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ABSTRACT

This project is about the design of Universal Asyoaous Receiver/ Transmitter
(UART), integrate the UART into RISC32 processod aynthesis the UART design
on field programmable gate array (FPGA).

The UART is design by using Verilog hardware dgswn language (HDL). The
design work includes modeling of UART core and fiestion of UART core. The
architecture of the UART core and the verificatjgan is based on the architecture
and verification plan designed by a senior studehtniversiti Tunku Abdul Rahman,

Tan Yew Siong.

The UART core will be integrate into a RISC32 pres@ which was modeled by a
previous student. The integration will use memompped 1/0O technique and
interrupt driven technique for the communicationtmoel between UART and CPU.
A software (Interrupt Service Routine) will be ctmst to handle the operation
between UART and CPU.

In the end of this project, the UART core will bgnthesis on FPGA and the
synthesized UART will be able to communicate with UART on another FPGA.
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CHAPTER 1: INTRODUCTION
1-1 Motivation and Problem Statement
1-1-1 Motivation

A 32-bit pipelined RISC microprocessor has beenebiped in Faculty of
Information and Communication Technology, Univefsinku Abdul Rahman
(UTAR) using Verilog which is a hardware descriptianguage (HDL). The project
is based on the Reduced Instruction Set ComputRIBE) architecture. The

motivations to initiate the project are due todaling reasons:

Microchip design companies designed microproceasointellectual Property or IP
for commercial purpose. The microprocessor IP ihetuinformation on the entire
design process for the front-end (modeling andfieation) and back-end (physical
design) integrated circuit (IC) design. These aezld secrets of a company and
certainly not made available in the market at dordble price for research purpose.

Several freely available microprocessor cores @ifolbnd in internet, most of them

can be found at OpenCoresttp://www.opencores.ory/ Unfortunately, these

processors do not implement the entire MIPS InsitacSet Architecture (ISA) and
lack comprehensive documentation. This makes thesuitable for reuse and

customization.

The verification specification for a freely availalRISC microprocessor core that is
available on the Internet is not well developed ammplete. Therefore, without a
good verification specification, the verificatiomopess will be slow and hence, will

slow down the overall design process.

The lack of well-developed verification specificats for these microprocessor cores
will inevitably affect the physical design phase.d@sign needs to be functionally
proven before the physical design phase can prosgembthly. Otherwise, if the

front-end design has to be changed, the physiciddgrocess has to be redone.

This project will aim to provide solutions to thbawe problems by creating a 32-bit
RISC core-based development environment to agssarch work in the area of soft-

core and also application specific hardware modelin

BIT (Hons) Computer Engineering
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CHAPTER 1: INTRODUCTION

In RISC32 project, it is divided into several urissed on the MIPS architecture. Up
to date, the RISC32 project that initiated in UTARs completed the CPU designs
that support basic instructions similar to MIPStrnstions. The system control

coprocessor, Coprocessor 0 (CPO0) available astavaiterface I/O device and handle

interrupt.

1-1-2 Problem Statement

So far, there is MIPS-compatible ISA which includés Central Processing Unit
(CPU), PS/2 mouse system, PS/2 keyboard systent bssmory, coprocessor 0
(CPO0), and Universal Asynchronous Receiver/Tranemi(UART). However, the
existing UART architecture and the Interrupt SeeviRoutine (ISR) of UART are not
integrated in RISC32 yet. Hence, this project igiated to synthesis the existing
UART and integrates the ISR into RISC32 procesbigure 1-1-2-F1 shows the

system micro-architecture of RISC32.

BIT (Hons) Computer Engineering
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As shown in Figure 1-1-1, the bus arbiter is ngblemented in the RISC32 processor
does not support multiple 1/0, therefore the UARTitinas to connect point-to-point

to bus system.

1-2 Project Scope

This project is aim to design an UART model withre HDL. The specifications
of UART and its internal block will be developeddatie functional behavior will be
verified by using test bench. The UART will be igitated into the existing RISC32
processor. An Interrupt Service Routine (ISR) Wil developed to handle the data
received by UART.A test program will be writtenttst the functionality of the ISR.
Lastly, the UART will be synthesis on FGPA.

1-3 Project Objectives

There are several objectives in this project, ey
¢ To design a UART and integrate it to the RISC32 processor.
¢ To develop the Interrupt Service Routine (ISR) into RISC32 processor.

¢ To synthesis the UART module on Field Programmable Gate Array (FPGA)

with completes documented timing and resource usage information.
¢ To develop a test bench to verify the UART functionality.

1-4 Impact, Significance and Contribution

As a conclusion of problem statement, there is latkvell-developed and well-
founded RISC32 processor available. After this grbjis done, it can provide a
complete RISC microprocessor core-based developnegwvironment and the
interface system that connects the UART to the opiccessor. The development

environment refers to the availability of the feliog:

¢ A well-developed design documentation of chip specification, architecture

specification and micro-architecture specification.
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¢ A fully functional well-developed CPU UART Interfacing in the form of

synthesis-ready RTL written in Verilog.

¢ A well-developed verification specification of the UART. The verification
specification should contain suitable verification methodology, verification

techniques, test plan, test bench architecture etc.

e A complete physical design in FPGA with documented timing and resources

usage information.

This project is to develop an environment that nogred above: to integrate the
multi-cycle pipelined RISC microprocessor core-lbhg#atform with the UART

which can support hardware modeling research work.

