock), thus count
value will count down from 9 to 0. Each round ofung the output delayed clock

signal will toggle its previous state, in orderdfotain a half clock cycle of the output.
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4.3: Load Mode Configuration with Multiple Cache

There is a problem that needs to resolve, whic¢b redesign the SDRAM controller
so it can support Load Mode configuration and allowitiple caches to access. The
ip_host_Id_mode is an enable pin to load new modbé SDRAM. Caches need to
share this pin. However, we can use one-hot methadparate the enable pin into
individual pins and four individual load mode rdgis to store the configuration. For
example if there are four caches, four ip_host_lodenenable pins are connected to
the caches respectively, and each enable pin tsotlimg its own load mode register.
The i-cache load mode enable pin will be contrglithe i-cache load mode register.
Thus there will be four registers need to be crkaBut this method will rather

increasing the hardware complexity.

A more efficient way is using only one enable pimdahe register just keep its
previous configuration. To decide whether to loadesv mode to the SDRAM, the
SDRAM controller need to check out for the curreata and the previous one is
either same or not. From the figure below aidsrtahitecture view of how multiple

caches can be connected to SDRAM controller.

b_mem _srbiter

op_sdr_ba

bo_mem_arbtr_o_ack

b_mem_arbtr_o_data

op_sdr_addr

io_sdr_dq

op_sdr_dqm

op_sdr_cs_n

ip_wh_we

op_sdr_we_n

b ip_host_Id_mode
. op_sdr_cas_n
5 b i sel b_mem_artar_o_sdreter_sel ip_wh_sel

ip_wh_addr

" ip_wb_dat
b_mem_arbar_o_sdretar_ data LR

__|ip_wh_cik

| ip_wh_rst

sdram controller

Figure 4.3: The interface of Arbiter and Two Cachmnts
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4.4: Design of Memory Arbiter

There are four independent caches that need tosadoethe SDRAM. And the
priority can be given in the order d-tlb > i-tlbd>cache > i-cache. If four of those
caches sent a miss signal at the same time, thevdHt first to access SDRAM, then
i-tlb will take turn, and followed by the d-cacland the i-cache will come to the end.

The state diagram of memory arbiter can be desigedifjure below:

missQ

@

miss3.miss2’.miss1’.mis

q 5 miss1.miss0Q’
miss2.miss1’.missQ)’ miss2’

Figure 4.4 State diagram of Memory Arbiter

missO
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4.5: Designing Tools

Since this project is using Verilog, which is a 8laare Description Language (HDL).
Simulations tools that support Verilog HDL is reaua, tools that provide simulation
environment to verify the functional and timing ned¢sl of the design, and the HDL
source code. There are a lot HDL simulator createdifferent company, which has
their own advantages and disadvantages. In ordehdose most appropriate design
tools for this project, some researches had beea dod the choices has been narrow
into three choices, which are the best HDL simatatiools available on the market,
they are also known as the ‘Big 3’ simulators, ¢hmeajor signoff-grade simulators
which qualified for application-specific integratedrcuit (ASIC) (validation) sign-
off at nearly all semiconductor fabrications. Tlzeg:

1. Incisive Enterprise Simulator by Cadence Desigriesys

2. ModelSim by Mentor Graphic

3. Verilog Compiled code Simulator (VCS) by Synopsys

Simulator Incisive Enterprise ModelSim VCS
Simulator
Performance & high moderate High
functionality
Language Supported VHDL-2002 VHDL-2002 VHDL-2002
V2001 V2001 V2001
SV2005 SV2005 SV2005
Simulation run speeq fastest moderate faster
Price Expensive Cost Saving and  Expensive
available for free
SE edition

Table 4.5 Comparison between ‘Big 3’ Simulators

Due to the availability, affordability, platform gported and performance
requirement, the suitable simulator for this projsdModelsim SE 10.3which is a

freeware of student edition and is enough for tlesighing requirement. Other
simulators may offer good features too, but no fiense is provided to the students
and the cost of each license is normally about @@5@nd above which is

unaffordable for a student.
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4.6: Requirement Specification

This SDRAM controller is designed depends on MicBIDRAM MT48LC4M32B2
(1 Meg x 32 x 4 Banks). The entire design of SDRAdMtroller will need to fulfill

the following requirements, which able to perform:

Auto-refresh , 4096-cycles refresh (4sfow)
Auto-precharge, includes read, write and auto séfreode
Bank and row tracking for 4 banks

Programmable burst length: 1,2,4,8 or full page
Addressing controls

I/O data buffer for read and write

Supports CAS Latency (CL) of 1,2 and 3

Self-refresh mode

Command Generator to SDRAM

The SDRAM Controller design must provide input datathe Micron SDRAM as
shown in the below:

—7— Dq
Ba

—— Dgm

L Addr

Cs n

Ras_n
Cas_n
We_n

Cke

Clk SDRAM

Figure 4.6.1: Micron SDRAM Block diagram

BIT (Hons) Computer Engineering
Faculty of Information and Communication Technology, UTAR



Additional timing diagram appear in the followingguirement specification section;

these timing diagrams provide better informationS®RAM controller design.

Initialize and Load Mode Register:

whe i e el T T
o T | T | AT ‘W LA ///4 ‘W ‘W ‘ /4
tows| omH oM | o fos | ome
COMMAND @m Tﬂ j@km‘mm{@k n;',ggh w non mpéé w')@(‘%\g,ym oo W e )/
DQM”L/JZ/‘,//W” i /@V/J‘ /V/,)”g,/ : /,‘ /7/7?%”/‘ T J‘ T
m n i tas | taq
worsn (] | 2z | T | /ﬂlmﬁr SIS Tw WL
ALLEANES ( | Sas | T
e 7)) | IK . L T R ‘w S R|m T
[ ‘ v ) I3
o a1 7 X T XX,
2 i i
g P twC tReC WRD
~ ?;::E;m t‘Pre(rmw t— AUTO REFRESH '\- AUTO REFRESH ‘. Program Mode Reglster -7
CK stablo all anks SRR
[ unoernen

NOTE

1. The Mode Register may be loaded prior to the AUTO REFRESH cycles if desired.
2. Outputs are guaranteed High-Z after command is issued.

Figure 4.6.F1: Initialize and Load Mode Register
Auto Refresh Mode:

T2 . Tn+1 ; To+1

clK 2_’_—1“ 11 | ‘*W ?( |-£-—$ | ?z L L
ST/ I A v A/ R A/

ks | “ckH

toms | tomH

Sl G (T ) ) o T 1 0 ) T 8
ooos 777 T

T

s T P Y o X

O T I = )
tgp ! tRFC . ! RFC i ‘
Precharge all DOMN'T CARE UNDEFINED

active banks

Figure 4.6.F2: Auto Refresh Mode
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Self-Refresh Mode:

_Ml_jtc'cn WMI i g:? mil LT
commo J e R _;4,4;.
U

I,
IR,

fas | tan
wo.sn: KR W A
oo Hh2 § %
i Skt | S, o
e rnahaae % unoerinen
Figure 4.6.F3: Self-Refresh Mode
Single Read- Without Auto Precharge:
TO hi | T2 T3 T4 T5
ax [t L I
(‘c:is. tekH ‘ i ‘ ‘
o AR | | | |
_‘f\f_f:_ MH
COMMAND * ACTIVE NOP >@< READ )@(PRECHARGE)@( NOP )@( ACTIVE W//

temH

pomMi 7
DOML, DOMH i
tAs | 1
-
AD-AS, ATY ROW

tas | tan
Amzi ROW w/W/m

tas | tam DISABLE AUTO
B Pl |
BAD, BA1 7 BANK

DG

tre
'RAS
IRC
DON'T CARE
FR unoerinen

Figure 4.6.F4: Single Read- Without Auto Precharge
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Read-With Auto Precharge

To T3 T4 TS Té n Te

]

w X || W | W C
T o ) D /G 2 > U
DoMo3 V//fl’/ﬁ/;/ﬂ/ﬂ/ W/;”Eﬁ % L | A7 ///WLXW//////Z'WW/W/QW

204911 SN / TWW T e ke X,

ENABLE AUTO PRECHARGE

N R S

|
X, //V/W’MMA/////’?WZ/W/ZK s Y

DON'T CARE

0
K8 unepEFINED

Figure 4.6.F5: Read- With Auto Precharge

Alternating Bank Read Accesses:

IRCD - BANK O

'RRO 'RCD - BANK 4 CAS Latancy - BANK 4

DON'T CARE
[ unoermen

NOTE:
1. For this example, the burst length = 4, and the CAS latency = 2.
2. AB, A9, and A1 = “Don't Care.”

Figure 4.6.F6: Alternating Bank Read Accesses
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Read — Full page Burst:

T
T
I

e I I I I ey 2 ey e s B

oy I

R/

tRCO CAS Latency 256 Iocations within same row
: o
DONT CARE
Full page completed J‘
E UNDEFINED

Full-page burst does not self-terminate.
Can use BURST TERMINATE command.

NOTE:

1. For this example, the CAS latency = 2.
2. A8, A9, and A11 = “Don’t Care.”
3. Page left open; no 'RP.

Figure 4.6.F7: Read — Full page Burst

Read — DQM operation:

IR S Ty U R o N N Ny
- %: AR AR AR AR W—m
MS| tomH
conmumno W_acme WK ner WK om0 WX e WX e XX e WK e WK e YOK e YUl
oms | lomH
sames 77T T WT% LD, 7 T,
T
T
e Wi
tac N e : :fr ton
pa M%— = Dowmi2 n-tn:zna
rco CAS Latency

{7} vonr care
R unoeFineD

MNOTE:

1. For this example, the CAS latency = 2.
2. AB, A9 and A11 = “Don't Care.”

Figure 4.6.F8: Read — DQM operation
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Single Write: .

T T2 T3 T4 T5 Th
R G e e v ST S NN N Y S Y
e |
w7 | X | | el | | e | ey
s | e
COMMAND y ACTIVE W NOP >@< WRITE )@( HOP mcwcs)@( NOP >@< ACTIVE W

ICMH

A iy

DO/
DOML, DOMH

tas _‘ti"_ DISABLE AUTO PRECHARGE smgl_E BANE
L %MW@MMM/ WY S

o0 M/////ﬁ/////////ﬁ////xk"ﬁ X T T,

ips

twr? trp

RAS
IRC

DON'T CARE
NOTE:
1. For this example, the burst length = 1, and the WRITE burst is followed by a “manual” PRECHARGE.
2. YR is required between <Din m> and the PRECHARGE command, regardless of frequency.
3. A8, A9, and A11 = “Don‘t Care.”
Figure 4.6.F9: Single Write
Write — With Auto Precharge:
T . n - T2 T3 T4 ™ Tée o ™ ™
e bt [ L8 L L § LF LB L
‘cks | kM
= | | | | | | |
oms | foran

DON'T CARE

UNDEFINED

MNOTE:

1. For this example, the burst length = 4.
2. Faster frequencies require two clocks (when "WR = 'CK).
3. A8, A9, and A11 = “Don't Care."

Figure 4.6.F10: Write — With Auto Precharge
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Write — Without Auto Precharge:

_i—l-—l:’r-—%:lﬁl—llllllli-i_

t1:|<s ICKH ] | | |

ﬁ“fWWWWWWWWW

ems | emm

commare W, s WX woe NN o YK e WX ver YN ver XN X e Y e Xl

baMo3 / ", | A7\ A7 %W%WWX

ARG, AT

|
- W/W/Z’/WWW oS I,

toH 'os| fon s | 'on s

mé@#m»n%ﬁmmaﬁxmmﬂmw,mﬁma@%a&%ﬁﬂm%ﬂm

DON'T CARE
P unperinen
NOTE:

1. For this example, the burst length = 4, and the WRITE burst is followed by a “*manual” PRECHARGE.
2. Faster frequencies reguire two clocks (when 'WR > 'CK).

3. AB, A9, and A11 = “Don’t Care.”
4

. YWR of 1 CLK available if running 100 MHz or slower. Check factory for availabllity.

Figure 4.6.F11: Write — Without Auto Precharge

Alternating Bank Write Accesses:

il m T2 13 T4 s Té m T8 ™

Sl = N e T I s D s s s e B
mﬁ%wmwmmwmwmwmwwwmwmmw
come W aeme X e XN o U o e XU o I N o Y o e WL
s v\ | | .\ | g\ | s,

AD-AZ, ATT Row /¥ oot i, oW 1/ ud 7 ROW

ENABLE AUFTD PRECHARGE ENASLE ALITO PRECHARGE

BAD, BA1 ] BANKD BANK 1 i BANE BANK D

os| tou  tos | tow  tos| ow tos | o lbs|!m os| ou tos bw  os) ow
o0 D WK D YK i i%kmm D 2 T, T e Ty
IRCD - BANK D ‘wn .sANKD 'R -BANK O 50D - BANK O

T
TRAS - BANK 0
TR - BANK O

'RRD RCD - BANK 4 iR - BANK 4
DONT CARE

NOTE:
1. For this example, the burst length = 4.

2. Faster frequencies require two clocks (when hWR > ‘CK).
3. A8, A9, and A11 = “Don't Care.”

Figure 4.6.F12: Alternating Bank Write Accesses
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Write — Full Page Burst:

0 bt | TZ T3 T4 T5 Tn+1 Tn+2 Tn

w | :‘DLTEH{‘CT ! T | T L T | T | ‘r

fcks | tokH

| Xl W | W W | W | W |~
commane ) _scwe wor Y v YK e YK e YK e )@( oo WYX o

icws | iovH

vauos 7T | s | L7 | 0 | i | 47 |

tas | taH

v K Vs A

tas | 1taH

I I

tas | taH

N T =X T

ps | I ps | toH ps | loH Ips | ‘oM ps | o

00 ,y/ﬁmm Dwm ;@k-u.lmu)@k ow e 2 W n..lm:?@k MMWW

Full-page burst does
256 locations within same row not self-terminate. Can
use BURST TERMINATE
command to stop.2. 2

Full page completed -

DONT CARE

NOTE:

1. A8, A9, and A11 = “Don‘t Care."
2. 'WR must be satisfied prior to PRECHARGE command.
3. Page left open: no "RP.

Figure 4.6.F13: Write — Full Page Burst

Write — DQM Operatlon
“*4{’C“TH“HH'LJI#[#[J[#[_

Icks | kw

w« T | O | ||| <l

Tems | lomH

conmane ) e WK e YK v WK T,., YK e YK e YKo X vr M
feps | ionaH

oowos 777 71T | AT | s | L UL

tas | Tan

e - KL T oty L L

NABLE AUTO PRECHARGE

WWM __ XU U,
At ' mw I,
Ds| loH Ips | 'oH

m"?)ﬂ" T X ommea YK ommes X,
{77 oont care

NOTE:

1. For this example, the burst length = 4.
2. A8, A9, and A11 = “Don‘t Care."

Figure 4.6.F14: Write — DQM Operation
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Consecutive Read Burst:

COMMAND{JVEAD-}{NUPH"WMWP}(WDHNG}{ cm:uua-wn-pu\--m:-wa,n-.-c\--':u:'

X Dy(l'

mu«////w /)WMM@
o0 —|— {8 ><+>< >< }(W} oo —

i i
CAS Latengy = 1

A Ly - B

5 T6 MOTE: Each READ command mary b 50 sther bark. DOM s LOW.

wmju 77 ooxr
COMMAND_(WD).( wup}{uow },( HoP ){m){ o }{ NeE }{_

' i i i |X1rycbe| i

Figure 4.6.F15: Consecutive Read Burst

Terminating a Read Burst:

1o n n (5] s LH] LL] {H

M_i—m_lﬂ mll'_:-'ﬁal.].i_:'_Jljg_L

sommann {_ H s }{ =+ ){ wor \)(mgdmm}\ NOP }( NP }{: DhmAND o o )

:’ = ‘_.. [ I‘_, -' 3 e ‘-l_‘"

N,“"\.""‘" i

P

wﬂﬁffﬂr@ﬁ?ﬁ‘}f

CLK

COMMAND

ADDRESS

oo

Figure 4.6.F16: Terminating a Read Burst

BIT (Hons) Computer Engineering
Faculty of Information and Communication Technology, UTAR



4.7: Timeline

Start
Task Name Date Date

(weeks)
Study the existing work that being
developed 2 2/6/14 14/6/14
Develop test for the existing RISC
32 pipeline processor 4 9/6/14 3/7/14
Review the previous work of
SDRAM controller 3 16/6/14 6/7/14

Perform a deeper Literature
Reviews 2 30/6/14 || 9/7/14
Research and Fact Findings
*analyze the interface of SDRAM
and Cache 3 9/7/14 25/7/14
Develop a Methodology and
provide solutions

*Protocol Controller Block design 2 26/7/14 3/7/14

*improve SDRAM controller to

support multiple cache 3 27/7/14 || 5/8/14

Verify the integration of the

controller of cache and SDRAM by

*Develop an appropriate test 3 28/7/14 18/8/14 ________J-
Meet with Supervisor weekly 14 25/5/14 25/8/14 |!!!!!!___
Submission of proposal report 11/8/14

Project | presentation 25/8/14

End of Project | 29/8/14

According to - Completed
schedule beyond time

- Completed - Planning

Table 4.7.1 Gantt chart for Project |
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Task Name Duration || week
(weeks) 1 2 (3|4 |5| 6 7 8
Specification and development
i) Develop Architecture 1
Specification
ii) Develop Microarchitecture 2
Specification
iii) Develop Verification 2
Specification
Develop Test case and 2
Verification
Documentation Report Writing 1
Meet with Supervisor weekly 14
Submission of proposal report
Project Il presentation
End of Project Il

Table 4.7.2 Planning Gantt chart for Project Il

BIT (Hons) Computer Engineering
Faculty of Information and Communication Technology, UTAR



Chapter 5: Micro-architecture of Memory System

5.1: Memory System Micro-Architecture and its Partitioning

Memory System

Cache Memory TLB
cache_0 (u_cache) i_tlb (u_tlb)
cache_2 (u_cache) d_tlb (u_tlb)

cache_1 (u_cache)

cache_3 (u_cache)

Memory Arbiter

mem_arbiter (u_mem_arbite

SDRAM Controller
sdram_controller (u_sdram_controller)

b _sdc_fsm b_sdc_sdram_if

b_sdc_addr_mux

b_sdc_obrt_top
bank[0] tracker bank[1] tracker
(b_sdc_obrt) (b_sdc_obrt)
bank[2] tracker bank[3] tracker
(b_sdc_obrt (b_sdc_obrt)

Physical Memory

sdram mt48lc4m32b)

Figure 5.0: Memory System Micro-Architecture arglRtrtitioning
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5.2: Design Hierarchy

Cache is involved for the project purpose, to yetlie compatibility of memory

system and SDRAM controller. However, the Translatiookaside Buffer (TLB) is

not included in this design since memory initiaiaa can be done by the testbench.