With the available well-developed basic RISC RTL dab (which has been
functionally fully verified), the verification ensanment and the design documents, a
researcher will be able to develop their own redeapecific RTL model as part of
the MIPS environment and can quickly verify his mbdo obtain result.

Consequently, the research work could be doneremstespeed up significantly.

1-5 Background Information
1-5-1 MIPS

MIPS also known as Microprocessor without Interle¢kPipelined Stage, which
based on the Reduced Instruction Set Computer (Ra8Ditecture is developed by a
team led by John L. Hennessy and David A. Patterfbae MIPS architecture can be
found in the book call Computer Organization andibe: The Hardware/ Software
Interface (Patterson and Hennessy, 2005). This hattkshow the architecture of
MIPS, the instruction and all the related stuff chée understand the function and
build a microprocessor. MIPS processors operatdrbgking instruction execution
into multiple small independent stages (IntegraimVice Technology. Inc, 1994,

pgl-2).
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CHAPTER 1: INTRODUCTION

|-cache re%illseter AL Crcache I’E%}illseter
_y instr 1 IF RD ALU MEM WwWB
=3
%
o
<
%' instr 2 IF RD ALU MEM wBe
L¥)]
14)]
L3
o
% instr 3 IF RD ALU MEM wB
L]
4]

Time

Figure 1-5-1-F1: MIPS 5-stage pipeline (Integra@elvice Technology. Inc, 1994,
pgl-2).

The instruction execution is divided to 5 stag&s(“Instruction Fetch”), RD (“Read
Register”), ALU (“Arithmetic/ Logical Unit), MEM (Memory”) and WB ("Write
Back”).

IF: gets the next instruction from the instruction catch (I-cache).

RD: decodes the instruction and fetches the contents of any CPU registers it

uses.
ALU: performs an arithmetic or logical operation in one clock.

MEM: the stage where the instruction can read/ write memory variables in

the data cache (D-cache).

WB: store the value obtained from an operation back to the register file.
1-5-2 UART

Universal Asynchronous Receiver Transmitter (UARS | chip inside a computer
which translates data between parallel and serviatface. UART become commonly
use in 1960 when IBM standardize the use of 8-HCA character. UART has some
common components which are clock generator; irgnd output shift register,
receiver and transmitter control and read or wedatrol. RS232 is commonly used
with UART in embedded design system for communacapurpose (Cohen, 2001).

4
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proposed method and approach, system specificaicrhitecture specification,

micro-architecture specification, result and sirtiala synthesis and conclusion.

In chapter 1, the motivation of this project iststh follow by the problem statement,
project scope and objective, background of MIPS BAMRT and the flow of this
report.

In Literature Review chapter, the functions andgeol of UART is explained and 3
different UART model is discussed. For the nextptba Method Proposed and
Approach, shows the methodology used in this pt@ged the technologies and tools

involved in the design phase of the UART.

Moving on to System specification chapter, in tthspter the top level of the design
is shown and described. The subsequence chaptess gshe architecture of the top
level design and the pin in-out description. Atteait the micro-architecture of UART
is shown in the next chapter which is chapter Grbtarchitecture specification.

The test result of UART and the integration tesUKRT is showed in Result and
Simulation chapter. The next chapter is Synthéddmss chapter shows the summary
report of synthesis and how the UART is testedalyrthe last chapter, Conclusion,
concludes the whole project and the future improxaithat can be make to this

project is mentioned.



2-1 UART

UART is a serial communication device which corssisto major blocks that is

receiver and transmitter. The device is asynchrenmecause the receiver and the

transmitter clock are not synchronized with eachent The word asynchronous

transmitter is base on the start and stop bitd¢eive or transmit data (Cohen, 2001).

Due to the asynchronous problem, a baud rate musebto agree the operation

between receiver and transmitter. It will configtine clock to be 8 times faster than

the baud rate. Transmitter will start sending dmsl receiver will start receiving the

data when both transmitter terminal and receiveniteal are ready to process. Both

Receiver and Transmitter will check for error befproceed to process another data.

2-1-1 UART Protocol

Layer

START Bit: This bit is set to LOW to initiate bityschronization of the

message at the receiver.

Data Word: Represent the data that will be trartechitThe least significant

bit (LSB) will be sent out first follow by next biintil the most significant bit

(MSB).

Parity Bit: This bit represents even or odd paifityarity is enable. The CPU

is in charge of manipulating the even or odd parity

STOP Bit: This bit is set to HIGH to provide messdigaming indication for

use in bit synchronization at the receiver.

Figure 2-1-1-F1 shows the interface format of tead data for UART.

]

L

LSB

TRANSMITTER USES AN INTERNAL CLOCK
TO DETERMINE WHEN TO SEND EACH BIT.

RECEIVER DETECTS THE FALLING EDGE OF START,
THEN USES ITS INTERNAL CLOCK TO READ THE
FOLLOWING BITS NEAR THEIR CENTERS

MSB

* BIT

'START BIT @

:BIT 71PARITY STOP .
; © grT ¢ BIT



Three freely available UART core was used as beackimy purpose. The first
UART core is C8051F700 UART by Silicon Labs. Themal UART core is the
UART in a book, “Digital System Design Using VHDDbY Charles H. Roth. The last
UART core is a UART designed by a graduate studetdTAR, Tan Yew Siong.
The criteria of the benchmarking are documentatiba, architecture and hardware
description language used to modeling the design.

2-2-1 C8051F700 UART

This UART can be found in C8051F700 microcontrofeemily. It consists of 3 main
blocks which is baud rate generator, transmittedl anreceiver. Besides, it also
consists of 2 special function register (SFR) — EBlnd SCONX. These special
function register are used to control and managesérial communication. Figure 2-
2-1-F1 shows the block diagram of UART in C8051F#@ti6rocontroller family. Due
to this UART is designed for commercial purposes tlesign documents are not

available for free.
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Figure 2-2-1-F1: Block diagram of UART in C8051F#@@rocontroller family.

2-2-2 UART (Digital System Design Using VHDL, by Carles H. Roth)

This UART used VHDL hardware description languagelésign. It consists of three

main blocks in architecture level which is bauderajenerator, receiver and

transmitter. There are 6 register in the UART,

* RSR
* RDR
* TSR
« TDR

: Receiver Shift Register
: Receiver Data Register
: Transmitter Shift Register

: Transmitter Data Register

e SCCR : Serial Communication Control Register

* SCSR : Serial Communication Status Register

The documentation of this UART includes the theoiyhow UART functioning and
the flow of how UART operate. Besides, the code tfeg UART module is also
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Figure 2-2-2-F1: Block diagram of UART in “Digit&ystem Design Using VHDL”
book. (Roth, 1998).



The UART designed by Tan Yew Siong are well docue@m@mnd it has verification

plan too. The design is modeled using Verilog HDhe architecture of the UART is
more complicated where it contains CPU interfackclkc generator, receiver,

transmitter, receiver FIFO and transmitter FIFOe TIHART is successfully integrated
into RICS32 processor. The exception handler has bleveloped in this project too.
But it is not fully complete as it did not handlense cases, for example overflow
exception, breakpoint exception and address eraeption.

2-3 MIPS Memory Map

The RISC32 uses a conventional memory layout thatdles the memory into user
address space and kernel address space. A progrddrisss space consists of 3 parts
which is text segment, data segment and stack segribe bottom of the user
address space, which is text segment, is useatessprogram codes or instructions.
While the data segment divided into static data dynthmic data, the dynamic area
grows as memory is allocated to dynamic data strast At the end of the user
address space, there is a stack segment whicgravils downward towards the lower
memory address. This placement of segments allvasng of unused memory by
both data and stack segments (Dandamudi, 2005).fdlleeving figure shows the

memory allocation:



w0/2 32'h8000 0000
7| 32°h7FFF FFFC

Stack segment

Data segment

32’h1000 8000
Data segment
-] 32’h1000 0000

Program Code
Text segment
(Instructions)

32'h0040 0000 (PC)

32’h0000 0000

Figure 2-3-F1: Memory Allocation in MIPS.

The address starting from 0x8000_0000 until theadrtie memory map is the kernel

address space. Figure 2-3-F2 shows the memonatitodn kernel address space.



(1GB)

32’hC000 0000

/2

32’hA000 0000
ksegO Exception
ntry point
(512MB) li

32’8000 0000

-1 32’h7FFF FFFC
Stack segment

Total: 2°° words

Figure 2-3-F2: Memory Allocation in Kernel AddreSpace.

The function of the kernel memory space is desdribehe table below:

Exception Entry Point:

Software exception handli

Segment Purpose Size Starting Address

Kernel module:

kseg2 _ 1GB 0xC000_0000
Page table allocation
Boot Rom:

ksegl _ 512MB 0xA000_0000
I/O register
Direct view of memory to 512MB kernegl

kseg0 | code and data. Exception and Page Table
Base Register allocated here.

512MB

0x8000_0000




fix the starting address at 0x8000 _0180). This gief code will be executes
whenever an exception happened, it will deal whia éxception condition and return

back to normal program execution after it is done.

An interrupt service routine (ISR) is software ioat that hardware or software
invokes in response to an interrupt. ISRs then @xaran interrupt and determine

how to handle it then return from interrupt ancuras the program execution.

Most processors generally share the same procesdeofupt processing but some
minor differences in how these processors save #tatus and call the Interrupt
service routine. When an interrupt is issued, thecgssor will finish the current
instruction and store status and return address. grocessor then will call the
correspond ISR and start execute the ISR. Finahge the processor finished

executes the ISR, it will return from interrupt aledume the program execution.



A

Processor finishes current
instruction

A

Store status/contents and return
address

A

Jump to address of associated
Interrupt Service Routine

A

Execute Interrupt Service
Routine

A

Load return address value and
return from interrupt. Then
continue program execution

Figure 2-4-F1: Interrupt Handling Process.



3-1-1 Design Methodology

There are two types of design methodology are abig) Top-down design
methodology and Bottom-up design methodology. prdown design methodology,
the top level representation of a chip is firstinked then partitioned into lower level
representations. For bottom-up design methodoltgy leaf nodes are first defined.
The leaf nodes are then integrated to form a hidgnezl model of the chip. This
process is repeated until the top level of the chigached. Since digital system often
uses the abstraction concepts to simplify the depigcess, thus top-down design

methodology is used in this project.

Top-down design methodology process flow is shown Figure 3-1-1. This
methodology will keep on repeat until the systersigie meets the requirement on
functionality. If the design does not meet the rexaent, the design flow has to be
repeated. This project only focused on micro-aechiire level design.