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 instruction)

b_cache_ctrl

u_cache (for data) b_cache_ctrl
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: Formation of a design hierarchy for 32Memory System
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Chapter 6: Microarchitecture Specification
Unit Partitioning of Memory System

CPU

BIT (Hons) Computer Engineering

128

128

128

uo_cac_cpu_data uo,cac,memﬁsuo‘::j:)_—\;
ui_cac_cpu_addr uo_cac_mem_cyc|
i_cac_cpu_data uo_cac_mem_r
ui_cac_cpu_read uo_cac_mem_host_Id_m ® =
ui_cac_cpu_write uo_cac_mem_sgt =
cac_rst uo_cac_mem_adgi2/—
ui_cac_clk uo_cac_mem_data> 2
o uo_cac_mi
ui_cac_mem_:
ui_cac_mem_datd2 32
u_cache
uo_cac_cpu_data uo,cac,memﬁszro‘::D_—\;
ui_cac_cpu_addr uo_cac_mem_cyc|
ui_cac_cpu_data uo_cac_mem_r
ui_cac_cpu_read uo_cac_mem_host_Id_m c "
ui_cac_cpu_write uo_cac_mem_sgt
ui_cac_rst uo_cac_mem_adg#Z 2
ui_cac_clk uo_cac_mem_data> 2
o uo_cac_mi
ui_cac_mem_:
ui_cac_mem_da{aZ 32
u_cache
uo_cac_cpu_data uo,cac,memﬁsuo‘::D_—\;
ui_cac_cpu_addr uo_cac_mem_cyc|
ui_cac_cpu_data uo_cac_mem_r
ui_cac_cpu_read uo_cac_mem_host_Id_m c )
ui_cac_cpu_write uo_cac_mem_set
ui_cac_rst uo_cac_mem_adg#> 32
ui_cac_clk uo_cac_mem_data> 32
o uo_cac_|
ui_cac_mem_:
ui_cac_mem_dalaZ 32
u_cache
uo_cac_cpu_data uo,cac,memﬁsuo‘::j:)_—\;
ui_cac_cpu_addr uo_cac_mem_cyc|
ui_cac_cpu_data uo_cac_mem_r
ui_cac_cpu_read uo_cac_mem_host_Id_mx c =
ui_cac_cpu_write uo_cac_mem_set
ui_cac_rst uo_cac_mem_adg#> 32
ui_cac_clk uo_cac_mem_daté> 32
o uo_cac_mi
ui_cac_mem_:
ui_cac_mem_da{aZ 32
u_cache

ui_ma_cac_read3
ui_ma_cac_write3
ui_ma_cac_host_ld_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_sdc_dal

ui_ma_cac_write2 ui_ma_sdc_ac]

ui_ma_cac_host_ld_mode2 uo_ma_sdc_re:

ui_ma_cac_sel2 uo_ma_sdc_writj

uo_ma_sdc_host_Id_mo
uo_ma_sdc_s

ui_ma_cac_addr2
ui_ma_cac_data2

ui_ma_cac_miss2 uo_ma_sdc_ad

uo_ma_cac_ack2 uo_ma_sdc_d:

uo_ma_cac_data2

ui_ma_cac_readl
ui_ma_cac_writel
ui_ma_cac_host_Ild_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

ui_ma_cac_read0
ui_ma_cac_write0
ui_ma_cac_host_ld_mode0
ui_ma_cac_sel0
ui_ma_cac_addr0
ui_ma_cac_data0
ui_ma_cac_miss0
uo_ma_cac_ack0
uo_ma_cac_data0

uo_wh_daf—4—
ui_sdc_read w261
ui_sdo_write uio_sdr_dq2————— 32} Dq
ui_host_Id_mode _sel i 4 4 Ba
uo_sdr_dgn—+———————*— pgm
ui_sdc_sel uo_sdr_addki: 1;
ui_sdc_addr uo_sdr_cs éddr
_sdr_cs_{ s_n
ui_sdc_dat uo_sdr_ras_|{ Ras_n
ui_sdc_clk uo_sdr_cas._| Cas_n
ui_sdc_rst uo_sdr_we_| We_n
1'b1—— Cke
u_sdram_controller Clk  SDRAM

u_mem_arbiter

Figure 6: Unit Partitioning of Memory System

Faculty of Information and Communication Technology, UTAR

Page 50




6.1: Cache Unit

This is a 2-way set associative cache. Functioealdaf Cache Unit:

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

main memory.

ok D

Send signal to stall the CPU when read miss oewniss.
Communicate with SDRAM Controller to write back rigi block of data

back into SDRAM and fetch new block of data from it

destination name{ 2

CPU uo_cac_cpu_data
32

—=54- ui_cac_cpu_addr
32 ui_cac_cpu_data

Source name] —— ui_cac_cpu_read
CPU | — ui_cac_cpu_write
—1{ui_cac_rst
—— ui_cac_clk

uo_cac_mem_host_Id_mo

u_cache

uo_cac_mem_stroe—
uo_cac_mem_cycle—
uo_cac_mem_nv——

uo_cac_mem_sf
uo_cac_me m_ad-i-f‘—zL
uo_cac_mem_da A

uo_cac_misg——

[ SIS

ui_cac_mem_agk——
ui_cac_mem_da{a2 .

Figure 6.1: Cache Unit Block Diagram

Output desired data or instruction to CPU whessties a READ.

ge—
e 47 >

P

Write data into desired location as instructed BJJGD-Cache only).

Destination name:
u_mem_arbiter

Source name:
u_mem_arbiter

This design includes Wishbone bus output signalsichv are strobe and cycle,

indicate that a valid bus cycle in progress ang calected. However, the SDRAM

controller does not use any Wishbone interface® ddsign is unnecessary for the

cache and should be removed in future developrmerd. yet it uses to test for the

compatibility of new SDRAM controller only.

6.1.1: 1/0 Description

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.
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Pin name: ui_cac_cpu_data

Pin class:Data

Path: CPU> Cache

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

Pin name:ui_cac_cpu_addr
Pin class:Address
Path: CPU> Cache

Description: 32-bits address from CPU that indicates a celtaiation that to be
accessed.

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

Description: A control signal that enables the read from cdotra given address
when it is asserted (HIGH).

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

Description: A control signal that enables the write of data i certain location in
cache when it is asserted (HIGH).

Pin name:uo_cac_cpu_data

Pin class:Data

Path: Cache> CPU

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

Pin name:uo_cac_mem_strobe

Pin class:Control
Path: Cache> Memory Arbiter

Description: Strobe signal that goes into SDRAM Controller.

Pin name:uo_cac_mem_cycle

Pin class:Control
Path: Cache> Memory Arbiter

Description: Cycle signal that goes into SDRAM Controller.

Pin name:uo_cac_mem_rw

Pin class:Control

Path: Cache> Memory Arbiter

Description: A read or write signal that goes into SDRAM Cofiéno
When ‘1’, write.

When ‘0’, read.

Pin name:uo_cac_mem_host _|d_mode

Pin class:Control
Path: Cache> Memory Arbiter

Description: Assert (HIGH) this signal to configure the opergtmode of SDRAM

Pin name:uo_cac_mem_sel

Pin class:Control

Path: Cache> Memory Arbiter

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

Description: 32-bits address that indicates which locatiorhan$DRAM to be
accessed.

Pin name:uo_cac_mem_data
Pin class:Data
Path: Cache> Memory Arbiter

Description: 32-bits data that to be written in to the SDRAM.
When in host load mode, it contains the valid mealee for configuration.

Pin name:uo_cac_miss

Pin class:Control
Path: Cache> Memory Arbiter

Description: A status signal indicates cache miss. It is tb tta pipelines.

Pin name:ui_cac_mem_ack
Pin class:Control
Path: Memory Arbiter-> Cache

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

Pin name: ui_cac_mem_data

Pin class:Data
Path: Memory Arbiter-> Cache

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

Table 6.1.1: Cache Unit I/0O Descriptions
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6.2: Memory Arbiter
The memory arbiter allows multiple caches or TLEatzess single SDRAM. In order

to do that, different priorities are given to d_TLBTLB, d_Cache and i_Cache. The

block diagram below shows a memory arbiter thatstgrport up to 4 caches.

—— ui_ma_cac_read3

—— ui_ma_cac_write3
) ui_ma_cac_host_Id_mode3

Source name: — ui_ma_cac_sel3

cache3 i; ui_ma_cac_addr3

2 ui_ma_cac_data3

— ui_ma_cac_miss3

Destination name: uo_ma_cac_ack3

cache3 32, luo_ma_cac_data3

— ui_ma_cac_read2

— ui_ma_cac_write2
ui_ma_cac_host_Id_mode2
2 ui_ma_cac_sel2

%L ui_ma_cac_addr2 ui_ma_sdc_dafa 24\ Source name:
—# ui_ma_cac_data2 K_} u_sdram_controller
—— ui_ma_cac_miss2
uo_ma_cac_ack2

Source name:
cache2

ui_ma_sdc_ac
uo_ma_sdc_regd——
uo_ma_sdc_writg——

Destination name: {

cache2 32, luo_ma_cac_data2
- - - uo_ma_sdc_host_Ild_mofte— P .
Ui ma cac readl o ma sde setd Destination name:
- T T e u_sdram_controller
— ui_ma_cac_writel uo_ma_sdc_adg—4
ui_ma_cac_host_Id_model uo_ma_sdc_data>24

Source name:

4 .
—7ui_ma_cac_sell
cachel

22, ui_ma_cac_addrl
2 ui_ma_cac_datal
—— ui_ma_cac_missl
Destination name: uo_ma_cac_ackl

cachel 32+ uo_ma_cac_datal

— ui_ma_cac_read0
— ui_ma_cac_write0
ui_ma_cac_host_Id_mode0
A ui_ma_cac_sel0
32 ui_ma_cac_addrO
2 ui_ma_cac_data0
—— ui_ma_cac_miss0
Destination name: uo_ma_cac_ackO

cache0 32 ¢ luo_ma_cac_data0

Source name:
cache0

u_mem_arbiter

Figure 6.2: Memory Arbiter Block Diagram
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6.2.1: 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
Path: Memory Arbiter-> TLB or Cache

Description: Acknowledge signal (active HIGH) to indicate readvrite 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
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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

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

When itis ‘1’, the corresponding byte will enable.

When itis ‘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 #i2RAM 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 thR®&M, the configuration value
goes into SDRAM via this port too.

Table 6.2.1: Memory Arbiter I/O Descriptions
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6.2.2: Memory Arbiter State Diagram

miss3’.miss2’.miss1’.missO miss3’.miss2

miss2

Figure 6.2.2: Memory Arbiter State Diagram
6.2.3 State Definition
State Name Definition
Memory cache3 First priority cache given to perform ogerat
Arbiter cache2 Second priority cache given to perform dpmra
cachel Third priority cache given to perform operat
cache0 Last priority cache given to perform operati
idle Wait for new operation

Table 6.2.3: State Definition
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6.3: SDRAM Controller
The SDRAM controller acts as an intermediary betwéte®e SDRAM and the host. It

handles SDRAM operations using the protocols wkiidhbe explained section 6.4.1
Protocol Controller. And it has no longer been miedebased on Industry standard
HOST SoC interface due to the current design needs.
Some of the main features are:

1) Burst transfers and burst termination

2) SDRAM initialization support

3) Performance optimization by leaving active rowsrope

4) Load mode control

uo_sdc_datiz.L} Destination name:

- ui sdc read uo_sdc_ach u_mem_arbiter
- = : 32
— ui_sdc_write uio_sdc_dd Z’L
ui_host_Id_mode uo_dsd(;_b- i
; uo_sdc_dgnm—~—
Source name; —41 ui_sdc_sel uo_sdc_agd N
u mem arbiter] —%<] ui_sdc_addr — = 7 Destination name:
. 32, | ui_sdc_dat uo_sdc_cs_i— (" gppawm
- - uo_sdc_ras_p——
— lui_sdc_clk uo_sdc_cas_|
~ ui_sdc_rst uo_sdc_we_i

u_sdram_controller

Figure 6.3: SDRAM Controller Block Diagram

6.3.1: 1/0 Pin Descriptions

Pin name:ui_sdc_clk

Pin class:Global
Path: Memory Bus Clock> SDRAM Controller

Description: SDRAM Controller Clock Input

Pin name:ui_sdc_rst

Pin class:Global
Path: System Rese® SDRAM Controller

Description: SDRAM Controller Reset

Pin name: ui_sdc_read

Pin class:Control
Path: Memory Arbiter-> SDRAM Controller

Description: This pin indicates that the current cycle is REWBen it asserted high.

Pin name: ui_sdc_we

Pin class:Control
Path: Memory Arbiter-> SDRAM Controller

Description: This pin indicates that the current cycle is WRMEen it asserted higI]L
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Pin name:uo_sdc_ack

Pin class:Control
Path: SDRAM Controller-> Memory Arbiter

Description: When asserted high, it indicates that the curREBAD or WRITE is
successful. When asserted low, it indicates theabjp® is not completed yet or 1
operation is processing now.

0o

Pin name:ui_sdc_sel

Pin class:Control
Path: Memory Arbiter-> SDRAM Controller

Description: This signal indicates where valid data is placadtte input data ling
(ui_wb_dat) during WRITE cycle and where it shophgsent on the output data i
(uo_wb_dat) during READ cycle. The array boundarégs determined by th
granularity of a port. In this SDRAM controller,ifts granularity is used and all t

Y%

ne
e
ne

data ports are 32-bits. Therefore, there would Iseldct signals with the boundaries

of ui_wb_sel(3:0). Each individual select signatretates to one of 4 active bytes
the 32-bits data port.

on

Pin name: ui_sdc_addr

Pin class:Address
Path: Memory Arbiter-> SDRAM Controller

Description: The address input is used to pass the memory ssifitan the host.

Pin name:ui_sdc_dat
Pin class:Data
Path: Memory Arbiter-> SDRAM Controller

Description: This pin is used to pass WRITE data from the host.

Pin name:uo_sdc_dat

Pin class:Data
Path: SDRAM Controller-> Memory Arbiter

Description: This pin is used to output READ data from the SIMRA

Pin name:ui_host_Id_mode

Pin class:Control
Path: SDRAM Controller-> Memory Arbiter

Description: This pin is asserted to load a new mode into DRAM.

Pin name:uo_sdc_cs_n

Pin class:Control

Path: Memory Arbiter-> SDRAM
Description: SDRAM chip select

Pin name:uo_sdc_ras_n

Pin class:Control
Path: Memory Arbiter-> SDRAM

Description: SDRAM row address select

Pin name:uo_sdc_cas_n
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Pin class:Control
Path: Memory Arbiter-> SDRAM

Description: SDRAM column address select

Pin name:uo_sdc_we_n

Pin class:Control

Path: Memory Arbiter-> SDRAM
Description: SDRAM write enable.

Pin name:uo_sdc_addr

Pin class:Address
Path: Memory Arbiter-> SDRAM

Description: This pin is used as an address output to the SDRRM address will
be segmented into row, column and bank before k&@ntyout through this pin.

Pin name:uo_sdc_ba
Pin class:Control
Path: Memory Arbiter-> SDRAM

Description: This pin is used to select the bank within the 3R There are a total
of 4 banks within the SDRAM and each of them operatdependently.

Pin name:uo_sdc_dgm

Pin class:Control

Path: Memory Arbiter-> SDRAM

Description: This pin is used to select which bits of the data (uio_sdr_dq) to bg
masked.

D

Pin name: uio_sdc_dq

Pin class:Data

Path: Memory Arbiter-> SDRAM
Description: This data line is a bidirectional line to receiREAD data or send
WRITE data.

Table 6.3.1: SDRAM 1/O Descriptions
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6.4: Block partitioning of SDRAM Controller

ui_sdc_sel

ui_sdc_dat

ui_sdc_ld_mode

[11:0] 13

ui_sdc_read

ui_sdc_write

ui_sdc_rst
ui_sdc_clk

bi_fsm_newcfg bo_fsm_cfg_mode

bi_fsm_Id_mode

bo_fsm_bank_a¢t

bi_fsm_read bo_fsm_bank_clf

12

bi_fsm_write bo_fsm_bank_clr_aH

bi_fsm_bank_open bo_fsm_a10_cm

bi_fsm_any_bank_open bo_fsm_Imr_s

bi_fsm_row_same bo_fsm_row_s:

14

bi_amx_addr bo_amx_dq
bi_amx_sel bo_amx_b
bi_amx_cfg_mode bo_amx_ad

bi_amx_al0_cmd
bi_amx_Imr_sel
bi_amx_row_sel

[

[23:12] 12

[11:10] 2

i bo_fsm_wog
E:::gz:rcsllt( bo_fsm_rod— b_sdc_addr_mux
bo_fsm_cm
bo_fsm_ach uo_sdc_ack
b_sdc_fsm
- - uo_sdc_cs_n
I—"/— bi_sdif dgm bo—Sdif—CS—"——‘ uo_sdc_ras_n
2 bi_sdif_ba bo_sdif_ras_i——h - - =
14 bi_sdif_addr bo_sdif cas_ p—m———— uo_sdc_cas_n
bi_obrt_bank_act bo_obrt_bank_operm 4.1 bi sdif cmd bo_sdif_we_r L
bi_obrt_bank_clr bo_obrt_any_bank_oper bi sdif woe bo_sdif_dgm 4 uo_sdc_we_n
bi_obrt_bank_clr_all bo_obrt_row_sar bi sdif roe bo_sdif_b 2
bi_obrt_row_addr 32, | piedif dat bo_sdif_addf- uo_sdc_dgm
bi_obrt_bank_addr bi_sdc_clk bp_sdi'f_da% uo sdc ba
b!_sdc_clk bi_sdc_rst bio_sdif_dg—54 - -
bi_sdc_rst uo_sdc_addr
b_sdc_obrt_top
b_sdc_sdram_if uo_sdc_dat
uio_sdc_dq

Figure 6.4: The Micro-Architecture of the SDRAM @otier
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6.4.1: Protocol Controller
This block handles the timing and the state chanigasforms the protocols of the

SDRAM. It decides which protocol to be executed amdt commands to be sent to
the SDRAM. This block performs simple decoding be HOST signals and uses

them as input controls for the states.

Source namef — ] Pi_fsm_bank_open bo_fsm_bank_agt— Destination name:

—— bi_fsm_any_bank_open bo_fsm_bank_cle——"r . 1 155

b_sdc_obrt top| ___| bi fsm row same bo_fsm_bank_clr_a-lr — ==

bi_fsm_ld_mode bo_fsm_cfg_mode= o _
%2(_ bi_fsm_ne_wcfg bO_fsm_alo_Cmd— Destination name:
Source name] —— bi:fsm:read bo_fsm_Imr_se—— | b_sdc_addr_mux
Host | — bi_fsm_write bo_fsm_row_sg—— o .
—bi sdc rst bo_fsm_wog—— Destination name:

—1Ipi sdc clk bo_fsm_rog— b_sdc_sdram_if

- bo_fsm_cmd—
bo_fsm_ack—— "\ Destination name:
b_sdc_fsm SDRAM

Figure 6.4.1: Protocol Controller Block Diagram

6.4.1.1: 1/0 Pin Descriptions

Pin Name: bi_sdc_clk

Pin class:Global

Path: Host=> Protocol Controller
Description: Clock Input

Pin Name: bi_sdc_rst

Pin class:Global

Path: Host-> Protocol Controller
Description: Synchronous reset

Pin Name: bi_fsm_read

Pin class:Control

Path: Host-> Protocol Controller

Description: When asserted high, this pin indicates that tmeeaticycle is READ.

Pin Name: bi_fsm_write

Pin class:Control

Path: Host-> Protocol Controller

Description: When asserted high, this pin indicates that thieeaticycle is WRITE.

Pin Name: bi_fsm_ack

Pin class:Control

Path: Host-> Protocol Controller

Description: Acknowledge signal is activated after read orevistdone.

Pin Name: bi_fsm_Ild_mode

Pin class:Control

Path: Host-> Protocol Controller

Description: This pin is asserted to request for load mode.
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Pin Name: bi_ fsm_newcfg

Pin class:Control

Path: Host-> Protocol Controller

Description: 12-bits mode configuration status

Pin Name: bi_fsm_bank_open

Pin class:Control

Path: OBRT - Protocol Controller

Description: If deasserted, row status is “row closed”.
If asserted, row status is “row opened”.

Pin Name: bi_fsm_any bank_open

Pin class:Control

Path: OBRT - Protocol Controller

Description: If deasserted, the row status for all banks isv“‘ctosed”.
If asserted, there is at least one bank with thtistof “row opened”.

Pin Name: bi_fsm_row_same

Pin class:Data

Path: OBRT - Protocol Controller

Description: If asserted, the existing row is the same as gened row in the selecté
bank.

2d

Pin Name: bo_fsm_bank_act

Pin class:Control

Path: Protocol Controller> OBRT

Description: If asserted, Protocol Controller requests OBRUiddate the bank status
the selected bank to “row opened”.

of

Pin Name: bo_fsm_bank_clr

Pin class:Control

Path: Protocol Controller> OBRT

Description: If asserted, Protocol Controller requests OBRUigdate the bank status
the selected bank to “row closed”.

of

Pin Name: bo_fsm_bank_clr_all

Pin class:Control

Path: Protocol Controller> OBRT

Description: Asserted to set all the bank statuses in OBRTdw ‘tlear”.

Pin Name: bo_ fsm_cfg_mode

Pin class:Control

Path: Protocol Controller> Address Multiplexer
Description: 12-bits mode configuration status

Pin Name: bo_fsm_al0 cmd

Pin class:Control

Path: Protocol Controller> Address Multiplexer

Description: Signal to be sent out to the address (10) of th&/AM. During a row

precharge, the assertion of this pin indicateshaege all banks.
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Pin Name: bo_fsm_Imr_sel

Pin class:Control

Path: Protocol Controller> Address Multiplexer
Description: Select load mode configuration.

Pin Name: bo_fsm_row_sel

Pin class:Control

Path: Protocol Controller> Address Multiplexer
Description: Select row address

Pin Name: bo_fsm_woe

Pin class:Control

Path: Protocol Controller> Data Buffer
Description: Write output buffer enable.

Pin Name: bo_fsm_roe

Pin class:Control

Path: Protocol Controller> Data Buffer
Description: Read output buffer enable.

Pin Name: bo_fsm_cmd

Pin class:Control

Path: Protocol Controller> SDRAM Interface
Description: Output SDRAM commands

Table 6.4.1.1: Protocol Controller Input/ OutputrPDescriptions

6.4.1.2: Protocol Controller State Diagram
This section details the state diagram of the RaitaController block. Figure

6.4.1.2.F1 shows the simplified view of the Prota€ontroller FSM model, followed
by the state diagram shown in Figure 6.4.1.2.F2Fagdre 6.4.1.2.F3.