Written Specifications

7~ System Level Design
(Chip Specifications)
C Executable Specification

Architecture Specification

I} » Architecture Level Design

Architecture Level Modeling and
Verification

Micro-Architecture Specification

I
C RTL Modeling and Verification Micro-Architecture Level
] Design
C Logic Synthesis for FPGA
L 1 L |

ﬂ Physical Design



design is described with design-specific technicébrmation for RTL coding to

begin. For this project, the information included éach internal block of UART are:
* UART functionality description
* UART operating procedures
* UART interfaces and I/O pin description
* UART internal operation
* UART functional partitioning into blocks (transngtt receiver, etc..)
* For each blocks,
o Block interfaces and 1/O description
0 Block functionality
o0 Block internal operation
o0 Finite-state machine (FSM)
o Block test plan

RTL Modeling and Verification

With the micro-architecture specification developékde RTL coding on UART
internal block can begin. The functional correcene$ the model is verified at two

levels:

* Micro-architecture level: Internal blocks of UART are individually verified

before they are integrated into the architectwelle

* Architecture level: The individual blocks of UART are integrated intoiait.

Verification is performed on the UART unit.



correctness, the model is ready for logic synthdsagiic synthesis is the process of
converting RTL codes into an optimize gate lev@resentation. From the synthesis
result, the gate level netlist is verified for ftiooal correctness. If the specific
requirements are not met, corrections are madereiththe gate level netlist or the
RTL models.

3-1-2 Design Tools

The RTL model of UART is designed by using Verilbgrdware description
language (HDL), thus a verilog simulator is needecemulate the Verilog HDL.

Some of the simulators are as shown in Table 3F1:2-

. Incisive Enterprise _
Simulator . ModelSim VCS
Simulator

company [cadence G%gm%r SY"UPSYS

VHDL-2002 VHDL-2002 VHDL-2002
Language
V2001 V2001 V2001
Supported
SV2005 SV2005 SV2005
s ari -Windows
-Sun-solaris
Platform XP/Vista/7 Linux
supported _Linux
-Linux

Availability X v X

?
for free? (SE edition only)

Table 3-1-2-T1: Comparison between 3 Verilog Sinarka



features as well, but the price are too expens$zb,000- $100,000) nd not

affordable.

As for the synthesis tools, there are a lot ofdagyinthesis tools that targeting FPGA
e.g. Quartus by Altera, Synplify by Synopsys, ISE Xilinx, Encounter RTL
Compiler by Cadence Design System, etc. The XilBK is selected as the synthesis
tools for this project as the Xilinx ISE supporte tFPGA that we have in UTAR,
which is Spartan FPGA and both of the tools isaalyefreely available in UTAR.

Mentor Graphics ModelSim PE Student Edition 10.4a

ModelSim from Mentor Graphic is the industry-leaglisimulation and debugging
environment for HDL (Hardware Description Languad®sed design which its
license can be obtained for free. Both Verilog andDL are supported. This
software provides syntax error checking and wawef@imulation. The timing
diagrams and the waveforms can be used to verfyrtbdel functionality by writing
a program called a test-bench. Student versioeadstf full version of the ModelSim

is sufficient for this project.
Xilinx ISE

The ISE development software is designed by Xilinkis software is designed for
synthesis and analysis of HDL designs, enablingdiéeecloper to synthesize their
designs, perform timing analysis, examine RTL dags, simulate a design’s
reaction to different stimuli, and configure theget device with the programmer.
Xilinx ISE is a design environment for FPGA produdétom Xilin, and cannot be
used with FPGA products from other vendors. The AP@duct that is supported by
Xilinx ISE is Spartan FPGA, Virtex FPGA, Coolrunnand XC9500 Series CPLD.
The FPGA that is going to be used in this proje@partan FPGA.



manufacturing. The designer can specify the FPGAdigg a HDL to configure the
interconnection of the array of programmable Idgmcks inside the FPGA. Spartan-
3E FPGA is the logic optimized series. It is iddéat logic integration and for

applications where logic densities matter more tharcount.



Module

Instantiation

- [IVl][mod. name]

- [Ivl][abbr. mod. name]

Pin - [Ivl][type][abbr. mod. name]_[pin name]
- [Ivl][type][abbr. mod. name]_[stage] [pin name]
- [Ivl][type][abbr. mod. name]_[abbr. mod. namgdin name]
Description Case Available Remark
c: Chip
u : Unit
vl Level Lower
b : Block
sb : sub-block
mod. name Module name Lower all Any
abbr. mod. Abbreviated Maximum 3
Lower all Any
name module name characters
_ 0 : output
type Pin type Lower o
i :input
if, id ,ex, mem,
stage Stage name Lower all
whb
Several word
pin name Pin name Lower all Any separated by

Table 4-1-T1: Naming convention.




4-2-1 RISC32 Processor Interface

— » uirisc_clk

—» uirisc_rst

crisc

uorisc_ua_tx_data ——»

uorisc_ua_rs ———»

uirisc_ua_rx_data <¢———

uirisc_ua_cts <«——

Figure 4-2-1-F1: Block diagram of RISC32 processor.

4-2-2 Input Pin Description

Pin Name:
uirisc_ua_rx_data,

Receive data

Source -> Destination:
DCE -> crisc

Size:
1 bit

Active:
High

Registered:
No

Pin Function:

Serial data to be received from DCE to DTE. Whendata is transfer, this port is held

logic "1".

*DCE - Data Communication Equipment (External Mage
*DTE - Data Terminal Equipment (UART)

Pin Name:
uirisc_ua_cts,
Clear-To-Send

Source -> Destination:
DCE -> crisc

Size:
1 bit

Active:
High

Registered:
No

Pin Function:

To inform DTE that it can start transmit at uoriga_tx_data port.
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Pin Name: Source -> Destination: Size: Active: Registered:
uirisc_rst, External source -> crisc 1 bit High No

Reset

Pin Function:

System reset for the full chip. It is synchroncmsite system clock.

Table 4-2-2-T1: Input pin description of RISC32hi

4-2-3 Output Pin Description

Pin Name: Source -> Destination: Size: Active: Registered:
uorisc_ua_tx_data, | crisc -> DCE 1 bit High Yes

Transmit Data

Pin Function:
Serial data to be sent from DTE to DCE. DTE shalttthis line at logic ‘1’ when no data |s

transfer.
Pin Name: Source -> Destination: Size: Active: Registered:
uorisc_ua_rts, crisc -> DCE 1 bit High Yes

Request-To-Send

Pin Function:
Transmission circuit will be enabled by this sigriedgether with Clear-To-Send signal, data
transmission between DTE and DCE will be coordidaRequest-To-Send shall be asserted
by UART when UART has data in transmission bufféean be de asserted any time after
START bit is sent.

Table 4-2-3-T1: Output pin description of RISC32xh
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=R 5: MICRO -ARCHITECTURE SPECIFICATION (UNIT LEVEL)

o-Architecture of RISC32 Microprocessor

8

uctrl_path udata_path J
uicp_opcode [5: 0] uocp_alb_src uidp_alb_src uodp_opcode [5: 0]
uicp_funct [5: 0] uocp_rd_src uidp_rd_src uodp_funct [5 : 0]
uicp_rs [4: 0] uocp_mult_en uidp_mult_en uodp_rs [4: 0]
uocp_sign_mult uidp_sign_muit uodp_if_pc [31: 0]
uocp_rf_wr uidp_rf_wr uodp_dm_addr [31 : 0] u_data_seg
uocp_sw uidp_sw uodp_dm_store [31: 0] [—»{ ui_cm_addr[31: 0] uo_cm_rd_data [31: 0]——
uocp_w uidp_tw uodp_sw {—»|ui_om_wr_data [31: 0]
uocp_sh uidp_sh uodp_sh s ui_cm_wr
uocp_lh uidp_lh uodp_sb N Ui em siw
uocp_thu uidp_lhu uodp_Iw |— [ ui_em_sih
uocp_sb uidp_sb uodp_lh | A \ | ui_om_slb
uocp_lb uidp_Ib uodp_Ib | sl Ui om ok
uocp_lbu uidp_lbu LA -
uocp_load_sign_ext uidp_load_sign_ext H
uocp_sign_ext uidp_sign_ext —
uocpﬁlhliwr u@gpﬁlhiﬁwr — u_data_kseg0
uocp_lo_wr uidp_lo_wr
i L1 ui_cm_addr[31:0] uo_cm_rd_data [31: 0]—
uocp_hi_to_rf uidp_hi_to_rf 7: i om wr da[ta B 1]v 0 - == [ ]
uocp_hilo_ace uidp_hilo_acc L uiemwr .
uocp_alb_to_rf uidp_alb_to_rf L uiem sw
uocp_mem_to_rf uidp_mdata_or_alb U em_sih
uocp_jump uidp_ld_jump ui_cm_slb
uocp_jr uidp_id_jr A i om olk
uocp_jal uidp_id_jal - =
uocp_jalr uidp_id_jalr
uocp_beq uidp_beq
uocp_bne uidp_bne
uocp_blez uidp_blez urisc_dmem_addr[31:24], urisc_dmem_addr[7:0]
uocp_bgtz uidp_bgtz {urisc_ _addr ] urise_ L add7:0}
uocp_mfcO uidp_cp0_mfcO
urom 4k32 uocp_mtcO u‘ldpicpoimtco
- uocp_eret uidp_cp0_eret
—»{iaddr[11:0]  o_data[31:0] uocp_syscall uidp_cp0_syscall uuart
21 uocp_undef_instr uidp_cpO_undef_inst ddr 15+ 0] woua tx data
LT . uiua_mem_addr [15 : _tX
u‘ldp_lntr_vector 15:0] [7:0] uiua:data:in [7:0] uoua_rts — |
uocp_alb_ctrl [5: 0] uidp_alb_ctrl [5: 0] v f uiva Ib en uiua_rx_data T
— uocp_alb_rtype [5: 0] dp_alb_rtype [5: 0] L uiua sb_en uiua_cts Lt
. : 1'bt———» uiua_grant
uidp_rom_instr [31: 0] 4 uoua_gdata out[7: 0] i
= u_text_seg > uidp_cac_instr[31 : 0] uoua_done
FP———»{ ui_cm_addr[31: 0] uo_cm_rd_data [31: 0] ——>»| uidp_mdata [31: 0] —1 uoua_interrupt
f—————»{ui_cm_wr_data [31:0] L—» uidp_mem_stall uiua_sysclk
ul_om_wr | uidp_clk uiua:reset
1'b1— ui_cm_slw i st
ui_em_slh P
~1 ui_cm_slb . P — - ——
u[cm:clk uofip_if_pc[ {3'b0, urisc_intr_uart, urisc_intr_ps2_mouse, urjsc_intr_gs2_key i}
S N
u_ktext_kseg0
L—————» ui_cm_addr[31:0] uo_cm_rd_data[31:0]
ui_cm_wr_data [31: 0]
ui_cm_wr uodp_dm_addr[31:0]
1'b1—f ui_cm_siw
] ui_cm_slh
ui_cm_slb
—‘ ui_cm_clk