R/W output gating control ‘

Load Mode Register contro’

SDRAM Command Generat#r

Input Host ACK Generator ‘
Load Mode Status
Open Row Status
_

Register Mealy

FSM Model Open Bank and Row Track|+g

Address Decoder Control ‘

Burst Counter ‘

Refresh Interval Timer ‘

Timer ‘

Figure 6.4.1.2.F1: A simplified view on the PraibBlock

The Protocol Controller is designed using a regéstemealy model. There are 9
different output generators driven by the same F&Rth of this output generators

serves different micro functions at different state
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Initialization of SDRAM controller occurred whersymchronous reset signal is
asserted high. SDRAM needs to perform power andkclktabilization. Before
issuing read or write command, it has to go throagHeast 100s delay during
initialization wait state (INIT_W). The default tenvalue in INIT_W, b_tmr_done is
set to 15Qs, but the value has been scaled down for thengeptirpose. The system
is then throughout the wait states of pre-chargeetr and load mode according to
specific timing values. These delays can be matlifig designer and decided by
referring to the SDRAM types that has been chogdter the initialization, state
machine go directly to idle command state.

Figure 6.4.1.2.F2: Initialization Protocol FSM
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If the chosen bank is not open during the read dtewcycle time, the active
command (C_ACT) will be issued to close the paléichbank and open the chosen
bank. If the chosen row is different, pre-chargd wiok place. Otherwise, read or

write can be executed directly.

C_RDATA

Figure 6.4.1.2.F6: Open Bank and Row Tracking Calrgub-FSM
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6.4.2: Open Bank and Row Tracking (OBRT) Top
This block is used to keep track of the row staduee all the banks. It has 4 sub-

blocks of OBRT instantiated within it to store acmimpare the row status (activated
or precharged) of each bank. This block will selebich sub-blocks row statuses to
be updated. It also selects which sub-block’s rtatuses to be output to the protocol

controller block.

Source name] — | b?_Obrt_bank_aCt bo_obrt_bank_opgm— Destination name:
b_sdc_fsm E— b!_obrt_bank_clr bo_obrt_any_bank_opéerm— b sde fsm
—— bi_obrt_bank_clr_all bo_obrt_row_same— — =

%L bi_obrt_row_addr
Source namej —=“— pi_obrt_bank_addr

Host | — bi_sdc_clk
— bi_sdc_rst
b_sdc_obrt_top

Figure 6.4.2: OBRT Top Block diagram

6.4.2.1: 1/0 Pin Descriptions
Pin Name: bi_sdc_clk

Pin class:Global

Path: Host> OBRT
Description: Clock Input

Pin Name: bi_sdc_rst

Pin class:Global

Path: Host-> OBRT
Description: Synchronous reset

Pin Name: bi_ obrt_bank addr
Pin class:Address

Path: Host> OBRT
Description: Input of bank address to select which bank’s statube updated @
checked.

=

Pin Name: bi_ obrt_row_addr
Pin class:Address

Path: Host> OBRT
Description: Input row address to be compared with the actiVatev of the selected
bank.

Pin Name: bi_obrt_bank_act

Pin class:Control

Path: Protocol Controller> OBRT

Description: Set the status of the selected bank as “Row Attive
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Pin Name: bi_ obrt_bank_clr

Pin class:Control

Path: Protocol Controller> OBRT

Description: Clear the status of the selected bank to inditadev Closed”

Pin Name: bi_obrt_bank_clr_all

Pin class:Control

Path: Protocol Controller> OBRT
Description: Clear the status of all banks

Pin Name: bo_obrt_bank_open

Pin class:Control

Path: OBRT - Protocol Controller

Description: Indicates “Row Active” status if asserted and “R@&@Aosed” if de-
asserted.

Pin Name: bo_obrt_any bank open

Pin class:Control

Path: OBRT - Protocol Controller

Description: When asserted, it indicates if there is any baitk W\Row Active”
status.

Pin Name: bo_ obrt_row_same

Pin class:Control

Path: OBRT - Protocol Controller

Description: Indicate “Row Same” status when the currently ased row is the
same as the activated row.

1%

Table 6.4.2.1: OBRT Top Input /Output Pin Descaps

e
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6.4.2.3: Block Partitioning of OBRT Top
This sub-block is generated 4 times within the OBRdp Block. Each of these sub-

blocks stores the row status (precharged, actiyategach bank.

— | bi_cs bo_bank_rdy——
bi_bank_act bo row samée——
| bi_bank_clr -
—~— bi_row_addr
— | bi_rst
— bi_clk
b_sdc_obrt

Figure 6.4.2.3: OBRT Sub-block Diagram

6.4.2.4:1/0 Pin Descriptions

Pin Name: bi_clk

Pin class:System

Path: OBRT_Top—~> OBRT
Description: Clock Input

Pin Name: bi_ rst

Pin class:System

Path: OBRT_Top~> OBRT
Description: Synchronous reset

Pin Name: bi_cs

Pin class:Control

Path: OBRT_Top—~> OBRT

Description: Chip select. This sub-block will not react to ialbut signals, with the
exception of bi_rst, if this pin is not asserted.

174

Pin Name: bi_ bank_act

Pin class:Control

Path: OBRT_Top—~> OBRT

Description: If asserted, set bank status as “row active”

Pin Name: bi_ bank_clr

Pin class:Control

Path: OBRT_Top—~> OBRT

Description: If deasserted, set bank status as “row closed”.

Pin Name: bi_row_addr

Pin class:Address

Path: OBRT_Top—> OBRT

Description: Input row address to be compared with stored atett/row address.

Pin Name: bo_bank_rdy
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Pin class:Control

Path: OBRT > OBRT _Top
Description: Row active status. Indicate the row stored instblected bank is ready.
At reset, this register is initialized to 0. If as®d, indicates “row active”.
If deasserted, indicates “row closed”.

Pin Name: bo_row_same

Pin class:Control

Path: OBRT > OBRT _Top

Description: If asserted, indicates the input address is santieeastored address.

Table 6.4.2.4: OBRT Input/ Output Pins Descriptions

6.4.2.5 Important Registers in OBRT
There are a total of 4 trackers to track the ratust of each bank. Within each tracker,

there are 2 important registers used to trackdheaddress and its activation status.

Pin Name: b_row_previous

Pin class:Register

Description: Stores the activated row to be compared with thpauti row addres
from bi_wb_row_addr. At reset, this register idialized to 0.

L7

Pin Name: bo_bank_rdy
Pin class:Register
Description: Indicate the row stored in the selected bank &lye At reset, this
register is initialized to 0.

If asserted, it indicates “row active”.If deassdrtie indicates “row closed”.

Table 6.4.2.5: OBRT Important Registers

e
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6.4.3: Address Multiplexer

The address multiplexer (MUX) partitions the HOSddeess input line into row

address, bank address and column address. Themyltiplexes the configuration

mode, row address and column address. It also dscibé HOST Select input pin

and converts it to equivalent masking output.

Source name; 32 4

y bi_amx_addr bo_amx_dqnr—~

oSt \ 421 pi_amx_sel )0_amx_ba

Source name oy bo_amx_b

b_sdc_ms_red-—__{ i amx_al0_cmd

Source namej —— bi_amx_Imr_sel
b_sdc_fsm{ ——

bi_amx_row_sel

b_sdc_addr_mux

Figure 6.4.3: Address Multiplexer Block Diagram

6.4.3.1: 1/0 Descriptions

2 Destination name:
241 bi_amx_cfg_mode bo_amx_adde—~< ) b_sdc_sdram_if

Pin Name: bi_amx_addr

Pin class:Address

Path: Host-> Address Multiplexer

Description: Host address input. This input line is used totgetaddress of the hg
connected to the SDRAM controller

St

Pin Name: bi_amx_sel
Pin class:Control
Path: Host—> Address Multiplexer

Description: Host Select Input. This input line is used to selehich data on the 32

bit data line is valid. Can be used for the purpafskyte access, half-word access
word access.

or

Pin Name: bi_amx_cfg_mode

Pin class:Control

Path: CSR-> Address Multiplexer

Description: This input is used to read the status of the goinéid mode. The statt
will be used as the value to configure the SDRAMewHoad mode protocol
executed.

IS

Pin Name: bi_amx_al0 _cmd

Pin class:Control

Path: Protocol Controller> Address Multiplexer
Description: Address bit-10 control signal

Pin Name: bi_amx_Imr_sel
Pin class:Control
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Path: Protocol Controller> Address Multiplexer
Description: Load mode select input

Pin Name: bi_amx_row_sel

Pin class:Control

Path: Protocol Controller> Address Multiplexer
Description: Row address select input

Pin Name: bo_amx_dgm

Pin class:Control

Path: Address Multiplexer> SDRAM Interface

Description: Masking output. Used to select which data lindhef SDRAM to be
masked. Refer to [12] for further details.

Pin Name: bo_amx_ba

Pin class:Control

Path: Address Multiplexer> SDRAM Interface
Description: Bank address output

Pin Name: bo_amx_addr

Pin class:Address

Path: Address Multiplexer> SDRAM Interface
Description: Multiplexer address output

Table 6.4.3.1: Address Multiplexer Input/ Output Biescriptions
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6.4.4 SDRAM Interface Block Specification

The SDRAM Interface Block synchronizes all the signto negative edge for the

write cycle and positive edge for the read cycéfple sending them out the SDRAM.

Within the host and SDRAM, there are two tri-statedfers used as the gating

mechanism to enable the data to flow in or out.

4 . . .

Source name! —ZF b!_sd!f_dqm bo_sc_ilf_cs_rla—*
—=4 bi_sdif_ba bo_sdif_ras_m——
b_sdc_addr_muxX__14, | i"sif addr  bo_sdif_cas_p—
= bi_sdif cmd  bo_sdif_we_mr—

SOurce NaMme) | i sdif woe  bo_sdif_dgm—4 |
b_sdc_fsm|____ 1, "sdif roe bo_sdif_be—2*~
(224 bi_sdif_dat bo_sdif addF—4

Source namey " 1 isie clk bio_ sdif dq-224

Host { bi_sdc_rst bo_sdif_da—32»L:}

b_sdc_sdram_if

Figure 6.4.4: SDRAM Interfad8lock Diagram

6.4.4.1: 1/0 pin descriptions

Destination name:
SDRAM

Destination name:
Host

Pin Name: bi_sdc_clk
Pin class:Global

Path: Host> SDRAM Interface

Description: Clock Input

Pin Name: bi_sdc_rst
Pin class:Global

Path: Host-> SDRAM Interface
Description: Synchronous reset

Pin Name: bi_sdif cmd
Pin class:Control

Path: Protocol Controlle>» SDRAM Interface

Description: This pin receives the command sent out by theoBobiController.

Pin Name: bi_sdif_dgm
Pin class:Control

Path: Address Multiplexer> SDRAM Interface

Description: This pin receives the data mask from the addradspiexer so that i
can be passed to the SDRAM at the next negativee edgthe clock througt

bo_sdr_dgm.

-

Pin Name: bi_sdif_ba
Pin class:Control

Path: Address Multiplexer> SDRAM Interface
Description: This pin receives the bank address.
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Pin Name: bi_sdif _addr
Pin class:Address
Path: Address Multiplexer> SDRAM Interface

Description: This pin receives the multiplexed SDRAM address.

Pin Name: bi_sdif_dat

Pin class:Data

Path: Host-> SDRAM Interface
Description: Host input data bus

Pin Name: bi_sdif_woe

Pin class:Control

Path: Protocol Controller> SDRAM Interface
Description: Write output enable

Pin Name: bi_sdif roe

Pin class:Control

Path: Protocol Controller> SDRAM Interface
Description: Read output enable

Pin Name: bio_sdif_dq

Pin class:data

Path. SDRAM Interface> SDRAM
SDRAM > SDRAM Interface

Description: SDRAM bidirectional data bus

Pin Name: bo_sdif_we_n

Pin class:Control

Path: SDRAM Interface> SDRAM

Description: This pin outputs the SDRAM write enable signal.

Pin Name: bo_sdif _dgm

Pin class:Control

Path: SDRAM Interface> SDRAM

Description: This pin sends out the data line mask.

Pin Name: bo_sdif ba

Pin class:Control

Path: SDRAM Interface> SDRAM

Description: This pin sends out the SDRAM bank address.

Pin Name: bo_sdif_addr
Pin class:Address
Path: SDRAM Interface> SDRAM

Description: This pin sends out the multiplexed address t6SIhRAM

Pin Name: bo_sdif dat

Pin class:Data

Path: SDRAM Interface>Host
Description: SDRAM output data bus

Table 6.4.4.1: SDRAM Interface I/ O pin descripsion
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Chapter 7: Test and Verification

7.1: SDRAM Controller

7.1.1: Test Plan

Function To be Tested

Test Case

Test 1: Reset and Initialization

ui_wb_rst is amkto high at least one clog
cycle

Test 2: Single WRITE (inactiv
banks)

efor (i =0;1<4;i=1i+ 1)begin
- load row address = 2
- load bank address =i
- load column address = 15
- load select =4'b1111
- load data =2001 +i
- execute “write”
- execute “idle”

end

Test 3 : Force Pre-charging Reset

ui_wb_rst isreegbéo high at least one clo
cycle after read or write.

ck

Test 4. Single READ (inactiv
banks)

e - execute “reset’< to deactivate al
activated banks
for (i=0;i<4;i=i+ 1)begin
- load row address = 2

load bank address =i
load column address = 15
load select =4'b1111
load data = Hi-Z
execute “read”
execute “idle”

end

Test 5: Single Write (active ban
same row)

kfor (i=0; 1< 4;i=1i+ 1)begin

- load row address = 2
load bank address =i
load column address = 15
load select =4'b1111
load data = 4000 + i
execute “write”
execute “idle”

end

Test 6: Single READ (active ban
same row)

kfor (i=0;1<4;i=1i+ 1)begin
load row address = 2
load bank address =i
load column address = 15
load select =4'b1111
load data = Hi-Z

execute “read”

execute “idle”
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end

Test 7: Single WRITE (active ban
row differs)

kfor i=0;i<4;i=i+ 1)begin

- load row address =0
load bank address =i
load column address = 4
load select =4'b1111
load data = 6000 + i
execute “write”
execute “idle”

end

Test 8: Programming Mode Regis
(Burst Length 8)

er

load data {22'd0, "WR_BRST
"OPMODE, "CAS_2, 'BT_0, BL_8}
execute “change mode”

Test 9: Burst Write 8

for(i=0; i < 8; i= i+1)bemi
load row address
load bank address
load column address
load select = 4'b1111;
load data = 32'd900 + i;
execute “write”

= 8;
1;

9,

end
execute “idle”

Test 10: Same Programming Mo
Register (Burst Length 8)

de execute “reset”
load data {22'd0, "WR_BRST
"OPMODE, 'CAS_2, BT_O, BL_8}
execute “change mode”

Test 11: Burst Read 8

for(i=0; i< 8;i=i+1)beqgi
load row address = 8;
load bank address 1;
load column address =
load select = 4'b1111;
load data = Hi-Z
execute “read”

9,

execute “idle”

Test 12: Programming Mod

Register (Burst Length 4)

load data {22’d0, "WR_BRST
"OPMODE, "CAS_2, '‘BT_0, 'BL_4}
execute “change mode”

Test 13: Burst Read 4

for(i=0; i < 4; i= i+1)beqgi
load row address = 4;
load bank address 1;
load column address =
load select = 4'b1111;
load data = Hi-Z
execute “read”

35;

execute “idle”

Test 14: Programming Mod

e execute “rese

Register (Burst Length 2)

load data {22’d0, "WR_BRST
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"OPMODE, "CAS_2, 'BT_O, 'BL_2}
execute “change mode”

Test 15: Burst Read 2

for(i=0;i < 2; i= i+1)beqgi

load row address = 2;
load bank address 1;
load column address =
load select = 4'b1111;
load data = Hi-Z
execute “read”

3;

end

execute “idle”

Test 16: Programming Mod

Register (Burst Length 1)

load data {22'd0, "WR_BRST
"OPMODE, "CAS_2, BT_0, 'BL_1}
execute “change mode”

Test 17: Burst Read 1

-load row address 1;
load bank address 1;
load column address =
load select = 4'b1111;
load data = Hi-Z
execute “read”
execute “idle”

2;

Test 18: Programming Mod

Register (Default)

load data = 'DEFAULT_MODE
execute “change mode”

Test 19: Single READ (active ban
row differs)

kfor (

i=0;i<4;i=i+ 1)begin
load row address = 2
load bank address =i
load column address = 15
load select =4'b1111

- load data = Hi-Z
- execute “read”
- execute “idle”
end
Test 20: Programming Mode - load data = {22'd0, "WR_BRST

Register (Burst Length 8)

"OPMODE, "CAS_2, BT_0, 'BL_8}
execute “change mode”

Test 21: Bus Termination (Write)

for(i = 0; i <iZ;i+1)begin

load row address 0;
load bank address = 0;
load column address = 11;
load select =4'b1111;
load data = 11000

execute “idle”

Test 22: Bus Termination (Read)

for(i = 0; i <2;i+1)begin

load row address
load bank address
load column address
load select = 4'b1111;
load data = 32'hz;

8;
1;

9,
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- execute “read”
end
- execute “idle”

Test 23a: Data Masking for(i=0;i<5; i=i+1)begin
Simulate “store byte” - load row address = 8;

- load bank address = 3;

- load column address = 8;
- load select = 4'b1111;

- load data = 32'hffffffff;
- execute “write”

- load select = 4'hO;

- if(i<4) load select[i] = 1'b1;
- loaddata =0

- execute “write”

Test 23b: Data Masking for(i=0;i<2; i=i+1)begin
Simulate “store half” - load row address = 8;

- load bank address = 3;

- load column address = 8;

- load select = 4'b1111;

- load data = 32'hffffffff;

- execute “write”

- load select = 0;

if(i === 0) load select[1:0] = 2’'b11
else if (i===1) load select[3:2] = 3'b11l
else load select = 0;

- load data = 0;

- execute “write”

- execute “idle”

Test 24: Auto-Refresh - execute “idle”
- do nothing until Auto-refresh i
requested

Table 7.1.1: SDRAM Controller Full Chip Test Plan
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7.1.2: Testbench Verilog code

[ R R R R
/*

Module :tb_u_sdc_sdram

File name :tb_u_sdc_sdram.v

Date Created : 21.1.2015

Author : Chin Chun Lek

Code Type : Verilog

Description : Testbench for sdram controller and sdram

*

[ B R R
‘include "././util/sdc_macro.v"

“timescale 1ns/ 10ps

module tb_u_sdc_sdram;

I/ISDRAM to CPU

reg tb_ui_clk;

reg th_ui_rst;

reg tb_ui_host_Id_mode;

reg th_ui_write,
tb_ui_read;

reg [3:0] tb_ui_sel;

reg [31:0] tb_ui_addr;

reg [31:0] tb_ui_data;

wire [31:0] tb_uo_data;

wire tb_uo_ack;

/Ibetween sdram controller and sdram

wire [31:0] u_sdc_dq;
wire [11:0] u_sdc_addr;
wire [1:0] u_sdc_ba;
wire u_sdc_cs_n;
wire u_sdc_ras_n;
wire u_sdc_cas_n;
wire u_sdc_we_n;
wire [3:0] u_sdc_dgm;

/ldisplay test status
reg [255:0] status;
integer i;

/[To generate ASCII value in the waveform to ease gging
bfm_wave_monitor bfm_monitor();

u_sdram_controller u_sdram_controller
(-ui_sdc_clk(tb_ui_clk),
.ui_sdc_rst(tb_ui_rst),
.ui_host_Id_mode(tb_ui_host_|d_mode),
.ui_sdc_write(tb_ui_write),
.ui_sdc_read(tb_ui_read),
.ui_sdc_sel(tb_ui_sel),
.ui_sdc_addr(tb_ui_addr),
.ui_sdc_dat(tb_ui_data),
.uo_sdc_dat(tb_uo_data),
.uo_sdc_ack(tb_uo_ack),
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.uio_sdc_dg(u_sdc_dq),
.uo_sdc_ba(u_sdc_ba),
.uo_sdc_dgm(u_sdc_dgm),
.uo_sdc_addr(u_sdc_addr),
.uo_sdc_cs_n(u_sdc_cs_n),
.uo_sdc_ras_n(u_sdc_ras_n),
.uo_sdc_cas_n(u_sdc_cas_n),
.uo_sdc_we_n(u_sdc_we_n) ) ;

/IMICRON SDRAM Instantiation
mt48lc4m32b2 sdram(
.Dg(u_sdc_dq),
Addr(u_sdc_addr),
.Ba(u_sdc_ba),