1-F1: Architecture of RISC32 microprocessor.
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CHAPTER 5: MICRO-ARCHITECTURE SPECIFICATTION (UNITEVEL)

5-2 Design Hierarchy

Chip

Unit Partitioning at

Block and Functional
Block Partitioning at RTL

Partitioning at ) . ) Sub-block
System Level Architecture Level | Level (Micro-Architecture
Level)
crisc udata_path balb

bbp_4way

bcp0

bfw_ctrl

bitl_ctrl

bmult32 add_Ivl_lastrow
adder_Ivll
adder_Ivl1_firstrow
adder_Ivl2
adder_Ivl2_lastrow
adder_Ivl3
adder_Ivl4
adder_Ivl5
sub_Ivl1l_lastrow

brf

uctrl_path balb_ctrl
bmain_ctrl
u_text_seg

u_ktext_ksegO

u_data_seg

u_data ksegO

uuart

bua_decoder

bcpuif

brx

btx

bbaud

Table 5-2-T1: Formation of a design hierarchy faidl Entegration of UART into

RISC32 microprocessor through top-down design nuzlogy.
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CHAPTER 5: MICRO-ARCHITECTURE SPECIFICATTION (UNILEVEL)

crisc
udata_path
balb bfw_ctrl brf
bbp_4way bcp0 bmult32
bitl_ctrl
uctrl_path
balb_ctrl bmain_ctrl
u_text_seg uuart
bua_decoder bcpuif
u_ktext ksegO
btx bbaud
u_data_seg
brx
u_data ksegO

Figure 5-2-F1: Full architecture and micro-architee partitioning.
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CHAPTER 5: MICRO-ARCHITECTURE SPECIFICATTION (UNITEVEL)

5-3 Datapath Unit

5-3-1 Datapath Unit Interface

udata_path
—» uidp_alb_src uodp_opcode [5: 0] ———»
—» uidp_rd_src uodp_funct[5:0] ——»
—» uidp_mult_en uodp_rs [4: 0] ———»
—¥| uidp_sign_mult uodp_if pc[31:0] I »
—% uidp_rf_wr uodp_dm_addr[31:0] | »

— » uidp_mdata_or_alb
—» uidp_sw
—» uidp_Iw
—» uidp_sh
—» uidp_lh
—» uidp_lhu
—» uidp_sb
— uidp_Ib
— uidp_lbu
—» uidp_load_sign_ext
—» uidp_sign_ext
—» uidp_hi_wr
—» uidp_lo_wr
—» uidp_hi_to_rf
——» uidp_alb_to_rf
—» uidp_hilo_acc
—» uidp_beq
—» uidp_bne
—» uidp_blez
—» uidp_bgtz
—— uidp_id_jump
—» uidp_id_jr
—» uidp_id_jalr
—»{ uidp_id_jal

uodp_dm_store [31: 0] ——»
uodp_sw ———»
uodp_sh ——»
uodp_sb ———»
uodp_lw ——>»
uodp_lh ——»
uodp_Ib ——»

—» uidp_alb_ctrl [5: 0]
—» uidp_alb_rtype [5: 0]

—» uidp_cac_instr [31: 0]
—» uidp_mdata [31: 0]
——» uidp_mem_stall

—» uidp_rom_instr [31 : O]

——» uidp_intr_vector [5 : 0]
— » uidp_cp0_mfcO
— » uidp_cp0_mtc0
——» uidp_cp0_eret
—» uidp_cp0_syscall
———» uidp_cp0_undef_inst

— » uidp_clk
—» uidp_rst
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Figure 5-3-1-F1: Block diagram of RISC32's Datagaitit.
5-4 Control Path Unit

5-4-1 Control Path Unit Interface

uctrl_path
—» uicp_opcode [5 : 0] uocp_alb_src ——»
——  » uicp_funct [5: 0] uocp_rd_src ———»
—— > uicp_rs[4: 0] uocp_mult_en ——»

uocp_sign_mult ——»
uocp_rf_wr ——»
uocp_sw ————»
uocp_lw ——»
uocp_sh ——»
uocp_lh ——»
uocp_lhu ———»
uocp_sb ——»
uocp_lb ———»
uocp_lbu ———»
uocp_load_sign_ext ——»
uocp_sign_ext ———»
uocp_hi wr ———»
uocp_lo_wr ——»
uocp_alb_to rf ———»
uocp_hilo_acc ———»
uocp_hi_to rf —»
uocp_mem_to_rf ——»
uocp_jump ———»
uocp_jr ——»
uocp_jal ———»
uocp_jalr ———»
uocp_beq —»
uocp_bne ——»
uocp_blez ——»
uocp_bgtz ———»

uocp_mfc0 ——»
uocp_mtc0 ——»
uocp_eret ——»
uocp_syscall ———»
uocp_undef_instr ——»

uocp_alb_ctrl[5:0] ———»
uocp_alb_rtype [5:0] ——>»
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Figure 5-4-1-F1: Block diagram of RISC32's Confrakh Unit.
5-5 Memory Unit

5-5-1 Memory Unit Interface

ucahe

—» ui_cm_addr [31 : 0] ui_cm_rd_data[31: 0] —»
— > ui_cm_wr_data [31: 0]
——» ui_cm_wr
—» ui_cm_slw
—  » ui_cm_slh
—— > ui_cm_slb
— » ui_cm_clk

Figure 5-5-1-F1: Block diagram of Memory Unit.

5-6 UART Unit
5-6-1 Operating Procedure

To start a transmission, Data Terminal EquipmenTEP (UART) must send a
Request-To-Sent (RTS) signal to Data Communicataquipment (DCE) (E.g.
external modem). After a Clear-To-Send (CTS) sidrah DCE to DTE is received,
transmission process will take place. However, iviiog and transmitting of data
should not occur simultaneously for the same devibe ensure transmission

correctness, both receiving and transmitting sidstralso agree to a same baud rate.

"‘Z"l]l'lu | I Jll |
data Z77777777777776TARY D0 X__ D1l X D7 \PAR)STORZ
ais | |
0TS [ ]

Figure 5-6-1-F1: Timing diagram of handshaking pcol between UART and
external modem.
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Start bit Word data Parity Stop bit
logic 0 | bit  logic1
| | (optional |

Do D1 D2 D3 D4 D5 D6 D7 PB m_

Figure 5-5-1-F2: UART data transfer protocol.

Figure 5-5-1-F2 shows the data protocol of UART.ribg transmission, data is
loaded to transmitter block from internal data blise data is then used to generate
parity bit. To initiate transmission, start bit ‘® generated and transmitted to DCE.
Followed by 8-bit data and 1 parity bit, shiftedt dut by bit. After all the data is
transmitted, a stop bit ‘1’ is transmitted to DQHrdicate the end of transmission.

START

Load data to shift register

!

Generate parity bit

!

Enter loop

bit_ n'=01to0 10

Positive edge of
transmit clock?

No

Generate start bit Transmit data via output
port, uoua_tx_data

Enter loop

Exit loop

Exit loop

Figure 5-6-1-F3: Flow chart of UART transmissiomfacol.
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start hit 15t data bt 2nd data bit
rx_data ’_
l-ilnl-lll--llll-illIliill‘llllllilllllllll-ill
Anliadh |i1lH|H|IHI]JIimllillllliﬁ'IHIJllHi
Y h i h 4
5 ticks 10 ticks 10 ticks

* Read data at these points

Figure 5-6-1-F4: Diagram of UART receive protocol.

The bit stream coming in ax_data port is not synchronized with the local bit clock.

If we attempt to readx_data at the rising edge of transmitter clock (baud rate)
would have a problem is<_data changed near the clock edge. This could have setup
and hold time problems. If the bit coming in isfeied by transmitter clock by a
small amount, we could end up reading some bitsrang time. To avoid this
problem, the bit coming in fromx_data is sampled at tenth times during each bit time.
Only the middle of the bit will be read for maximueliability. From Figure 5-5-1-F4,
when therx_data first goes to '0', it will wait for Bclkx10 ticks before it read the start
bit. Then it will wait for another 1@®clkx10 tick to read the first data bit. This will

continue until the stop bit is read.
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Negative edge of
uiua_rx_data?

loop

Enter “count sample tick to 10”
loop

Sample data

loop

Stop bit == ‘1"? Framing Erorr

. Enter “count sample tick to 5”

. Enter “count sample tick to 10”

count sample tick to 5

sample_tick=1to 5

Exit loop

count sample tick to 10

sample_tick =1 to 10

Exit loop

Figure 5-6-1-F5: Flow chart of UART receive protbco

BIT (Hons) Computer Engineering
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5-6-2 UART Unit Interface

From/to CPU From / to External
uuart

——» uiua_mem_addr [15:0] uoua_tx_data ———»
—— » uiua_data_in [7 : 0] uoua_rts ——»
——» uiua_Ilb_en uiua_rx_data €¢——
——» uiua_sb_en uiua_cts «—
——» uiua_grant
<+— uoua_data_out [7 : 0]
<+— uoua_done
<+— uoua_interrupt
—— »{ uiua_sysclk
——» uiua_reset

Figure 5-6-2-F1: Block diagram of UART Unit.

5-6-3 Input Pin Description

Pin Name: Source -> Destination: Size: Active: Registered:

uiua_mem_addr, CPU -> uuart 16 bit High No

Memory address

Pin Function:

Memory address from datapath unit. Used to detezitia operation of UART.

Pin Name: Source -> Destination: Size: Active: Registered:
uiua_data_in, CPU -> uuart 8 bit High No
Data input
Pin Function:
Represent the CPU data to be asserted into UART.
Pin Name: Source -> Destination: Size: Active: Registered:
uiua_lb_en, CPU -> UART 1 bit High No
Load byte enable
Pin Function:
Use as control signal to read from UART.
Pin Name: Source -> Destination: Size: Active: Registered:
uiua_sb_en, CPU -> UART 1 bit High No
Store byte enable
33
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Pin Function:

Use as control signal to write to UART.

Pin Name: Source -> Destination: Size: Active: Registered:
uiua_grant, Arbiter -> UART 1 bit High No

Grant

Pin Function:

Use as control signal to read from UART.