.Clk(tb_ui_clk),

.Cke(1'b1), //cke always activated
.Cs_n(u_sdc_cs_n),
.Ras_n(u_sdc_ras_n),
.Cas_n(u_sdc_cas_n),
.We_n(u_sdc_we_n),
.Dgm(u_sdc_dgm));

/linitialize clock signal
initial tb_ui_clk = 1;
always #10 tb_ui_clk = ~tb_ui_clk;

initial begin
[k Test 10 Reset and Initialization* s
$display("Test 1: Reset and Initialization™);

/ldo idle
tb_ui_rst=0;
tb_ui_write =0;
tb_ui_read = 0;

tb_ui_host_Id_mode = 0;
@(posedge tb_ui_clk)#1;
status ="TEST 1: INIT";

/ldo reset

tb_ui_addr = 32'b0;
tb_ui_data =32'b0;
tb_ui_sel =4'h11117;
tb_ui_rst=1;

@(posedge th_ui_clk)#1;

/ldo idle

tb_ui_rst=0;

tb_ui_write =0;

tb_ui_read = 0;

tb_ui_host_Id_mode = 0;

@(posedge tb_ui_clk)#1;
while('u_sdram_controller.b_sdc_fsm.b_present[10]) @ (pgseb_ui_clk);

[[FrexxxeakTagt 2. Single WRITE into inactive bankgkkk
$display("Test 2: Single WRITE into inactive banks");
status ="TEST 2: SWRITE - 'BANK";
for(i = 0; i < 4; i= i+1)begin
tb_ui_addr =0;
tb_ui_addr[23:12] =2;
tb_ui_addr[11:10] =i
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tb_ui_addr[9:2] =15;

tb_ui_sel =4'h1111,
tb_ui_data =32'd2001 +i;
/ldo write

th_ui_write = 1;

/lwait acknowledge
while(~tb_uo_ack) @(posedge tb_ui_clk);

/ldo idle

tb_ui_rst=0;

tb_ui_write =0;
tb_ui_read =0;
tb_ui_host_Id_mode = 0;
@(posedge tb_ui_clk)#1;

end
/ldo idle
tb_ui_rst=0;

tb_ui_write =0;

tb_ui_read =0;
tb_ui_host_Id_mode = 0;
@(posedge tb_ui_clk)#1;
repeat(5) @(posedge tb_ui_clk);

[[FrexxeaxkTagt 3: Force Precharging Using Resetr***¥kxx
$display("Test 3: Force Precharging Using Reset");
status = "Test 3: Force Precharging Reset";

/ldo reset

tb_ui_addr =32'b0;
tb_ui_data =32'b0;
tb_ui_sel =4'h11117;
tb_ui_rst=1;

@(posedge tb_ui_clk)#1;

//do idle
tb_ui_rst=0;
tb_ui_write =0;
tb_ui_read =0;

tb_ui_host_Id_mode = 0;
@(posedge tb_ui_clk)#1;

while(lu_sdram_controller.b_sdc_fsm.b_present[10])@(posedge tbkui_cl

[[FxxxxexxTagt 4: Single READ from inactive bankg*xk*

$display("Test 4: Single READ from inactive banks");
status ="TEST 4: SREAD - IBANK";

for(i=0; i < 4;i=i+1)begin
tb_ui_addr
tb_ui_addr[23:12]
tb_ui_addr[11:10]
tb_ui_addr[9:2]
tb_ui_sel
tb_ui_data

Ne

5;
'b1111,

A

w
N
=
N

/ldo read
tb_ui_read = 1,

/lwait acknowledge

e
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while(~tb_uo_ack) @(posedge tb_ui_clk);

/ldo idle
tb_ui_rst=0;
tb_ui_read =0;
tb_ui_host_Id_mode = 0;
@(posedge tb_ui_clk)#1;
end
//do idle
tb_ui_rst=0;
tb_ui_read =0;
tb_ui_write =0;
tb_ui_host_Id_mode = 0;
@(posedge tb_ui_clk)#1;
repeat(5) @(posedge tb_ui_clk);

I****Test 5: Single WRITE into active banks (same rovj**
$display("Test 5: Single WRITE into active banks (same 'fpw)
status ="TEST 5: SWRITE - BANK ROW";
for(i = 0; i < 4; i= i+1)begin
tb_ui_addr
tb_ui_addr[23:12]
tb_ui_addr[11:10]

tb_ui_addr[9:2]
tb_ui_sel
tb_ui_data

N e

i;

15;

4'n1111;
2'd4000 + i;

/ldo write
tb_ui_write = 1;

/lwait acknowledge
while(~tb_uo_ack) @(posedge tb_ui_clk);
/I$display("ACK detected");

/ldo idle
tb_ui_rst=0;
tb_ui_write =0;
tb_ui_read =0;
tb_ui_host_Id_mode = 0;
@(posedge tb_ui_clk)#1;

end
/ldo idle
tb_ui_rst=0;

tb_ui_read =0;
tb_ui_write =0;
tb_ui_host_Id_mode = 0;
@(posedge tb_ui_clk)#1;

I****Test 6: Single READ from active banks (same row)******

$display("Test 6: Single READ from active banks (same row)");
status ="TEST 6: SREAD - BANK ROW";

for(i = 0; i < 4; i= i+1)begin

tb_ui_addr =0;
tb_ui_addr[23:12] =2;
tb_ui_addr[11:10] =i
tb_ui_addr[9:2] =15;
tb_ui_sel =4'p11117;
tb_ui_data =32'hz;

e
BIT (Hons) Computer Engineering
Faculty of Information and Communication TechnologfAR

Page 82



/ldo read
tb_ui_read =1

/lwait acknowledge
while(~tb_uo_ack)@(posedge tb_ui_clk);

/ldo idle

tb_ui_rst=0;

tb_ui_read =0;
tb_ui_write =0;
tb_ui_host_Id_mode = 0;
@(posedge tb_ui_clk)#1;

end
/ldo idle
tb_ui_rst =0;

tb_ui_read =0;
tb_ui_write =0;
tb_ui_host_Id_mode = 0;
@(posedge tb_ui_clk)#1;

[F**+**Tegt 7. Single WRITE into active banks (row differgy-**+*

$display("Test 7: Single WRITE into active banks (row dijéy;
status ="TEST 7: SWRITE - BANK IROW";

for(i=0; i < 4;i=i+1)begin
tb_ui_addr
tb_ui_addr[23:12]
tb_ui_addr[11:10]
tb_ui_addr[9:2]
tb_ui_sel
tb_ui_data

we

4
4'b1111;
32'h6000+i;

/ldo write
th_ui_write = 1;

/lwait acknowledge
while(~tb_uo_ack) @(posedge tb_ui_clk);

/ldo idle

tb_ui_rst=0;

tb_ui_read =0;
tb_ui_write =0;
tb_ui_host_Id_mode = 0;
@(posedge th_ui_clk)#1;

end
/ldo idle
tb_ui_rst=0;

tb_ui_read =0;

tb_ui_write =0;
tb_ui_host_Id_mode = 0;
@(posedge tb_ui_clk)#1;
repeat(5) @(posedge tb_ui_clk);

[[**xxxxTagt 8: Programming Mode Register BL8****xxkiik
$display("Test 8: Programming Mode Register BL8");
status = "TEST 8: LMR BLS8";
tb_ui_data = {20'b0, 2'b00,"WB_BRST, 'OPMODE, 'CAS_2, 'BT_O, 8.

/lchange mode
@(posedge tb_ui_clk)#1;

BIT (Hons) Computer Engineering
Faculty of Information and Communication TechnologfAR

Page 83



tb_ui_host_Id_mode = 1'b1;

/lwait acknowledge
while(~tb_uo_ack)@(posedge tb_ui_clk);

/ldo idle

tb_ui_rst=0;

tb_ui_read =0;
tb_ui_write =0;
tb_ui_host_Id_mode = 0;
@(posedge tb_ui_clk)#1;

/ldo idle

tb_ui_rst=0;

tb_ui_read =0;

tb_ui_write =0;
tb_ui_host_Id_mode = 0;
@(posedge tb_ui_clk)#1;
repeat(5) @(posedge tb_ui_clk);

//****************Test 9 Burst Write********************

$display("Test 9: Burst Write");
status ="TEST 9: BURST WRITE";
for(i=0; i < 8;i=i+1)begin

tb_ui_addr =0;
tb_ui_addr[23:12] =8;
tb_ui_addr[11:10] =1;
tb_ui_addr[9:2] =9
tb_ui_sel =4'h1111,
tb_ui_data =32'd900+i;
//do write

th_ui_write = 1;

/lwait acknowledge
@ (posedge tb_ui_clk);

while(~tb_uo_ack) @(posedge tb_ui_clk);
end
/ldo idle
tb_ui_rst=0;

tb_ui_read =0;

tb_ui_write =0;
tb_ui_host_Id_mode = 0;
@(posedge tb_ui_clk)#1;
repeat(5) @(posedge tb_ui_clk);

[[:x%xTagt 10: Programming Mode Register BL8 same***xt#kkkiik x
$display("Test 10: Programming Mode Register BL8 same");
status ="TEST 10: LMR BL8 (same)";
tb_ui_data = {20'b0, 2'b00,"WB_BRST, 'OPMODE, 'CAS_2, 'BT_0O, 8t

/lchange mode
@(posedge th_ui_clk)#1;
tb_ui_host_Id_mode = 1'b1;

/lwait acknowledge
while(~tb_uo_ack)@(posedge tb_ui_clk);

//do idle
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tb_ui_rst=0;

tb_ui_read =0;
tb_ui_write =0;
tb_ui_host_Id_mode = 0;
@(posedge tb_ui_clk)#1;

/ldo idle

tb_ui_rst=0;

tb_ui_read =0;

tb_ui_write =0;
tb_ui_host_Id_mode = 0;
@(posedge tb_ui_clk)#1;
repeat(5) @(posedge tb_ui_clk);

//******************Test 11 Burst READ 8****************
$display("Test 11: Burst READ 8");

status ="TEST 11: BURST READ 8",
for(i = 0; i < 8; i= i+1)begin

tb_ui_addr =0;
tb_ui_addr[23:12] =8;
tb_ui_addr[11:10] =1;
tb_ui_addr[9:2] =9
tb_ui_sel =4'p11117;
tb_ui_data =32'hz;
/ldo read

tb_ui_read = 1,

/lwait acknowledge
@(posedge tb_ui_clk);
while(~tb_uo_ack)@(posedge tb_ui_clk);
end
/ldo idle
tb_ui_rst=0;
tb_ui_read =0;
tb_ui_write =0;
tb_ui_host_Id_mode = 0;
@(posedge tb_ui_clk)#1;
repeat(5) @(posedge tb_ui_clk);

[[r*xxxTagt 12: Programming Mode Register BL4***xttkkkikikkkiik
$display("Test 12: Programming Mode Register BL4");
status ="TEST 12: LMR BL4";
tb_ui_data = {20'b0, 2'b00,"WB_BRST, 'OPMODE, 'CAS_2, 'BT_0, &t

/lchange mode
@(posedge tb_ui_clk)#1;
tb_ui_host_Id_mode = 1'b1;

/lwait acknowledge
while(~tb_uo_ack)@(posedge tb_ui_clk);

//do idle

tb_ui_rst=0;

tb_ui_read =0;
tb_ui_write =0;
tb_ui_host_Id_mode = 0;
@(posedge tb_ui_clk)#1;
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/ldo idle

tb_ui_rst=0;

tb_ui_read =0;

tb_ui_write =0;
tb_ui_host_Id_mode = 0;
@(posedge tb_ui_clk)#1;
repeat(5) @(posedge tb_ui_clk);

//******************Test 13. Burst READ 4*******************
$display("Test 13: Burst READ 4");

status ="TEST 13: BURST READ 4";
for(i = 0; i < 4; i= i+1) begin

tb_ui_addr =0;
tb_ui_addr[23:12] =8;
tb_ui_addr[11:10] =1;
tb_ui_addr[9:2] =9;
tb_ui_sel =4'p11117;
tb_ui_data =32'hz;
/ldo read

tb_ui_read = 1,

/lwait acknowledge
@(posedge tb_ui_clk);
while(~tb_uo_ack)@(posedge tb_ui_clk);
end
/ldo idle
tb_ui_rst=0;
tb_ui_read =0;
tb_ui_write =0;
tb_ui_host_Id_mode = 0;
@(posedge tb_ui_clk)#1;
repeat(5) @(posedge tb_ui_clk);

[[**xxxxTast 14: Programming Mode Register BL2**kkikkkkkkickk
$display("Test 14: Programming Mode Register BL2");
status ="TEST 14: LMR BL2";
tb_ui_data = {20'b0, 2'b00,"WB_BRST, "OPMODE, ‘CAS_2, 'BT_0, "Bl

/lchange mode
@(posedge tb_ui_clk)#1;
tb_ui_host_Id_mode = 1'b1;

/lwait acknowledge
while(~tb_uo_ack)@(posedge tb_ui_clk);

/ldo idle

tb_ui_rst=0;

tb_ui_read =0;
tb_ui_write =0;
tb_ui_host_Id_mode = 0;
@(posedge th_ui_clk)#1;

//do idle

tb_ui_rst=0;

tb_ui_read =0;
tb_ui_write =0;
tb_ui_host_Id_mode = 0;
@(posedge tb_ui_clk)#1;
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repeat(5) @(posedge tb_ui_clk);

//******************Test 15 Burst READ 2*******************
$display("Test 15: Burst READ 2");

status ="TEST 15: BURST READ 2";
for(i=0; i < 2;i=i+1)begin

tb_ui_addr =0;
tb_ui_addr[23:12] =8;
tb_ui_addr[11:10] =1,
tb_ui_addr[9:2] =9;
tb_ui_sel =4'h1111,
tb_ui_data =32'hz;
//do read

tb_ui_read = 1,

/lwait acknowledge
@ (posedge tb_ui_clk);
while(~tb_uo_ack)@(posedge tb_ui_clk);

end
//do idle
tb_ui_rst=0;

tb_ui_read =0;

tb_ui_write =0;
tb_ui_host_Id_mode = 0;
@(posedge th_ui_clk)#1;
repeat(5) @(posedge tb_ui_clk);

[[**xxxxTast 16: Programming Mode Register BL1L**kkikkkkkkiokk
$display('Test 16: Programming Mode Register BL1");
status ="TEST 16: LMR BL1";
tb_ui_data = {20'b0, 2'b00,"WB_BRST, 'OPMODE, 'CAS_2, 'BT_0O, Bt

/lchange mode
@(posedge tb_ui_clk)#1;
tb_ui_host_Id_mode = 1'b1;

/lwait acknowledge
while(~tb_uo_ack) @ (posedge tb_ui_clk);

/ldo idle

tb_ui_rst=0;

tb_ui_read =0;
tb_ui_write =0;
tb_ui_host_Id_mode = 0;
@(posedge tb_ui_clk)#1;

/ldo idle

tb_ui_rst=0;

tb_ui_read =0;

tb_ui_write =0;
tb_ui_host_Id_mode = 0;
@(posedge th_ui_clk)#1;
repeat(5) @(posedge tb_ui_clk);

//******************Test 17. Burst READ 1*******************
$display("Test 17: Burst READ 1");

status ="TEST 17: BURST READ 1";
tb_ui_addr =0;
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th_ui_addr[23:12]
th_ui_addr[11:10]

tb_ui_addr[9:2] =9;
tb_ui_sel =4'p1111,;
tb_ui_data = 32'hz;
/ldo read

tb_ui_read = 1;

/lwait acknowledge
@(posedge tb_ui_clk);
while(~tb_uo_ack)@(posedge tb_ui_clk);

/ldo idle

tb_ui_rst =0;

tb_ui_read =0;

tb_ui_write =0;
tb_ui_host_Id_mode = 0;
@(posedge tb_ui_clk)#1;
repeat(5) @(posedge tb_ui_clk);

[[FrexxxxxxkTagt 18: Programming Mode Register defaultrkr

$display("Test 18: Programming Mode Register to default");
status ="TEST 18: LMR default";

tb_ui_data = "DEFAULT_MODE;

/lchange mode
@(posedge tb_ui_clk)#1;
tb_ui_host_Id_mode = 1'b1;

/lwait acknowledge
while(~tb_uo_ack) @(posedge tb_ui_clk);
/ldo idle

tb_ui_rst=0;

tb_ui_read =0;

tb_ui_write =0;

tb_ui_host_Id_mode = 0;

@(posedge th_ui_clk)#1;

/ldo idle

tb_ui_rst=0;

tb_ui_read =0;

tb_ui_write =0;
tb_ui_host_Id_mode = 0;
@(posedge tb_ui_clk)#1;
repeat(5) @(posedge tb_ui_clk);

I****Test 19: Single READ from active bank (row differgj# **

$display("Test 19: Single READ from active bank (row dijgy;
status ="TEST 19: SREAD - BANK IROW";

for(i = 0; i < 4; i= i+1)begin

tb_ui_addr =0;
tb_ui_addr[23:12] =2;
tb_ui_addr[11:10] =i
tb_ui_addr[9:2] =15;
tb_ui_sel =4'p11117;
tb_ui_data =32'hz;
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/ldo read
tb_ui_read =1,

/lwait acknowledge
while(~tb_uo_ack) @(posedge tb_ui_clk);

/ldo idle

tb_ui_rst=0;

tb_ui_read =0;
tb_ui_write =0;
tb_ui_host_Id_mode = 0;
@(posedge tb_ui_clk)#1;

end
/ldo idle
tb_ui_rst =0;

tb_ui_read =0;

tb_ui_write =0;
tb_ui_host_Id_mode = 0;
@(posedge tb_ui_clk)#1;
repeat(5) @(posedge tb_ui_clk);

[[**xxxxTagt 20: Programming Mode Register BL8* ik
$display('Test 20: Programming Mode Register BL8");
status ="TEST 20: LMR BL8";
tb_ui_data = {20'b0, 2'b00,"WB_BRST, 'OPMODE, 'CAS_2, 'BT_O, 8

/lchange mode
@(posedge tb_ui_clk)#1;
tb_ui_host_Id_mode = 1'b1;

/lwait acknowledge
while(~tb_uo_ack) @(posedge tb_ui_clk);

/ldo idle

tb_ui_rst=0;

tb_ui_read =0;
tb_ui_write =0;
tb_ui_host_Id_mode = 0;
@(posedge th_ui_clk)#1;

/ldo idle

tb_ui_rst=0;

tb_ui_read =0;

tb_ui_write =0;
tb_ui_host_Id_mode = 0;
@(posedge tb_ui_clk)#1;
repeat(5) @(posedge tb_ui_clk);

[F****Test 21: Bus Termination for Write Cyclex****x+*

$display("Test 21: Bus Termination for Write Cycle");
status ="TEST 21: BT WRITE";

for(i = 0; i < 2; i= i+1)begin

tb_ui_addr =0;
tb_ui_addr[23:12] =0;
tb_ui_addr[11:10] =0;
tb_ui_addr[9:2] =11;
tb_ui_sel =4'p11117;
tb_ui_data =32'd11000;
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/ldo write
tb_ui_write = 1;

/lwait acknowledge
@ (posedge tb_ui_clk);

while(~tb_uo_ack) @(posedge tb_ui_clk);
end
//do idle
tb_ui_rst=0;

tb_ui_read =0;

tb_ui_write =0;
tb_ui_host_Id_mode = 0;
@(posedge tb_ui_clk)#1;
repeat(5) @(posedge tb_ui_clk);

[[rrexxixxTagt 22: Bus Termination for Read Cycle** ik

$display("Test 22: Bus Termination for Read Cycle");
status ="TEST 22: BT READ";

for(i = 0; i < 2; i= i+1)begin

tb_ui_addr =0;
tb_ui_addr[23:12] =8;
tb_ui_addr[11:10] =1,
tb_ui_addr[9:2] =9;
tb_ui_sel =4'p11117;
tb_ui_data =32'hz;
/ldo read

tb_ui_read =1,

/lwait acknowledge
@(posedge tb_ui_clk);
while(~tb_uo_ack) @(posedge tb_ui_clk);
end
/ldo idle
tb_ui_rst=0;
tb_ui_read =0;
tb_ui_write =0;
tb_ui_host_Id_mode = 0;
@(posedge th_ui_clk)#1;
@(posedge tb_ui_clk);

//Normally, masking is only used for single direct reaevdte. Since read is executed in block (burst)
to the cache, single write is used to simulate write througtout buffer.

/ldo reset

tb_ui_addr = 32'b0;
tb_ui_data =32'b0;
tb_ui_sel =4'h11117;
tb_ui_rst=1;

@(posedge tb_ui_clk)#1;

//do idle

tb_ui_rst=0;

tb_ui_read =0;

tb_ui_write =0;

tb_ui_host_Id_mode = 0;

@(posedge tb_ui_clk)#1;
while('u_sdram_controller.b_sdc_fsm.b_present[10])@(posedge thk)i_c
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[[Frxvrrrkkaaix Tast 23: Data Masking***
$display("Test 23a: Data Masking");

status ="TEST 23a: MASK Simulating Store Byte";

for(i = 0; i < 5; i= i+1)begin

tb_ui_addr =0;
tb_ui_addr[23:12] =8;
tb_ui_addr[11:10] =3;
tb_ui_addr[9:2] =8;
tb_ui_sel =4'h1111,
tb_ui_data = 32'hffffffff;
/ldo write

th_ui_write = 1;

/lwait acknowledge
@(posedge tb_ui_clk);

*kkkhkkk

while(~tb_uo_ack)@(posedge tb_ui_clk);

@ (posedge tb_ui_clk);

tb_ui_addr =0;
tb_ui_addr[23:12] =8;
tb_ui_addr[11:10] =3;
tb_ui_addr[9:2] =8;
tb_ui_sel = 4'h0;
if(i < 4)

tb_ui_sell[i] =1'b1,;
else

tb_ui_sel = 4'h0;

tb_ui_data = 32'd0;

/ldo write
th_ui_write = 1;

/lwait acknowledge
@ (posedge tb_ui_clk);

while(~tb_uo_ack)@(posedge tb_ui_clk);

@(posedge tb_ui_clk);
end

$display("Test 23b: Simulating Store Half");

status = "Test 23b: Simulating Store Half";

for(i = 0; i < 2; i= i+1)begin

tb_ui_addr =0;
tb_ui_addr[23:12] =8;
tb_ui_addr[11:10] =3;
tb_ui_addr[9:2] =8;
tb_ui_sel =4'p11117;
tb_ui_data = 32'hffffffff;
//do write

th_ui_write = 1;

/lwait acknowledge
@ (posedge tb_ui_clk);

while(~tb_uo_ack)@(posedge tb_ui_clk);

@(posedge tb_ui_clk);

tb_ui_addr =0;
tb_ui_addr[23:12] =8;
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tb_ui_addr[11:10] =3
tb_ui_addr[9:2] =8;

tb_ui_sel = 4'h0;
if(i === 0)

tb_ui_sel[1:0] =2'bl1;
else if(i===1)

tb_ui_sel[3:2] =2'b11;
else

tb_ui_sel = 4'h0;
tb_ui_data = 32'd0;

/ldo write
th_ui_write = 1;

/lwait acknowledge
@(posedge tb_ui_clk);
while(~tb_uo_ack)@(posedge tb_ui_clk);
@(posedge tb_ui_clk);

end

//do idle

tb_ui_rst=0;

tb_ui_read =0;

tb_ui_write =0;

tb_ui_host_Id_mode = 0;

@(posedge tb_ui_clk)#1;

[[FrxkikrrkikiiikTast 24 Auto-Refreshr* kit
$display("Test 24: Auto-Refresh");

status ="TEST 24: AREF",

/ldo idle

tb_ui_rst=0;

tb_ui_read =0;

tb_ui_write =0;

tb_ui_host_Id_mode = 0;

@(posedge tb_ui_clk)#1;
while(lu_sdram_controller.b_sdc_fsm.b_present[11])@(posedge tbkui_cl
repeat(10) @(posedge tb_ui_clk);

$stop;
end

endmodule
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7.1.3: Verification Result

VSIM 203 run -all

# Test 1: Reset and Initializaticn

# tb_u sdc adram.sdram : at time 120.0 ns PRECH : Precharge All

# tb_u_sdc_sdram.sdram : at time 180.0 ns RREF : Rutc Refreah

# tb_u_sdc_sdram.sdram : at time 260.0 ns RREF : RButo Refresh

# tb_u_sdc_sdram.sdram : at time 340.0 ns IMR : Load Mode Register

# tb_u sdc sdram.sdram : CAS Latency =2

# tb_u_sdc_adram.sdram : Burat Length =1

# tb_u_sdc_sdram.sdram : Burst Type = Sequential

# tb_u_sdc_sdram.sdram : Write Burst Mode = Single Location Access

# Test 2: Single WRITE into inactive banks

# tb_u_sdc_asdram.sdram : at time 420.0 ns ACT : Bank = 0 Row 2

# tb_u_sdc_sdram.sdram : at time 460.0 ns WRITE: Bank = 0 Row = 2, Col = 15, Datafhex) = 00000741, Data{dec) = 2001
# tb_u_sdc_sdram.sdram : at time 540.0 ns ACT : Bank = 1 Row = 2

# tb_u adc sdram.adram : at time 580.0 ns WRITE: Bank = 1 Row = 2, Col = 15, Datafhex) = 00000742, Data{dec) = 2002
# tb_u_sdc_asdram.sdram : at time 660.0 n3 ACT : Bank = 2 Row = 2

# tb_u_sdc_sdram.sdram : at time 700.0 ns WRITE: Bank = 2 Row = 2, Col = 15, Datafhex) = 00000743, Data{dec) = 2003
# tb_u_sdc_sdram.sdram : at time 780.0 ns ARCT : Bank = 3 Row = 2

# tb_u adc adram.adram : at time 820.0 ns WRITE: Bank = 3 Row 2, Col = 15, Data{hex) = 00000744, Data(dec) = 2004
# Test 3: Force Precharging Using Reset

# tb_u_sdc_sdram.sdram : at time 1060.0 ns FRECI : Precharge All

# tb_u_sdc_sdram.sdram : at time 1120.0 ns BRREF : Ruto Refresh

# tb_u sdc adram.sdram : at time 1200.0 ns RREF : Rutc Refresh

# tb_u_adc sdram.sadram : at time 1280.0 n3 IMR : Load Mode Register

# tb_u_sdc_sdram.sdram : CAS Latency =12

# tb_u_sdc_sdram.sdram : Burst Length =1

# tb_u sdc sdram.sdram : Burat Type = Sequential

# tb_u_adc sdram.sdram : Write Burst Mode = Single Location Acceas

# Test 4: Single READ from inactiwve banks

# tb_u_sdc_sdram.sdram : at time 1360.0 ns BRCT : Bank = 0 Row = 2

# tb u_sdc sdram.sdram : at time 1446.0 ns RERD : Bank = 0 Row = 2, Cocl = 15, Data = 2001

# tb_u_sdc_asdram.sdram : at time 1540.0 n3 ACT : Bank = 1 Row = 2

# tb_u_sdc_sdram.sdram : at time 1626.0 ns READ : Bank = 1 Row = 2, Col = 15, Data = 2002

# tb_u_sdc_sdram.sdram : at time 1720.0 ns BRCT : Bank = 2 Row = 2

# tb u_sdc sdram.sdram : at time 1806.0 ns RERD : Bank = 2 Row = 2, Cocl = 15, Data = 2003

# tb_u_sdc_adram.sdram : at time 1900.0 ns ACT : Bank = 3 Row = 2

# tb_u_sdc_sdram.sdram : at time 1986.0 ns READ : Bank = 3 Row = 2, Col = 15, Data = 2004

# Test 5: Single WRITE into active banks (same row)

# tb_u adc sdram.sdram : at time 2200.0 ns WRITE: Bank = 0 Row = 2, Col = 15, Datafhex) = Data{dec) = 4000
# tb u sdc sdram.sdram : at time 2280.0 ns WRITE: Bank = 1 Row = 2, Col = 15, Data{hex) = Data{dec) = 4001
# tb_u_adc sdram.adram : at time 2360.0 n3 WRITE: Bank = 2 Row = 2, Cel = 15, Data(hex) = Data(dec) = 4002
# tb_u_sdc_sdram.sdram : at time 2440.0 ns WRITE: Bank = 3 Row = 2, Col = 15, Data{hex) = Data(dec) = 4003
# Test 6: Single READ from active banks (same row)

# tb_u_sdc_sdram.sdram : at time 2546.0 ns READ : Bank = 0 Row = 2, Col = 15, Data = 4000

# tb u_sdc sdram.sdram : at time 2666.0 n3 RERD : Bank = 1 Row = 2, Cel = 15, Data = 4001

# tb_u_sdc_sdram.sdram : at time 2786.0 ns READ : Bank = 2 Row = 2, Col = 15, Data = 4002

# tb u _sdc sdram.sdram : at time 2906.0 ns RERD : Bank = 3 Row 2, Col = 15, Data = 4003

# Teat 7: Single WRITE into active banks (row differa)

# tb u_sdc sdram.sdram : at time 3020.0 ns PRECH : Bank = 0 Row = 4

# tb_u_sdc_asdram.sdram : at time 3080.0 n3 ACT : Bank = 0 Row = 3

# tb_u_sdc_sdram.sdram : at time 3120.0 ns WRITE: Bank = 0 Row = 3, Cel = 4, Data{hex) = 00008000, Data(dec) = 24578
# tb_u_sdc_asdram.sdram : at time 3200.0 n3 PRECH : Bank = 0 Row = 4

# tb_u_sdc_sdram.sdram : at time 3260.0 ns ACT : Bank = 1 Row = 3

# tb_u_adc sdram.adram : at time 3300.0 ns WRITE: Bank = 1 Row = 3, Col = 4, Data{hex) = 00006001, Data(dec) = 24577
# tb_u_sdc_sdram.sdram : at time 3380.0 ns FRECH : Bank = 0 Row = 4

# tb_u_sdc_adram.sdram : at time 3440.0 ns ACT : Bank = 2 Row = 3

# tb_u_sdc_sdram.sdram : at time 3480.0 ns WRITE: Bank = 2 Row = 3, Col = 4, Data(hex) = 000068002, Data(dec) = 24578
# tb_u sdc adram.sdram : at time 3560.0 ns PRECH : Bank = 0 Row = 4

# tb_u_sdc_sdram.sdram : at time 3620.0 ns AC : Bank = 3 Row = 3

# tb u adc sdram.sdram : at time 3660.0 n3 WRITE: Bank = 3 Row = 3, Cel = 4, Data{hex) = 00008003, Data(dec) = 24579
# Test 8: Programming Mode Register BLE

# tb u_sdc sdram.sdram : at time 3860.0 ns PRECH : Frecharge All

# tb_u_sdc_asdram.sdram : at time 3920.0 n3 IMR : Load Mode Register

# tb_u_sdc_sdram.sdram : CAS Latency =2

# tb_u_sdc_sdram.sdram : Burat Length =8

# tb_u_sdc_sdram.sdram : Burst Type = Segquential

# tb_u_adc sdram.sdram : Write Burst Mode = Programmed Burst Length

# Test 9: Burst Write

# tb_u_sdc_adram.sdram : at time 4100.0 ns ACT : Bank = 1 Row = 8

# tb_u_sdc_sdram.sdram : at time 4140.0 ns WRITE: Bank = 1 Row = 8, Col = 9, Data(hex) = 00000384, Data(dec) = 800
# tb_u_adc sdram.adram : at time 4160.0 n3 WRITE: Bank = 1 Row = 8, Cel = 10, Data(hex) = 00000385, Data(dec) = 901
# tb_u_sdc_sdram.sdram : at time 4180.0 ns WRITE: Bank = 1 Row = 8, Cel = 11, Data{hex) = 0000038&, Data(dec) = 802
# tb_u adc sdram.adram : at time 4200.0 ns WRITE: Bank = 1 Row = 8, Cel = 12, Data(hex) = 00000387, Data(dec) = 903
# tb_u_sdc_sdram.sdram : at time 4220.0 ns WRITE: Bank = 1 Row = 8, Col = 13, Data{hex) = 00000383, Data(dec) = 804
# tb_u adc sdram.sdram : at time 4240.0 n3 WRITE: Bank = 1 Row = 8, Cel = 14, Data(hex) = 00000383, Data(dec) = 805
# tb_u_sdc_adram.sdram : at time 4260.0 n3 WRITE: Bank = 1 Row = 8, Cel = 15, Data{hex) = 0000038a, Data(dec) = a0&
# tb u sdc sdram.sdram : at time 4280.0 ns WRITE: Bank = 1 Row = g8, Cel = &, Data{hex) = 0000038k, Data(dec) = 807
# Teat 10: Programming Mode Register BLE a3ame

# Test 11: Burst READ &

# tb u sdc adram.sdram : at time 4666.0 n3 READ : Bank = 1 g8, Cel = 9, Data = 900

# tb_u_sdc_sdram.sdram : at time 4686.0 n3 READ : Bank = 1 8, Col = 10, Data = 901

% tb_u_sdc_sdram.sdram : at time 4706.0 ns READ : Bank = 1 a8, Col = 11, Data = 202

# th_u_sdc_sdram.sdram : at Time 4726.0 ns READ : Bank = 1 8, Col = 12, Data — 903

# th_u sdc sdram.sdram : at time 4746.0 n3 RERD : Bank = 1 g, Cel = 13, Data = 904

# tb_u_sdc_sdram.sdram : at time 4766.0 n3 READ : Bank = 1 8, Col = 14, Data = 205

# tb_u_sdc_sdram.sdram : at time 4786.0 ns READ : Bank = 1 8, Col = 15, Data = Q06

4 tb_u_sdc_sdram.sdram : at time 4806.0 ns READ : Bank = 1 Row = a8, Col = 8, Data = 207

# Test 1Z: Frogramming Mode Register BLE

# tb_u_sdc_sdram.sdram : at time 5020.0 ns PRECH : Precharge A1l

# tb_u_sdc_sdram.sdram : at time 5080.0 ns LMR : Load Mode Register

% tb_u_sdc_sdram.sdram : CAS Latency 2

# tb_u sdc sdram.sdram : Burst Length 4

# tb_u_sdc_sdram.sdram : Burst Type Sequential

# tb_u_sdc_sdram.sdram : Write Burst Mode = Programmed Burst Length

% Test 13: Burst READ 4

# tb_u_sdc_sdram.sdram : at time 5260.0 ns ACT : Bank = 1 Row = a

# th u_sdc_sdram.sdram : at time 5346.0 ns READ : Bank = 1 8, Col = 9, Data = a00

# tb_u sdc sdram.sdram : at time 5366.0 ns READ : Bank = 1 8, Cel = 10, Data = 901

# tb_u_sdc_sdram.sdram : at time 5386.0 n3 READ : Bank = 1 8, Col = 11, Data = 202

% tb_u_sdc_sdram.sdram : at time 5406.0 ns RERD : Bank = 1 8, Col = 8, Data = 907
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# Test 14: Programming Mode Register BL2

# tb_u_adc adram.sdram : at time 5620.0 n3 PRECH : Precharge All

# tb_u_sdc_sdram.sdram : at time 5680.0 ns IMR : Load Mode Register

# tb_u sdc adram.sdram : CAS Latency =2

# tb_u_adc adram.sdram : Burst Length =2

# tb_u_sdc sdram.sdram : Burst Type = Sequential

# tb_u_sdc_sdram.sdram : Write Burst Mode = Frogrammed Burst Length

# Teat 15: Burat READ 2

# tb_u_sdc_sdram.sdram : at time 5860.0 ns ACT : Bank = 1 Row = 8

# tb_u_sdc_sdram.sdram : at time 5946.0 ns READ : Bank = 1 Row = &, Col = 8, Data = 300

# th u adc adram.sdram : at time 5966.0 n3 READ : Bank = 1 Row = g, Col = g, Data = 807

# Teat 16: Programming Mode Begiater BL1

# tb_u_sdc_sdram.sdram : at time 6180.0 ns PRECH : Precharge A1l

# tb_u sdc 3dram.sdram : at time §240.0 ns IMR : Leoad Mode Register

# tb_u_adc sdram.sdram : CAS Latency =2

# tb_u_sdc_sdram.sdram : Burst Length =1

# tb_u sdc adram.sdram : Burst Type = Sequential

# tb u adc adram.adram : Write Burst Mode = Prograrmed Burat Length

# Teat 17: Burst READ 1

# tb u sdc sdram.sdram : at time €420.0 ns ACT : Bank = 1 Row = B

# tb u sdc_sdram.sdram : at time 6506.0 ns READ : Bank = 1 Row = &, Col = 9, Data = a00

# Teat 18: Programming Mode Register to default

# tb_u_sdc_sdram.sdram : at time 6720.0 ns FRECH : Precharge All

# tb_u_sdc_sdram.sdram : at time 6780.0 ns IMR : Load Mode Register

# tb_u_adc_sdram.adram : CAS Latency =2

# tb_u_sdc_sdram.sdram : Burst Length =1

# tb_u sdc sdram.sdram : Burst Type = Sequential

# tb u adc sdram.sdrem : Write Burat Mode = Single Location Acceas

# Test 19: Single READ from active bank (row 4. ers)

# tb_u_sdc_sdram.sdram : at time 6960.0 ns ACT : Bank = 0 Row 2

# tb_u_sdc_sdram.sdram : at time 7046.0 ns READ : Bank = 0 Row = 2, Col = 15, Data = 4000

# tb_u_sdc_sdram.sdram : at time 7140.0 ns ACT : Bank = 1 Row = 2

# tb_u_adc_sdram.sadram : at time 7226.0 n3 BREAD : Bank = 1 Row = 2, Col = 15, Data = 4001

# tb_u_sdc_sdram.sdram : at time 7320.0 ns ACT : Bank = 2 Row = 2

# tb u_sdc_sdram.sdram : at time 7406.0 n3 RERD : Bank = 2 Row = 2, Cel = 15, Data = 4002

# tb_u_sdc_sdram.sdram : at time 7500.0 n3 ACT : Bank = 3 Row = 2

# tb u sdc_sdram.sdram : at time 7586.0 ns READ : Bank = 3 Row 2, Col = 15, Data = 4003

# Teat 20: Programming Mcde Register BLS8

# tb_u_sdc_sdram.sdram : at time 7820.0 ns FRECH : Precharge All

# tb_u_sdc_sdram.sdram : at time T8E0.0 ns IMR : Load Mode Register

# tb_u_sadc_sdram.sdram : CAS Latency =2

# tb_u_sdc_sdram.sdram : Burst Length =3

# tb_u sdc sdram.sdram : Burst Type = Sequential

# tb_u_sdc_sdram.sdram : Write Burat Mode = Programmed Burst Length

# Test 21: Bus Termination for Write Cycle

# tb_u_sdc sdram.sdram : at time B060.0 ns ACT : Bank = 0 Row = a

# tb_u_sdc_sdram.adram : at time 8100.0 n3 WRITE: Bank = 0 Row = 0, Cel = 11, Data{hex) = 00002af8, Data(dec) = 11000
# tb_u_sdc_sdram.sdram : at time £120.0 ns WRITE: Bank = 0 Row = 0, Cel = 12, Data{hex) = 00002af8, Data(dec) = 11000
# tb_u_adc_sdram.sdram : at time 8140.0 na WRITE: Bank = 0 Row = 0, Cel = 13, Data(hex) = 00002af8, Data(dec) = 11000
# tb u_sdc_sdram.sdram : at time 8160.0 ns BST : Burst Terminate

# Test 22: Bus Termination for Read Cycle

# tb_u_sdc_sdram.sdram : at time B8280.0 n3 ACT : Bank = 1 Row g

# tb_u_sdc_sdram.sdram : at time 8366.0 n3 READ : Bank = 1 Row = &, Col = 9, Data = a00

# tb_u_sdc sdram.sdram : at time 8386.0 n3 RERD : Bank = 1 Row = g8, Col = 10, Data = 901

# tb_u_sdc_sdram.sdram : at time 8406.0 na READ : Bank = 1 Row = 8, Col = 11, Data = a02

# tb_u_sdc_sdram.sdram : at time 8426.0 ns READ : Bank = 1 Row &, Col = 12, Data = 903

# tb_u_adc_sdram.sdram : at time £446.0 ns BEAD : Bank = 1 Row = 8, Col = 13, Data = 904

# tb_u_sdc_sdram.sdram : at time 8460.0 ns BST : Burst Terminate

# tb u_sdc_sdram.sdram : at time B8466.0 n3 RERD : Bank = 1 Row = g8, Cel = 14, Data = 905

# tb_u sdc sdram.sdram : at time £560.0 ns PRECH : Precharge All

# tb_u_sdc_sdram.adram : at time 8620.0 na RAREF : Ruto Refreah

# tb u sdc_sdram.sdram : at time £700.0 ns AREF : RZutc Refresh

# tb_u sdc_sdram.sdram : at time 8780.0 n3 IMR : Load Mode Register

# tb_u_sdc_sdram.sdram : CAS Latency =2

# tb_u sdc_sdram.sdram : Burst Length =1

# tb_u_sdc_sdram.sdram : Burst Type = Sequential

# tb u adc sdram.sdram : Write Burst Mode = Single Location Zccess

# Test 23a: Data Masking

# tb u sdc_sdram.sdram : at time 8860.0 n3 ACT : Bank = 3 Row = g

# tb_u sdc_sdram.sdram : at time 8900.0 n3 WRITE: Bank = 3 Row = 8, Col = 8, Datalhex) = Data(dec) = 4294967235
# tb_u sdc_sdram.sdram : at time £980.0 ns WRITE: Bank = 3 Row = g, Cel = 8, Data(hex) = Data(dec) = 4294967040
# tb_u sdc_sdram.sdram : at time 9060.0 n3 WRITE: Bank = 3 Row = 8, Col = 8, Data{hex) = Data(dec) = 4294967295
# tb_u sdc_sdram.sdram : at time 9140.0 ns WRITE: Bank = 3 Row = &, Col = 8, Data(hex) = Data(dec) = 4294902015
# th_u sdc_sdram.sdram : at time 9220.0 na WRITE: Bank = 3 Row = 8, Col = 8, Data(hex) = Data(dec) = 4294967295
# tb_u sdc_sdram.sdram : at time 9300.0 ns WRITE: Bank = 3 Row = 8, Col = 8, Data(hex) = Data(dec) = 4278255615
# tb u sdc sdram.sdram : at time 9380.0 n3 WRITE: Bank = 3 Row = g, Cel = 8, Data(hex) = Data(dec) = 4294967295
# tb_u sdc_sdram.sdram : at time 94680.0 n3 WRITE: Bank = 3 Row = 8, Col = 8, Datalhex) = Data(dec) = 16777215
# tb u sdc_sdram.sdram : at time 9540.0 ns WRITE: Bank = 3 Row = g, Cel = 8, Data(hex) = f, Data({dec) = 4294987295
# tbh u sdc_sdram.sdram : at time 9620.0 n3 WRITE: Bank = 3 Row 8, Col = 8, Data = Hi-Z due to DQM

# Test 23b: Simulating Store Half

# tb_u sdc_sdram.sdram : at time 9700.0 na WRITE: Bank = 3 Row 8, Col = 8, Data(hex) = Data(dec) = 4294967295
# tb_u sdc_sdram.sdram : at time 9780.0 ns WRITE: Bank = 3 Row = 8, Col = 8, Data(hex) = Data(dec) = 4294901760
# th u sdc_asdram.sdram : at time 9860.0 n3 WRITE: Bank = 3 Row = g8, Col = 8, Data(hex) = Data(dec) = 4294967295
# tb u sdc_sdram.sdram : at time 9940.0 ns WRITE: Bank = 3 Row 8, Col = 8, Datathex) = Data(dec) = 65535
# Test 24: Rutc-Refresh

# tb_u sdc_sdram.sdram : at time 24280.0 n3a PRECH : Precharge All

# tb_u_sdc_sdram.sdram : at time 24340.0 ns AREF : Autc Refresh

# ** Note: s3top : C:/Usera/User/Desktop/mem 3ays_v3 (completed)/tb/tb_u_sdc_adram.v(801)

# Time: 24540 ns Tteration: 1 TInstance: /tb_u_sdc sdram

# Break in Module thb_u_adc_sdram at Usera/Use sktop/mem svs_v3 (completed)/tb/tb_u_sdc_sdram.v line 801

vsIm 21 |

Figure 7.1.2 SDRAM Controller Verification Result
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7.1.3: Simulation Result (Timing Diagram)

Result 1: Initialization and Reset

[$a- [ Msgs |
& csdram/th_ui ck| tho [T | |
& . sdramftb_ui_rst {1ho |, I 1
&) @ ..._sdram/th_ui_sel | #hf ht
& ...sdram/th_ui_addr | 32h... | ———(37h00000000
i+ @ ...sdram/th_ui_dats | 32h... | ———{37h00000000
&) 4 ..dramfth_uo data | 3Zhz...
& ..ui_host Jd_mode | Tho |,
& ..sdamjth_ui read | ThO |,
& . dramftb_ui_write |1h0 [,
& ..sdramfth_uo_ack | 1h0
() @ ...5dc_sdram/status | TEST.. TEST L. INIT
(& o ..bfm_monitor/FSM | C_IDLE NI [INT W TPRE |1 PREV/ TARL [T ARWY TARZ |1 ARWZ TR [ITMRD [C IDLE
ER 2 anitor/SDRAM | NOP NOP| JPRECH Y NGF| J AR JNGE bS] JNGE JIMR[ YNOP
5 .H.SU‘\.“".‘."“.i‘."‘."."'"“‘“""I"‘.“i‘."'."“m‘."“‘“"“'.“"“".‘-"“-‘"“‘-'
g ow, [300ps g0 50000 ps 100000 ps 150000 ps 200000 ps 250000 ps 300000 ps 350000 pg
Cursor 1 378 ps :
Cursor 3 |581ps
$a- Msgs
& .. sdram/tb_ui_ck| 1ho ,III*iI‘\_(—\;IIII‘\_(—\;III‘\_ I N e N [
¥ rst | 1ho
3 -scramjtb_ui_sel | 4hf i i i
(< «..sdram/th_ui_addr | 32h... | J32h000C 32000024 32000023} Th0002ce
(%)< ..sdram/tb_ui_data | 32h... | J3ZR00000H1 SZho00307682 32h0000743 ) SZhon0n T
&< --.dram/th_uo_data | 3Zhz...
& -..ui_host_ld_mode | 1h0
< ...sdram/tb_ui_read | 1h0
& damjtb_ui_wite | ho | ]
< -..sdram/tb_uo_ack | 1h0
(5 -..sdc_sdram/status | TEST... | JTEST 2 SWATTE - BANC WATE - BAK
LQ..‘hfm_mommr,rFsM C_IDLE IDE CAC CTRCD [C WRITE |C WCATA {C IDIEO [C IDIE CAC” CTRCD {C WRITE ]C WCATA JC DO [C DIE CACT CTRCD JCWRITE |C WDATAJCTDE) [CINE JCACT CTRD JCVRTE JC WOATA JC IO
(& < -.._monitor/SDRAM |NOP | o JACT | JNoP| LVRIE INop JACT]JnNoP[ JVRIE Jnop JACT | JNoP | JWRIE Jnop AT (WE| VR Juoe
i Now 200 ps 00000 ps 500005 5000055 S5000035 0000 ps 55000035 700008 75000035 a0 ps ET
@ Cursor 1 [378 ps 725197 ps
e Cursor 3 |581ps
E S Misas |
J L rereJrrrrre e e e e e e e rer
4hf
57h00.... | 37h00000000
"ho0.... | 37h00000000 -
.| JEST 2. |Test 3: Force Prediarging Réset i]
Q IDIE INDT [N W TPRE |1 PREW T ART T ARWL T ARZ |1 ARWZ TIMR |1 TMRD JC DIE
HOP YPRECH MO I,@: Y Y& bS] JTwR NG
= A N N
WEE0 Now 80 ps 1000000 ps 1100000 ps 1200000 ps 1300000 ps
] Curser 1 [176ps
2 Cursor 3 {200 ps
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Result 4: Single Read and inactive Bank

- Msgs
@ - sthanfth i_dk| tht WIIIIIIWIIIIIIW{—LIIIII* j_{—L‘L*,*,III
& v._sdramjtb_ui_rst | Th)
DY er_scramjtb_ui_sel | nf [T 1 I i
B eoschamth_ui_addr | .83 [T B (G TR (e
(£} sdramth_ui_data | .. 2222
(59 dranfth_uo_data G G T G,
& .ui_host_Jd_mode
¥ sdranjth_Liread L | |
& dramjth_ui_write
& sdramith_uo_ack 1 1 | 1
(& @ sdc_scham/status | ... Al ER 4 30 - EA
(&) 9 +bfin_moritor/FSM | € TRCCZEE JCAT JCRE (S O R W AEEA BTN A [0 [CRD [CREAD JCd JCROA. (DB [CIE AT [CRD (EZ5 DI S (e
(&) .._monitor/SDRAM | ACT (i Jad[ I (o acr e JRERD_(ICF, YAzt Jnoe) EZv I
Y20 Now 1200 ps JEP JLP G JEI 5 s ey s 10 B0 SX00ps 1500 SX0ps 200gs
/9 Cursor 1 [378ps Tt
#@ Cursor 3 |503ps

Result 5: Single Write and Active Bank (Same Row)

$a- Msgs
@ csdamfbuidefthe | L o
& ...c_sdramjtb_ul_rst | 1ho
j o ..c_sdram/th_ui_sel |4hf | Fh
& ...sdram/th_ui_addr | ..c3c Zho0D0203c T 3Zho000443e Y 3Zhooo0383e 57h0D003c3e
& ...sdram/th_ui_data —{(37ho0000fa0 1 32h0000dfa L | 32h0000dfa2 32h00000fa3
j g .. dramth_uo_datz
« ...ui_host_ld_made
P s
s 2 _ f
¢
=¢ .sdc_sdram/status TEST 5: SWRITE - BANK ROW
& ../ofin_monitor/FSM | C_IDLE | <€ IDLE [C WRITE J€ WD... JC 1DIE0 [C IDLF JC WRITE JC WD... {C IDLED |C TOIF |C WRITE]C WD... |C IDIF0 |C IE JC WRITE [C WD... JC IDLED
< ..._monitor/SORAM _|NOP | ‘NG [ JwRrE (wop TWRITE JNOP TWRITE \NOP JWRITE {WOP
.\I.\\‘.E.\\I‘II\I‘ N R E N
il Now 100 ps 2200000 ps 2250000 ps 2300000 ps 2350000 ps 2400000 ps 2450000 ps
e Cursorl 378 ps
s Dasors |infps |
Result 6: Single Read and Active Bank (Same Row)
$a- Msas
& - schamjtb _ui_ck | thi 1@11111@11111@11111@1111
. tho
SN ahf i | | I !
EE 3 =® RoO005: o0 SOOI
() ...scram) zz
& .dramftb_uo_data | ...zzzz (500, } (7h0... | (5700 | (570, |
& -ui_host ld_mode | tha
¥ _ui_read | Tho [
¥ - Jth_ui_write | ThO
& ...stram/th_uo_ack | 1ho 1 1 1 1
(&) ...sdc_sdram/status |...ANK ROW =
ﬁ’ fofm_monitor fF5M | C_IDLE [CIDIE_[CREAD JC O C RDA... |C IDLEO {C IDLE C READ [C CL CRDA.. {C IDLE0 |C IDIE CREAD jCCL .C_RDATA JC IDLED {C IDLE CREAD [CC CRDA... [CIDLED {C IDLE
(&) @ -.._moritor [SDRAM NOP_ B } I@ TP READ _ |NOP. TP READ _JNOP
St Now [300ps | * ‘zsc‘wu‘un‘us‘ e ‘ZS‘SUE:UU‘DS‘ e ‘LééUUUU‘Ds‘ e IZE‘SUE:UU‘DS‘ e ‘Z?\‘JUUUU‘DS‘ ' ' ‘li‘SUU‘UU‘Ds‘ e ‘ZBEIUUUU‘DS‘ o ‘ZB‘SUE:UU‘DS‘ e ‘ZEE‘IUUUU‘DS‘ e ‘Z!‘SUE:UU‘DS‘ H

Cursor 1 |378ps

00

Cursor 3 |182ps

e
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Result 7: Single Write and Active Bank (Differen\)

- Msgs
TN .y Iy )y ) S B B B I e e e SRR
& ..c_stramtb_ui rst| tho
B cdanj i sel|anf (B [id
P ] '
B ]
B ..dranjtb wo_dsts |2z
@ ...uihost ld_mode | 1ho
L
L X [ - -
& ..sdramth_uo_ack | 1ho T
[ st scramjstatus |, ANK TETT SR -BAICRO
[ ... ]ofn_moritor/FSM | C_IDLE [{DE_ (el [EENEE () (3., C 0 Jo Tl LCHE CHEN CTRD [C URIE(C VL., \C DUED [C DE (A o e AT )2 RO {1 WRTEJC Wb, {1 DU [CTIE
ER 2, top T ) [ N N T T THEF (P »«Jrjﬁﬁ', g )3RE‘H TN T[NP JURIE_JhCP]
[ el IR T che IR N I N I I IR I I T R N o b [ N B N
St Now 2000 | s : ﬂfﬂgiﬂ:s : N : :\5$2n:: 0z ‘ ZIS[H‘ZHJ: ‘ S0 00 34005 0% BOWE TSR E EEE] s
o arsor 1 (3% ps T8
3 Cursor 3 [182ps

Result 8: Programming Load Mode Register (Bursytierd)

[$a- Msgs:

@ocsdamfthuidk|tho ] | L oo L e e e e e
& ..c_sdram/th_ui_rst | Tho
T Csdramfth_ui_sel | 4bF | [F0F
& ..sdram/tb_ui_addr | ...c10 7ho0003410
(&« ...sdram/th_ui_data |.,.003 | [3Zh00000
(s ... dram/th_uo_dats | ...zzzz

@ ui_host ld_mode | Tho

@ ..sdram/tb_ui_read | 1ho

& . 1ho

<. 1ho
& osdoscram/status | ..0W | [TEST B LMRBLE
(&4 ... /bfm_monitor(F5M | C_IDLE | [C IDIE C PRE _]C PREW CMA__JC TMRD |C IDIE
[ ..._monitor/SDRAM |NOP | [HOR YFREGH _JNOP YIMR]  JNGE

T e a T e b e Law e a i R R P A R S N

*E0 Now 1300ps | 190 pe 3850000 ps 3900000 ps 3950000 ps 4000000 ps 4050000 ps
#9 Cursor 1 (511 ps

&' Cursor 3 _152ps

Result 9: Burst Write

W A (G |y O Ay O O |y O | | O ot S S ! IO
= 4hl
& .sdram/th_ui_: 37h00008#24
& ...sdram/th_ui_dats |...003 57h00000584 52h00... ]32h00... | 32h00... | 32h00... | 32h00... {37h00... | 32h00000380
) ...dramfth_uo_data |...zzzz
...ui_host_ld_mode | 1'h0
sdram/tb_ui_read
sdram/fth_uo_a
...5dc_sdram/status |...OW TEST 5: BURST W
fin_mariitor/FSM | C_IDLE | € IDLE C ACT JC TRCD |C WRITE |C WDATA C IDLED | C IDLE
_monitor/SDRAM | NOP | TN YACT INGPT YWRITE  {NCP
B F T O O O O A o A - W
wEAO AT | D0 4100000 ps 4150000 ps 4200000 ps 4250000 ps 4300000 ps
-] Cursor 1 [S11ps
Fe Cursor 3 [182ps

Result 10: Programming Load Mode Register Sames{Bength 8)

Msgs
sosdramfbuidk [ tho | T 1 L[ L[ L_T
...c_sdram/t_ui_rst | Tho
...c_sdram/tb_ui sel | hf | Fhf
«osdramftb_ui_addr | ...c10 | “37h0000842!

...sdram/tb_ui_data |...003 | _]3Zh000000Z:
...dramjth_uo_data |...zzzz
...ui_host Id_mode | Tho I
sdram/tb_ui_read

sdram/tb_uao_ack
sdc_sdram/status | ...OW TEST 10: LMR BL8 (sarhe)
fin_monitor /FSM | C_IDLE | “C[IDLE
onitor [SDRAM | NOP NOP

' ' vl
4450000 ps

450000

[
w20 MNow (200 ps J0000 ps

T Cursor 1 |51ips

Tl Cursor 3 |182ps
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Result 11: Burst

Msgs | - e i e -
sdramfbuick [tho [ 1 1 1 e P | I [
_sdram/tb_ui_rst | 1o

@@ ...cosdramjtb_ui_sel | 4hf | JFRE
i) @ ...sdramyth_ui_sddr | ...c10 | [37h00008424
ol L ...003
(&) ...dramjth_uo_data 37h0000054 | 32h00000385 | 32h00000386 | 32n00000387 | 32h0000038 | 32h00000389 | 32h0000036a | 32h0000038b
..ui_hest_|d_mods
sdram/tb_ui_read
sdc_scram/status | ... TEST 11: BURS] READ &
../bfm_moritor/FSM | _IDLE | G IDLE TC READ ca C RDATA C IDLEO CIDIE
monitor fSDRAM | NOP IOF i JEEAD JHOF
I8 T Ben vg tg B et ans i) g o008 o0 g fgh o EU T hn T0 WD BE il
i Now 1200Ps. | 300 pg 4650000 ps 4700000 ps 4750000 ps 4300000 ps 4850000ps
= Cursor 1 |511ps

Cursor 3 [182ps

Result 12: Programming Load Mode Register (Bursgtie 4)

Msgs:
..€_sdramjtb_ui_dk | Tho L I L L I I
...c_sdram/tb_ui_rst | thd
...c_sdram/tb_ui_sel | 4hf Fhf
...sdramftb_ui_addr 32h0000g424
«sdramftb_ul_data —{32h00000022
.dramfth_uo_data
,..ui_host_ld_maode [
dram/tb_ui_read
TE... (TEST 12: IMRBL4
.. /[bfm_manitor fFSM C IDLE C PRE C PREW C MR {C TMRD {C IDLE
monitor/SDRAM | NOP | TNOP [PRECH I NOP] TR [NoP]
T em v e v § e ma a4 6] Ton v e e e vl o1 v T v vl & ey
Now 300Ps | 3000 ps 5000000 ps 5050000 ps 5100000 ps 5150000 ps 5200000 ps
i Cursor 1 |511ps
dod Corsar’s {ia7ps |
- sdramjth_vi_dk — 1 T 1 1 1T r i & = [ [ [ [ U
.c_sdramyth_ui_rst | 1)
| #0F
370008472
..sdram|tb_ui_data 1 e —
~dram/th_uo_data |...zzzz | {32h00000384 | 32h00000385 ] 32h00000386 | 37h0000038b }
..ui_host Id_mode | 1h0
scramftb_u hd
...sdc_sdramstatus |...OW | TEST 13 BURST READ 4
... /bfm_menitor/FSM | C_IDLE | T IOLE C ACT C TRCD C READ c o C RDATA C IDLED € IDIE
nitor/SCRAM | NOP | "NOP| TACT THOP TREAD THOP
1 [ i o [ [ E i e " I T i | i " [ e [ ' 1 [ b
Nowi 000 i 5250000 ps 5300000 ps 5350000 ps 5400000 ps 5450000ps
Cursor © |511ps

@ Cursor 3 |182ps
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Result 14: Programming Load Mode Register (Bursgtle
2)

‘iv Msgs
ocsdamftbuide|tha L L L L L[]
& ...c_sdram/th_ui_rst | 1ho
& .c_sdram/th_ui_sel | 4hf Fht
& ..sdramjth_ui_addr |...c10 | 37h0000B%2:
'1:@ osdramftb_ui_dats | ...003 | —{32h00000021
1+ @ w.dramftb_uo data |...zzzz
.0 «Ui_host_Id_mode | I'h0 [
v& dram/tb_ui_read | Th0
o ...sdramth_ui_write | h
-é ...sdramjtb_uo_ack | 1'hD
% ...sdc_sdram/status | ..OW TEST 1% MR BLZ
< W .../bfm_monitor[FSM | C_IDLE | "CIDLE CPRE | C PREW C MR |C TMRD {C IDLE
&)« ..._monitor [SDRAM | NOP ﬂaT;P YPRECH JNOP MR {HOP!
[ 5 ma ok v b B m wdh oF B 9o, Ben o mm o & wem bim w b Gel @ w3 L ma ol 6 ma
MNow 200 ps 5500000 ps 5650000 ps 5700000 ps 5750000 ps 5300000 ps

Cursor 1 |511ps
G iR2pe

O

Result 15: Burst

T Msgs

«.c_sdram/tb_ui_dk | Th0
@ ..o sdram/tb_ui_rst | 1ho
ii¢ «c_sdramfth_ui_sel | 4hf 4hf
&} o .sdramjtb_ui_sddr | ..c10 | 320000842
(&~ ...sdram/th_ui_data | ...003
[ ...dram/th_uo_data Zh00000384 | 37h0000038b
& ...ui_host Id_mode
[ ...sdc_sdram/status |...OW TEST 15: BURSTIREAD 2
(3} 4 ... /bfm_monitor/FSM | C_IDLE | T I0E C Acr C TR C READ c L C RDATA C IDLEQ C DLE
(£ 4 ..._manitor/SDRAM | NOP NOP ACT e READ NOP |
—— I
S0 Mow 1200 ps 5840000 ps 5880000 ps 5320000 ps 5950000 ps 6000000 ps
@ Cursor 1 511ps
= Cursor 3 |182ps

Result 16: Programming Load Mode Register (Bursgtie 1)
[$u- [_pgs]

& ...c_sdram/tb_ui_ck | 1ho F;III_I;_\;_\;_\;II_I‘II
* woc_sdramfth_ui_rst| Tho
& 4 . c_sdramfth_ui_sel | $hf | ZHF
Q ..sdramfth_ui_addr |...c10 | _37h00008424
| ..sdram/th_ui_data | ...003 | —{37h00000020 -
:’ ...dramfth_uo_data |...zzzz
Q ...ui_host_|d_mode | 1'h0
& ...sdramfth_ui_read | Thi [
¢ ...sdram/tb_ui_write | 1'h0
-} ...sdramftb_uo_ack | 1ho
1:@ ...5dc_sdram/status | ...OW TEST 16: LMR BL1
(&« ... /bfm_monitor fFSM | C_IDLE | "CIDLE C PRE_JC PREW C LMR__|C TMRD JC IDLE
(& 4 ..._monitor [SDRAM | noe E(Fp YPRECH :(NOPI TLMR. THNOP|
o | N A e A T e A N I e
it il 5150000 ps 5200000 ps 6250000 ps 5300000 ps 5350000 ps
s Cursor 1 |511ps

Cursor 3 |182ps

|
BIT (Hons) Computer Engineering
Faculty of Information and Communication TechnologfAR

Page 99



Result 17: Burst

Read

.”i

e i
e 32h00008424
HP o ]
+ @ .dramftb_uo data |...zzzz 32h00000334
vb +li_host_Id_mode | 1Tho
‘) ...5dram/tb_ui_read | Tho ]
« ...sdramfth_ui_write | 1h0
@ ...sdramftb_uo_sck | 1h0
& .sdc_sdram/status | ...OW | JTEST 17 BURST READ 1
=< .../bfm_moritor/FSM | C_IDLE | € IDLE C ACT C TRCD C READ ce C RDATA C IDLED C IDLE
& 4 .._monitor /SDRAM | NOP oF facT YHOP JREAD b
: | 279 P T T T S S S S B [ T R T R R
& Now 1300 ps 6400000 ps 6450000 ps 6500000 ps 6550000 ps
] Cursor 1 511ps
. Parsan i [HH2ps

Result 18: Programming Load Mode Register (Default)

a' Msgs
$ocsdamfbuick|tho (T L L L [ L[ LI LI LI L]
& ...c_sdram/tb_ui_rst | Tho
(&) 4 ...c_sdram/tb_ui_sel [ 4hf | ZRF
&) @ .sdramtb_ui_addr | .. 32h00008424
& ¢ ...sdram/th_ui_data 3Zh00000Z20
& ...dram/tb_uo_data
& ...ui_host_Id_mode [
& ...sdram/th_ui_read
@ ...sdram/th_ui_write | Tho
& ...sdramftb_uo_ack | Tho
&) @ ...sdc_sdram/status | ...OW | TES... JTEST 18: MR default
(&) 4 +../bfm_menitor/FSM | C_IDLE | T IDLE C PRE__JC PREW € (MR |C TMRD |C TDLE
ER 2 onitor [SDRAM | NOP NOP JPREGH {MOP JLMR JmoP!
@O Now 1200 ps énnlnn‘ps‘ o ‘E?DIDDIDD‘DS‘ T ‘s7lsnnlnn‘ps' e ‘ssﬁnnlnn‘ps' .
+#0 Cursor 1 [511ps
+#0

Cursor 3

182 ps

Result 19: Single Read and Active Bank (Differeaw) read 4 times

- Higs
o catarihik o | I oy Yy S B O ,17,11___________\__\__\_{—\__\________\__\__L
B¢ I I
el * ho0C003: (3Tho0 3 SN0 TNk
By {0, } {0 (0. Tt —
& st sigead 10 J—
- sersnf i e 1h
§ st oz 1) .
B - scstansietss .00 7 KRDL
B9 i o A LT MO (0 e (el () TR [CCJCm. [[DE COE il TR JCOECOE AT CREOJCT R (COE L,
g I } m} ({E. I T (ol ):? Jie, (o] ! Jact[Joe @ 0l
. v [ N N N N N [ R R N N e N I N [N RN RN v v b berer berer [N (KRN
How 0 &l e i bl T i pri P e Mg s s b0 it
¢ Gl i
0wl

Result 20: Programming Load Mode Register (Bursgtle 8)

a- Msgs
$ocsdamtbuidk |tho | T L L L L[ _ [ [ L I LT
‘ ...c_sdramftb_ui_rst | 1h0
&} o ..c_sdram/tb_ui_sel | #hf &ht
R 9N ...c10 | 137h00002d3c
R N ...003 | {37h00000D23
R \zIE
& ..ui_host_|d_mode | Tho [
& ..sdram/tb_ui_read | 1ho
‘ +..sdram/tb_ui_write | 1h0
& ...sdram/tb_uo_ack | 1ho
ﬁ*.‘.sdcfsdram-'status oW TEST 20: UMR BLB
1;‘ ... /ofm_monitorfFSM | C_IDLE | IC IDLE C PRE C PREW C LMR C TMRD {C IDLE
[+ @ ..._moriitor SDRAM NOP | TNOP JPRECH {NOP JLMR JNOP'
> R
2O Mow 300 ps 7300000 ps 7850000 ps 7900000 ps
s Cursor 1 |511ps
L Cursor 3 [182ps

Result 21: Burst Terminal (Write)
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$a- Msgs
A .csdramith_ui_ck | tho EN ey S A N e U S N
& ...c_sdram/tb_ui_rst | Tho
© P ...c_sdram/th_ui sel | 4hf | ZRF
(& ...sdram/th_ui_addr 57... | 37h00000D2C
& ...sdram/th_ui_data 32... | 32h00002818
(&} ..cram/tb_uo_data
& ...ui_host_ld_made
& ..sdramfth_ui_read
@ ...sdram/th_ui_write | 1h0
& ...sdram/th_uo_ack | Tho
& ...sdc_sd ..OW | TE... |TEST 21: BT WRITE
& .../bfin_manitor/FSM | C_IDLE | € DLE C ACT _|C TRCD |C WR... |C WDATA C BT __|C IDIE0 [C DIE
@ ¥ -._monitor/SDRAM | NOP | TNOR YA&CT|__{NOP| JWRITE YNoP TET HoP
e e 'snlsnnlnn'p; o B100000ps b ‘Bl‘SDD‘DD‘ps‘ U ot

Cursor 1 [511ps
Cursor 3 [182ps

00

Result 22: Burst Terminal (Read)

Msgs |

wesdamfbuidkthe | L 1 L L L L L[ L | LT
+o.C_sdram/tb_ui_rst | 1'h0 |
..c_sdram/ftb_vi_se!
..sdramftb_ui_addr | ...c10 32h000085324 32'h00000)
dram/tb_ui_data 003 | __} 32'h00000|
\.dramftb_uo_data |...zzzz 32h00... {32h00... {37h00... {37h00...
...ui_host_Id_mode | 1'h0
...sdramftb_ui_read | 1'h0
+..sdramftb_ui_write 0
dramjfth_uo_ack | 1'ho
+8dc_sdramjstatus | ...OW TEST 22: HT READ
-‘ +. Jofm_monitor/FSM | C_IDLE | € IDIE C ACT C TRCD C READ {C C RDATA C BT C IDLED

monitor [SDRAM | iy YacT [niop {RE {nop [ET ¥ nop

E-%
2
|
=

o)
=

GEeeeeee e

= . E . GEh ¢ B Beh o NR ohop, o b Fim o€ b mil & i A b e g B bal o TR [
See Mow 8250000 ps 8300000 ps 8350000 ps 5400000 ps 8450000 ps

& Cursor 1 |

- Cursor 3

|
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Result 23a: Mask Simulating Store Byte

- Msgs
z---c;dramm,uu‘k ST o S s S ey I Y s U s S e Y A A N e e N e T Y e e e S

1h 1

_sdramjth_ui_sel |4hf | Fhf _J4ha Fhf g S ]
Eu=
dramth_ui_addr |...c10 | 37R00008c20.
_data |. 32hf... | 37h00000000 TR 3Zh00000000 EFiiiiiiid 5Zh00000000

3a: MASK Simulsting Store Byt
C W... [CIDIED JCDIE JC WR... JC Wh... [C D0 [C IDE JC WR... JC Wh... JC DiE0 [CDIE [ WR.. JC WD... {C miF0 [C IDIE

€ WR... {C WD... JC IDLE0 [C IDIE |G WR... JC

NOP oD WRIE _INGe WRLE NP, WRITE NP, Vi ToP W
JHoe X i Y i T Y JWRTE T TR
e e T B e T W O W 05 T Y R v
w20 Ve B008 9250000 ps 9300000 ps 9350000 ps 400000 ps 9450000 ps 4500000 ps 9550000 ps 9600000 ps
o Cursor 1 [511ps
) cursor 3 [182p8

Result 23b: Mask Simulating Store Half
Byte

& Msgs
3 c_sdramith_1i_ck | Th0 ﬂlltlﬁ e U e Y Y ey I e Y e Y Yy I s Yy A |
amftb_ui_rst | 1h0
) 4 . .c_scramjth_ui _sel | 4hf | “h3 ht #hc
(B ...sdramth_ui_addr %ﬂo
E P ..sdram/th_ui_data |, 37hi 3700000000 Pl iiniiind 32h00000000
(& ...dramfth_uo_data
9 ..ui_host Id_mode | Tho
¥ ram/th_ui_read | 1h0
& ..sdram/tb_ui_write | Tho
& ..sdramfth_uo_ack | 1ho
) 4 ..sdc_sdram/status | ..OW | Test|23b: Smulatiha Store Hal TEST 24 &
[ +..Jbfm_moritor/[FSM | C_IDLE TCTOlE I WROE JC WDATA |C TDLE0 J€ IDE J€ WRIE € WDATA [C IDIE0 JC I ]C WAIE JC WOATA JC TDLED J€ IDLE | C WRITE JC WDATA JC TE0 [C DLE
& .._maritor/SDRAM NOP NDPI JWRITE JYHoP JWRITE  {NOP JWRIT} JHoP. JWRIT} JHOP.
W20 Now oops | ' 't smooocps " ssooones ' asoooons sosoooops " ssoooonss " 'smsoovops " oo
-] cursor 1 [511ps
e

Cursor 3 |182ps

Result 24: Wait for Auto Refresh

$ocsdamtpuick(tho (71— 1~ .~ 1~ 1~ .~ L I L L |
1}. sdramftb_ui_rst | 1'h0
f :Q «oc_sdramjtb_ui_sel | #hf Zhec
& sdram/fth_ui_addr 32h00003c2
& 4 ...sdram/tb_ui_data 327h0000000
& ...dramfth_uo_data
« ..ui_host_Id_mode
} +..sdramftb_ui_read
...sdramftb_ui_write | 1h0
& ..sdramfth_uo_ack | 1ho
() ..sdc_sdram/status | ..OW | TEST 24: AREF

Msgs

bfin_manitor [FSM | C_IDLE | ©IDLE_ {C PRE T FREW T AR T ARW CTOE
manitor [SDRAM | NOP NOP {PRECH TNCP {AREF TNOP
= - | . ] R o
=0 Now 1900ps | 14950000 ps 24300000 ps 24350000 ps 24400000 ps
- Cursor 1 [511ps

- Cursor 3 182 ps
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7.2: Memory System

The following test is to make sure that SDRAM Colier and Memory Arbiter that
implemented can be support four caches, two i-caem two d-cache. And this
memory arbiter will allow caches to access SDRAMaadingly to the priority given.
Since this test does not involve any TLB, plus ¢taehe only have a fixed 8 burst
length mode, an appropriate test for this differed mode configuration are not
able to carry out.

Thus tb_r BL_sel is assigned to change the cactubinto different burst length
(acts like TLB) for testing. If the SDRAM is able treceive the load mode
configuration from cache and the read address, SRAould be sending back the

data according to the address from cache.

7.2.1: Test Plan

Function To be Tested Test Case

Different load mode configurationtb_r BL_sel[3] = 3'd3;//burst length = 8
with burst length 1, 2, 4 and 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

e
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7.2.2: Testbench Verilog code

‘include "././util/sdc_macro.v"

“timescale 1ns/ 10ps

module tb_cac_ma_sc();

/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;

llcache2

wire [31:0] tb_w_cpu_cac_data2;

reg [31:0] tb_r_cpu_cac_addr2,
tb_r_cpu_cac_data2;

reg tb_r_cpu_cac_read?,
tb_r_cpu_cac_write2;

llcachel

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_read1,
tb_r_cpu_cac_writel;

/lcacheO

wire [31:0] tb_w_cpu_cac_dataO;

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 th_r_rst;

//Ibetween caches and memory arbiter

/l4 caches

/lcache3

wire w_ma_cac_read3,

W_ma_cac_write3,
w_ma_cac_host_Id_mode3,
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_i_data3;

wire w_ma_cac_acks;
llcache2
wire w_ma_cac_read2,

W_ma_cac_write2,
w_ma_cac_host_Id_mode2,
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_i_data2;

wire w_ma_cac_ackz;
/lcachel
wire w_ma_cac_readl,

e
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W_ma_cac_writel,
w_ma_cac_host_Id_model,
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_i_datal,;

wire w_ma_cac_acki;
/lcache0
wire w_ma_cac_readO,

Ww_ma_cac_write0,
w_ma_cac_host_Id_mode0,
w_ma_cac_missO;

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_i_data0;

wire w_ma_cac_acko;

//between memory arbiter and sdram controller

wire w_ma_sdc_host_ld_mode,
w_ma_sdc_read,
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_dgq;

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;
/lwishbone standard signal from caches output
wire [3:0] w_cycle,

w_strobe;

/IChange burst length of caches to test different modegroation

reg [2:0] tb_r_BL_sel[0:3];

wire [31:0] w_i_data3,
w_i_data2,
w_i_datal,
w_i_data0;

/lindicates current test status in waveform
reg [255:0] status;

u_cache cache_3
(//memory arbiter connection

.uo_cac_mem_addr(w_ma_cac_addr3),

.uo_cac_mem_data(w_i_data3),

.uo_cac_miss(w_ma_cac_miss3),

.uo_cac_mem_cycle(w_cycle[3]),
|
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.uo_cac_mem_strobe(w_strobe[3]),
.uo_cac_mem_rw(w_ma_cac_we3),
.uo_cac_mem_host_Ild_mode(w_ma_cac_host_ld_mode3),
.uo_cac_mem_sel(w_ma_cac_sel3),
.ui_cac_mem_data(w_ma_cac_o_data3),
.ui_cac_mem_ack(w_ma_cac_ack3),

/I CPU connection
.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

(//Imemory arbiter connection
.uo_cac_mem_addr(w_ma_cac_addr2),
.uo_cac_mem_data(w_i_data?),
.uo_cac_miss(w_ma_cac_miss2),
.uo_cac_mem_cycle(w_cycle[2]),
.uo_cac_mem_strobe(w_strobe[2]),
.uo_cac_mem_rw(w_ma_cac_we2),
.uo_cac_mem_host_Id_mode(w_ma_cac_host_ld_mode2),
.uo_cac_mem_sel(w_ma_cac_sel2),
.ui_cac_mem_data(w_ma_cac_o_data?2),
.ui_cac_mem_ack(w_ma_cac_ack?2),

/I CPU connection
.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_data?),
.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
.uo_cac_mem_addr(w_ma_cac_addrl),
.uo_cac_mem_data(w_i_datal),
.uo_cac_miss(w_ma_cac_missl),
.uo_cac_mem_cycle(w_cycle[1]),
.uo_cac_mem_strobe(w_strobe[1]),
.uo_cac_mem_rw(w_ma_cac_wel),
.uo_cac_mem_host_ld_mode(w_ma_cac_host_ld_model),
.uo_cac_mem_sel(w_ma_cac_sell),
.ui_cac_mem_data(w_ma_cac_o_datal),
.ui_cac_mem_ack(w_ma_cac_ackl),

/I CPU connection
.uo_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
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.uo_cac_mem_addr(w_ma_cac_addr0),
.uo_cac_mem_data(w_i_data0),
.uo_cac_miss(w_ma_cac_miss0),
.uo_cac_mem_cycle(w_cycle[0]),
.uo_cac_mem_strobe(w_strobe[0]),
.uo_cac_mem_rw(w_ma_cac_we0),
.uo_cac_mem_host_Ild_mode(w_ma_cac_host_ld_mode0),
.uo_cac_mem_sel(w_ma_cac_sel0),
.ui_cac_mem_data(w_ma_cac_o_data0),
.ui_cac_mem_ack(w_ma_cac_ack0),

/I CPU connection
.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

(/lcaches connection

/lcache3
.ui_ma_cac_read3(w_ma_cac_read3),
.ui_ma_cac_write3(w_ma_cac_write3),
.ui_ma_cac_host_Id_mode3(w_ma_cac_host_Id_mode3),
.ui_ma_cac_sel3(w_ma_cac_sel3),
.ui_ma_cac_addr3(w_ma_cac_addr3),
.ui_ma_cac_data3(r_ma_cac_i_data3),
.Ui_ma_cac_miss3(w_ma_cac_miss3),
.uo_ma_cac_ack3(w_ma_cac_ack3),
.uo_ma_cac_data3(w_ma_cac_o_data3),

/lcache2
.ui_ma_cac_read2(w_ma_cac_read?2),
.ui_ma_cac_write2(w_ma_cac_write2),
.ui_ma_cac_host_Id_mode2(w_ma_cac_host_Id_mode2),
.ui_ma_cac_sel2(w_ma_cac_sel2),
.ui_ma_cac_addr2(w_ma_cac_addr2),
.Uui_ma_cac_data2(r_ma_cac_i_data2),
.Ui_ma_cac_miss2(w_ma_cac_miss2),
.uo_ma_cac_ack2(w_ma_cac_ack?2),
.uo_ma_cac_data2(w_ma_cac_o_data2),

/lcachel
.ui_ma_cac_readl(w_ma_cac_readl),
.ui_ma_cac_writel(w_ma_cac_writel),
.ui_ma_cac_host_Id_model(w_ma_cac_host_Id_model),
.ui_ma_cac_sell(w_ma_cac_sell),
.ui_ma_cac_addrl(w_ma_cac_addrl),
.ui_ma_cac_datal(r_ma_cac_i_datal),
.ui_ma_cac_miss1l(w_ma_cac_missl),
.uo_ma_cac_ackl(w_ma_cac_ackl),
.uo_ma_cac_datal(w_ma_cac_o_datal),

/lcache0
.ui_ma_cac_readO(w_ma_cac_read0),
.ui_ma_cac_writeO(w_ma_cac_write0),
.ui_ma_cac_host_Id_modeO(w_ma_cac_host_Id_mode0),
.ui_ma_cac_sel0(w_ma_cac_sel0),
.ui_ma_cac_addrO(w_ma_cac_addr0),
.ui_ma_cac_dataO(r_ma_cac_i_data0),
.ui_ma_cac_missO(w_ma_cac_miss0),
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.uo_ma_cac_ackO(w_ma_cac_ack0),
.uo_ma_cac_dataO(w_ma_cac_o_data0),

/I[sdram controller connection
.ui_ma_sdc_ack(w_ma_sdc_ack),
.ui_ma_sdc_data(w_ma_sdc_i_data),
.uo_ma_sdc_read(w_ma_sdc_read),
.uo_ma_sdc_write(w_ma_sdc_write),
.uo_ma_sdc_host_Id_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));

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

/Imemory arbiter connection
.ui_host_Id_mode(w_ma_sdc_host_Id_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),
/I[sdram connection
.uio_sdc_dq(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), //cke 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));

/lgenerate READ enable signal from caches to memabitear
assign w_ma_cac_read3 = w_cycle[3]&w_strobe[3];
assign w_ma_cac_read2 = w_cycle[2]&w_strobe[2];
assign w_ma_cac_readl = w_cycle[1]&w_strobe[1];
assign w_ma_cac_read0 = w_cycle[0]&w_strobe[0];

/Iself LMR programable test
always@(*)begin

if(w_ma_cac_host_Id_mode3)
r_ma_cac_i_data3 = {w_i_data3[31:3],tb_r_BL_sel[3]};
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else

r_ma_cac_i_data3 = w_i_data3;

if(w_ma_cac_host_Id_mode2)

r_ma_cac_i_data2 = {w_i_data2[31:3],tb_r_BL_sel[2]};

else

r_ma_cac_i_data2 = w_i_data2;

if(w_ma_cac_host_Id_mode1l)

r_ma_cac_i_datal = {w_i_datal[31:3],tb_r_BL_sel[1]};

else

r_ ma_cac_i_datal =w_i_datal;

if(w_ma_cac_host_Id_mode0)

r_ma_cac_i_data0 = {w_i_dataO[31:3],tb_r_BL_sel[0]};

else

r_ma_cac_i_data0 = w_i_dataO0;

end

/linitialize clock signal

initial tb_r_clk = 1;

always #10tb_r_clk = ~tb_r_clk;

initial begin

1
/ISignals initialization
1

status = "Signals initialization";

tb_r_cpu_cac_addr3
tb_r_cpu_cac_data3
tb_r_cpu_cac_write3
tb_r_cpu_cac_read3

tb_r_cpu_cac_addr2
tb_r_cpu_cac_data2
tb_r_cpu_cac_write2
tb_r_cpu_cac_read?

tb_r_cpu_cac_addrl
tb_r_cpu_cac_datal
tb_r_cpu_cac_writel
tb_r_cpu_cac_readl

tb_r_cpu_cac_addrO
tb_r_cpu_cac_dataO
tb_r_cpu_cac_writeO
tb_r_cpu_cac_readO

tb_r_rst

= 32'b0;
= 32'b0;
= 1'b0;

= 1'b0;

= 32'b0;
= 32'b0;
=1'n0;

=1'b0;

=32'h0;
=32'b0;
=1'n0;

=1'b0;

=32'b0;
= 32'b0;
=1'b0;
=1'b0;
= 0,

repeat(2) @(posedge tb_r_clk);

1

//System Reset

1

status = "System Reset";

tb r rst =1;

repeat(1l) @(posedge tb_r_clk);

tb_r_rst =0;
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repeat(20) @(posedge th_r_clk);

I

I/l Prepare data in sdram
$readmemh("micron SDRAM/sdram_bank0_data.txt", sdrank®g

status = "Read data";

I/l MEM stage
/Iselect 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;

/INOTED: burst length 1 test failed
/I Read a data from 0x1000_000
tb_r_cpu_cac_data3 = 0;
tb_r_cpu_cac_data2 = 0;
tb_r_cpu_cac_datal = 0;
tb_r_cpu_cac_data0 = 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 th_r_clk) ;
/l Expecting dtlb and dcache misses
/I Wait until they are done
while(w_ma_cac_miss3||w_ma_cac_miss2||w_ma_cac_migsiH|wac_miss0) @(posedge
tb_r_clk) ;

repeat(15) @(posedge thb_r_clk);
$stop;
end

endmodule
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7.2.3: Simulation Result (Timing Diagram)

Overall Test Timing Diagram

-

Msgs

& b masclorck | th WWWMWWWW‘
& /to_cac_ma_scjto rrst | ThO ()
(3] 4 /tb_cac_ma_scjstatus | Read data | { [System Redet (Read datg
(&4 ...cac_ma_scfth_r BL_sel| 35001 3. | Shuooc oo Y 36001 35001 36010 SUIL
= cche 3 (cache_3)
(5 ...cache_ctrfstatus | READ_C... | (READ CACHE YLO... [TREAD MEM READ CACHE
(€)% .. /ul_cac_mem_data | 32h000... | (3Zh0000D0D ———{(37h3%07m000s 13Zh00D00000
o tho ! L
324005, Btz
Thi L
tho L [
1 (cache_2)
(5 ..Cache_ctrlfetatus |READ C... | (READ CACHE! YLOAD MODE TREAD MEM READ CACHE
o 32h000. 0 {{Tizh3aco000s 5700000000
> e . Iy B 1
[ 52h00s.. {52ho0s67000
e 3 tht L [
% ..rfui_ma_cac_miss2 | 1h0 L [
T eache_L (cache_1)
(&) @ w.cache_chrifstatus  |READ _C... | (READ CACFE] YLGAD MODE T(READ MEM J{READ CACHE
+v.Jui_cac_mem_data | 37h000. 0——{0—{I32h33020008 J32hoobnooD
1h0 1T L
32h00s... | (3Zh00000000] :(32%00555 00
thi ¢ [
Tha L [ L
(cache 0)
READ_C... | (READ CACHE] YLOAD MODE TIREAD MEM TREAD CACHE
() 59 oo ui_cac_mem data | 32h000.., 0
2% ...0fui_cac_mem _ack | tho i !
32h005. SIRO0SET0
4 %
= ...rjui_ma_cac_missd | hO ¢ ‘ [ ‘ ‘
= T S L e o et O SR
ftb_cac_ma_scftb_r_dk f |
ftb_cac_ma_scftb_r_rst L
Jtb_cac_ma_sc/status Sianals initializatio System Reset
...scftb_r_cpu_cac_addr " (128 h0000000000000000000000C 0000
wscftb_r_cpu_cac_r (4b0000
...ma_scfw_cac_ma_miss (4booon
...cac_ma_host_ld_mode (4b0000
L_se Fhotx S'Pxxx b Fbocx
(cache_3)
...cache_cirlfstatus "% (READ CACHE
...Jui_cac_mem_data " (32h00000000
... 3jui_cac_mem_acdk L
...juo_cac_cpu_data
L (cache_2)
...cache_cirlfstatus 9 (READ CACHE
...Jui_cac_mem_data |3 " (32h00000000
+2Jui_cac_mem_adk L
fuo_cac_cpu_data
(cache_1)
...cache_ctrlfstatus o (READ CACHE
... Jui_cac_mem_data " (3Zh00000000
.. 1fui_cac_mem_ack L
...Juo_cac_cpu_data
0 {cache_0)
...cache_cirlfstatus "% (FEAD CACHE
... fui_cac_mem_data |3Zh... TN 00
...0Jui_cac_mem_acdk L
fuo_cac_cpu_data
[ T T T T L T T T T
25 40000 ps 50000 ps 120000 ps
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Priority given to cache_3 to run first accordinghe pin assigned in Memory Arbiter.
tb_r BL_sel assigned to burst length =8, indicatast length of SDRAM is set to
eight.

IWIIIIIIIIIIIIIIII i
Read dita I I | |
... | 128h00b67000005670000056 700000567000
4b1ii; I
4b111; [ 4b011:
4b1111] 4b011.
ook 3b... {36001 J6001 ENE
(cache_3)
U READ CACHE| LOAD MODE REA... JREAD MEM
L8 37h00000 32h, 32h. 32h... [32h... [32h. 32h. 32h. 3Zh...
} 32h000D0000
(cache_2) N
READ CACHE| LOAD MODE
L 37h0D000000]
READ CACHE| LOAD MODE
1
(cache_0)
READ| CACHE| LOAD MODE
.... T
500000 ps 600000 ps 500040 ps
Performing Performing read burst
Load mode

miss signal of cache_3 setto 0
after read burst is done

Next, the priority is given to cache_2 and tb_r_Be&l assigned to burst length =4,
indicates that burst length of SDRAM is set to four

4 [tb_cac.ma_sc/to 1 ck |11 =

Eead data
) T125Ti005670000056 700000567)000056 1000
|

Fb001

| b001
5001 SE00175010 J6011

REA... [READ HEM READ CACHE
37h... [37h... [37h... [37h, 37h... |32h... [37h... [37h... 37h000D0000

N

3ZR00000000

n

LOAD MODE
32h00000000 —

"ol g

I
{cache 0)
O FGDE
32h0D000000]

n

;
:
g
IR

“hobhhg

1100000 ps 1200000 ps 1300000 ps 1400000 ps

a
)
5:

Next, the priority is given to cache_1 and tb_r_Be&l assigned to burst length =2,
indicates that burst length of SDRAM is set to
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memwmwmwmwmi

BT
FH0001
R..q JREAD CACH
13 €D X ENRE
R I T —
F00000000
TOAD MODE
. H%nmnuu —
I
1500000 ps 1600000 ps 1700000 ps 1800000 ps 1900000 ps 2000000 ps 2100000p:

tb_r_BL_sel assigned to burst length =2, indic#ttes burst length of SDRAM s set

to two same with the previous programmable mode.

Y e Y Y Y Y Y e Y Y Y Y Y Y
Readdats | Il |
128h00567000005670000055 7D00D0SE 7000
4b1111
4b0011 4b0001 4b0000
#b0001 #b0000
35001 35001 3b010 3b0R1]
(cache_3)
C. READ CACHE
8 32h00000000
'32h00000000
- 3ZMUDWDU§U
(cache_1)
READ MEM READ CAZHE
E— ) 00
m=c
LOAD r;\out JREAD @EM {READ CACH
32h00000000 A k| 32h0000000f
‘ | 1 — T —
. SZh000000DI I
2000000 ps 0000 ps 2200000 ps 2300000 ps 2400000 ps 2500000 ps 2600000 ps 2700000 ps
[2060396 p: }74(]2ﬂ1us
Do not require to perform load mode, if the configuration same with previous one
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Chapter 8: Discussions and Conclusion

8.1: Discussions

SDRAM controller can be directly connected to thecgssor but accessing SDRAM
once can take up 40 to 50 clock cycles. Read aevirom cache or TLB is only
required 2 to 3 clock cycles. Thus cache or TLBmglemented to increase the
performance of memory system. The memory arbitethén come by to support

multiple caches accessing to the DRAM.

The SDRAM controller is successfully redesignedrfrthe previous work [10]. The
memory controller is no longer in wishbone standai@ince the strobe and cycle
signal are removed, write and read cannot usirftpeespin. A read signal is added to
enable read operation. In addition, the protocaitmdler block is modified to a
simplified form of FSM. In other parts of sub-moes| the power up control has been
removed since it is not strictly necessary to fiomhg in the system. And some of
the sub-modules are combined to eliminate unnegessecuitry that may cause

performance redundancy.

The memory arbiter is implemented and worked nicGIPRAM is now allowed
multiple cached interfacing with the presence ofmagy arbiter. In the Chapter 7 has

shown the memory arbiter has been tested anavibriking fine.

On the other hand, the SDRAM controller now hageletupport in different load
mode control. Normally, it takes up to 7 clock @slor more to perform load mode
cycles. But it spends 2 to 3 clock cycles only weame configuration is detected as
previous one. And no configuration will be loadedtie SDRAM in this time. Hence,

the overall performance is improved due to the cadutime of load mode cycle.

At the end, a series of test cases has been caaipsstify the SDRAM controller
design is either compatible with the memory systemot. And no flaws are found

from the result. All the expected results are otddi

8.2: Conclusion

The SDRAM controller is successfully redesignedrfrime previous work [10]. Next,

more detailed tests also have been provided and bedfied that the SDRAM
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Controller is compatible with the MICRON MT48LC4MB2 SDRAM. After that,
the SDRAM controller design was further developedfiow more caches to access
to SDRAM by using memory shared bus arbiter anth ait improved version of load
mode configurations control. Now, a more thoroughlgsis for the test integration of
memory system is provided which can be determinexinf Chapter 7. The

implemented tests are able to obtain with the ddsiesults.

8.3: Future Work

A more thorough analysis needs to be done on tlebecanterfacing, exception
handling (to handle delay caused by miss) and daeeas distribution. Besides, it is
crucial for the future designer to keep byte adshabsity and half-word addressability
in mind when building future memory module for thPS unit. Apart from that, a

study needs to be conducted to see how the SDRAMraier and the MIPS

Processor are connected. Last but not least, & SDRAM controller design can
also be modified for DDR SDRAM controller due te gimilarities. Other than the
data transfer phase, the different power-on imz@ion and mode register definitions;
these two SDRAMs share same command sets anddesgn concepts. The future
designer can obtain the idea to implement DDR mgnaontroller from this design

and thus reduce the overall time of implementation.
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Appendices

Appendix A: System Specification

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 bits
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 name]

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

Description Case Available Remark
Ivl level lower c : Chip
u: Unit
b : Block
tb: 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 separate by “_”

Table A.2 Naming Convention

e
BIT (Hons) Computer Engineering
Faculty of Information and Communication TechnologfAR

Page 119




A.3 Basic RISC32 processor

A.3.1 Processor Interface

0—c_r32 i clk
c_risc32_basic

0—c_r32_i reset

Figure A.3 Block diagram for RISC32-basic processor

A.3.21/0 Pin Description

Pin Name: Source > Destination: Registered:
c_r32_i_reset External Source = RISC32 processor No

Pin Function:

System reset for the RISC32 microprocessor. It is synchronous 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 : 32-bits

Size : 32 units

Retrieving method : 5-bits address as index

Name Address Use Preserved Across A Call?
Szero 0 Constant Value 0 N.A.
Sat 1 Assembler Temporary No
$v0 - $v1 5.3 Value fgr Function.ResuIts and No
Expression Evaluation

Sa0-S$a3 4-7 Arguments No
St0 - St7 8-15 Temporaries No
Ss0 - Ss7 16 - 23 Saved temporaries Yes
St8 - St9 24 -25 Temporaries No
SkoO - Sk1 26-27 Reserved for OS kernel No
Sgp 28 Global Pointer Yes
Ssp 29 Stack Pointer Yes
Sfp 30 Frame Pointer Yes
Sra 31 Return Address Yes

Table A.4.1 Register file

A.4.2 Special Purpose Register
Width : 32-bits

Size : 2-units
Retrieving method : access using MFHI, MTHI, MFLU@TLO, MULT and
MULTU instructions

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

Table A.4.2 HILO Register

A.4.3 Program Counter Register
Width : 32-bits

Size 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] | Shamt[10:6] | 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 displacement 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 ‘ rd ‘ ‘funct ‘ Registers

Register

3.Base Addressing
‘ op ‘ rs ‘ rt ‘ Address ‘

Byte Halfword Word

‘ Register ‘

4 PC-relative Addressing

‘ op ‘ rs ‘ rt ‘ Address ‘

Word

‘ PC

5.Pseudodirect Addressing
‘ op ‘ Address

Word

il

‘ PC

Figure A.6 RISC32 Addressing Mode.

1. Immediate Addressingvhere operand is constant within the instruciiself

2. Register Addressingvhere operand is a register

3. Based Displacement Addressivghere operand is at the memory location whose
address is the sum of a register and a constane imstruction

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

in the instruction

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

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

Instruction / | Format Addr. Mode Machine Language Register Transfer Notation Assembly Format Overflow
Assembly OpCode Rs Rt Rd Shamt Func
nop R Register 0x00 0 0 0 0 0x00 NOP sll Szero, Szero, 0 no
sll R Register 0x00 0 Srt | Srd | n 0x01 | R[rd] =R[rs] <<n sl Srd, Srt, n no
srl R Register 0x00 0 Srt | Srd | n 0x03 | R[rd] =R[rs] >>n srl Srd, Srt, n no
sra R Register 0x00 0 Srt | Srd | n 0x04 | R[rd] =R[rs] >>>n sra Srd, Srt, n no
jr R Register 0x00 Srs | 0 0 0 0x0A | PC=R]rs] jr Srs no
jalr R Register 0x00 Srs | 0 0 0 0x0B | PC=R[rs] jalr Srs no
R[31] = PC + 4
mfhi R Register 0x00 0 0 Srd | O 0x10 R[rd] = HI mfhi Srd no
mthi R Register 0x00 Srs | 0 0 0 0x11 HI = R[rs] mthi Srs no
mflo R Register 0x00 0 0 Srd | O 0x12 R[rd] = LO mflo Srd no
mtlo R Register 0x00 Srs | O 0 0 0x13 LO =R][rs] mtlo Srs no
mult R Register 0x00 Srs [ Srt | O 0 0x24 | HILO = R[rs] * R[rt] mult Srs, Srt no
multu R Register 0x00 Srs | Srt | O 0 0x24 | HILO = U(R[rs]) * U(R[rt]) multu Srs, Srt no
add R Register 0x00 Srs | Srt [ Srd | O 0x20 | R[rd] =R[rs] + R[rt] add Srd, Srs, Srt yes
addu R Register 0x00 Srs | Srt | Srd | O 0x21 | R[rd] = U(R[rs]) + U(R[rt]) addu Srd, Srs, Srt no
sub R Register 0x00 Srs | Srt | Srd | O 0x22 | R[rd] =R[rs] - R[rt] sub $rd, Srs, Srt yes
subu R Register 0x00 Srs | Srt | Srd | O 0x23 | R[rd] = U(R[rs]) - U(R[rt]) subu $rd, Srs, Srt no
and R Register 0x00 Srs | Srt | Srd | O 0x24 | R[rd] =R[rs] & R[rt] and $rd, Srs, Srt no
or R Register 0x00 Srs | Srt [ Srd | O 0x25 | R[rd] =R[rs] | R[rt] or Srd, Srs, Srt no
xor R Register 0x00 Srs | Srt [ Srd | O 0x26 | R[rd] =R[rs] A R[rt] xor §rd, Srs, Srt no
nor R Register 0x00 Srs | Srt [ Srd | O 0x27 | R[rd] =~(R[rs] | R[rt]) nor $rd, Srs, Srt no
slt R Register 0x00 Srs | Srt [ Srd | O 0x2A | R[rd] =(R[rs] <R[rt])?1:0 slt Srd, Srs, Srt no
sltu R Register 0x00 Srs | Srt [ Srd | O 0x2B | R[rd] = (U(R[rs]) < U(R[rt]))?1:0 sltu $rd, Srs, Srt no
j J Pseudo-Direct | 0x02 JumpAddr (Label) PC = {(PC+4) [31:28], JumpAddr, j label no
2’b00}
jal J Pseudo-Direct | 0x03 JumpAddr (Label) PC = {(PC+4) [31:28], JumpAddr, jal label no
2’b00}
R[31] = PC + 4

e
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beq PC-Relative 0x04 Srs | Srt | BranchAddr (Label) PC = (R[rs] == R[rt]) ? beq Srs, Srt, label no
(PC + 4 + (SE(BranchAddr)<<2)) :
(PC +4)
bne PC-Relative 0x05 Srs | Srt | BranchAddr (Label) PC = (R[rs] !=R[rt]) ? bne Srs, Srt, label no
(PC + 4 + (SE(BranchAddr)<<2)) :
(PC +4)
blez PC-Relative 0x06 Srs | 0 BranchAddr (Label) PC = (R[rs] <=0) ? blez Srs, Srt, label no
(PC + 4 + (SE(BranchAddr)<<2)) :
(PC + 4)
bgtz PC-Relative 0x07 Srs | 0 BranchAddr (Label) PC=(R[rs]>0)? bgtz Srs, Srt, label | no
(PC + 4 + (SE(BranchAddr)<<2)) :
(PC +4)
addi I Immediate 0x08 Srs | Srt | Imm R[rt] = R[rs] + SE(Imm) addi Srt, Srs, imm yes
addiu I Immediate 0x09 Srs | Srt | Imm R[rt] = U(R[rs]) + U(ZE(Imm)) addiu Srt, Srs, imm | no
slti I Immediate O0x0A Srs | Srt | Imm R[rt] = (R[rs] < SE(Imm))?1:0 slti Srt, Srs, imm no
sltiu I Immediate 0x0B Srs | Srt | Imm R[rt] = (U(R[rs]) < U(SE(Imm))) ? 1: 0 | sltiu Srt, Srs, imm no
andi I Immediate 0x0C Srs | Srt Imm R[rt] = R[rs] & ZE(Imm) andi Srt, Srs, imm no
ori I Immediate 0x0D Srs | Srt Imm R[rt] =R[rs] | ZE(Imm) ori Srt, Srs, imm no
Xori I Immediate OxOE Srs | Srt Imm R[rt] =R[rs] A ZE(Imm) xori Srt, Srs, imm no
lui I Immediate OxOF Srs | Srt Imm R[rt] =Imm<< 16 lui Srt, imm no
Iw I Based- 0x23 Srs | Srt | Imm R[rt] = MEM[ R[rs] + SE(Imm) ] Iw Srt, imm(Srs) | no
Displacement
SW I Based- 0x2B Srs | Srt | Imm MEMI[ R[rs] + SE(Imm) ] = R[rt] sw Srt, imm(Srs) | no

Displacement
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A.8 Memory Map

Purpose start address | Direction | Segment
Kernel module 0xC000 0000 | Up Kseg2
Boot Rom Up

- - - Ksegl
i/o register(if below 512MB) 0xA000 0000 | Up

Direct view of memory to 512MB linux kernel code U

and data P Kseg0
Exception Entry point 0x8000 0000 | Up

Stack Ox7fff ffff Down

Program heap 0x1000 8000 | Up

Dynamic library code and data 0x1000 0000 | Up Kuseg
Main program 0x0040 0000 | Up

Reserved 0x0000 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 codedatiata

*

Exception Entry point
- Software exception handling *
Stack
- Use for argument passing
Program heap
- Dynamic memory allocation such as malloc()
Dynamic library code and data
- Data segment which is access by
Main program
- Text segment which contain the main program

Reserved

Note *: required CPO
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S| em—- 7fff fffc X

ex

Stack

2

Dynan§c Data

hex

Sgp - 1000 ooooh
ex
Static Data
0060 0000
hex
Text
PC e 0040 0000
hex
Reserved
0

———— 32-bits ———]

Figure A.8 Memory map for Kuseg section, accessiliigout CPO

A.9 Operating Procedure

Start the system

Porting sequence of instruction into cache (irdtom or data)

Reset the system for at least 2 clocks

While release the reset, the system will autombyican the program inside

instruction cache

Observe the waveform from the development tools.
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