Pin Name: Source -> Destination: Size: Active: Registered:
uiua_rx_data DCE -> DTE 1 bit High No

Receive data

Pin Function:

Serial data to be received from DCE to DTE. Whendata is transfer, this port is held
logic "1".

Pin Name: Source -> Destination: Size: Active: Registered:
uiua_cts DCE -> DTE 1 bit High No

Clear-to-Send

at

Pin Function:

To inform UART that it can start transmit at uoua data port.

Pin Name: Source -> Destination: Size: Active: Registered:
uiua_sysclk, CPU -> UART 1 bit High No
System Clock

Pin Function:
System clock for all synchronous transfer. Theeaystlock speed is set at 50MHz and it v
be further scale down to 10MHz inside UART.

vill

Pin Name: Source -> Destination: Size: Active: Registered:
uiua_reset, CPU -> UART 1 bit High No

Reset

Pin Function:

This pin represents the master reset for UART. Ohaetivate, UART will be at begin stal
and in idle mode with no data in UART buffer.

Table 5-6-3-T1: Input pin description of UART unit.
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5-6-4 Output Pin Description

Pin Name: Source -> Destination: Size: Active: Registered:
uoua_data_out, UART -> CPU 8 bit High Yes

Data output

Pin Function:
Represent the UART data output to be sent to CPld.size of the data shall be the samg

the size of Data Input.

e as

Pin Name: Source -> Destination: Size: Active: Registered:
uoua_done, UART -> Arbiter 1 bit High Yes

Done

Pin Function:

To indicate that UART has complete its operatiothwCPU after UART acquire the CP
data bus.

eir

is

Pin Name: Source -> Destination: Size: Active: Registered:
uoua_interrupt, UART -> CPU 1 bit High Yes

Interrupt

Pin Function:

An interrupt will be generated when the receivetJ&RT needs to acquire data bus for th
operation.

Pin Name: Source -> Destination: Size: Active: Registered:
uoua_tx_data, DTE -> DCE 1 bit High Yes
Transmit data

Pin Function:

Serial data to be sent from DTE to DCE. DTE shallltthis line at logic "1" when no data
transfer.

Pin Name: Source -> Destination: Size: Active: Registered:
uoua_rts, DTE -> DCE 1 bit High Yes

Request-to-Sent

Pin Function:

Transmission circuit will be enabled by this signebgether with Clear-to-Send signal, d
transmission between DTE and DCE will be coordidaRequest-to-Sent shall be asserteq
UART when UART has data in transmission buffer. Gan de-asserted any time af
START bit is sent.

ata
| by
ter

Table 5-6-4-T1: Output pin description of UART unit
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5-7 Micro-Architecture Specification of UART

‘ uiua_cts
> uoua_data_ou(‘
‘ uiua_data_in bcpuif
\—r bici_data_in[7:0] boci_data_out[7:0] |——— btx
bua_decoder bici_rx_data[7:0] boci_tx_data[7:0] 1 »! bitx_fifo_data_in[7:0] botx_tx_data
biud_mem_addr{15:0] boud_address[1:0] bici_address[1:0] boci_select_baud[2:0] bitx_cts botx_rts
i i ———————— bitx ity botx_fifo_full —
biud_lb_en boud_write_en bici_t_fifo_full boci_parity_en |— x_panty._en oMot
m biud_sb_en boud_read_en % bitx_parity_bit
|_sb_ —read_ ——PP——» bici_rx_fifo_empty boci_parity_bit |—— ——————» bitx_fifo_write_en
M —————» bici_parity_err boci_tx_fifo_write_en 4rv\J birx_rx_fifo_full
—TT~P———» bici_framing_err boci_rx_fifo_read_en [—— - [ bitx_tx_bclk_short
o » it
M P———» bici_write_en boci_interrupt b!tx_ua_clock
LA o - bitx_sysclk
‘ uiua_grant > » bici_read_en —» bitx_reset
M P——» bici_sysclk
M P—— bici_reset
T »<_uoua_interrupt
A
A
A
N PP P PN PP 1]
A
oo
NV 2 N
A
=i S
bbaud T
bibg_select_baud[2:0] bobg_ua_clock N~
— bibg_sysclk bobg_tx_bclk_short —
bibg_reset bobg_bclkx10 brx
MM birx_rx_data borx_data_out[7:0] —
‘—”—” L » birx_parity_en borx_parity_err
] ———————— birx_parity_bit borx_framing_err
birx_fifo_read_en borx_fifo_empty
birx_bclkx10 borx_fifo_full |——
birx_ua_clock
—1 birx_sysclk
birx_reset
uua_read_status_reg ———— uoua_done

Figure 5-7-F1: Micro-architecture of UART.
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5-7-1 UART Address Decoder
Functions of UART address decoder:
* 10 memory mapping for the following:
0 Reads from Status Register
0 Reads received data from receiver FIFO
0 Writes to Configuration Register
o Writes transmit data to transmitter FIFO

5-7-1-1 UART Address Decoder Interface

bua_decoder

— > biud_mem_addr[15:0] boud_address[1.0] ——»
— > biud_Ib_en boud write en ——»
— > biud_sb_en boud read en —»

Figure 5-7-1-1-F1: Block diagram of UART addressatter.
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5-7-1-2 Input Pin Description

Pin Name: Source -> Destination: Size: Active: Registered:
biud_mem_addr, CPU -> bua_decoder 16 bit High No
Memory address
Pin Function:
Used to determine the operation of UART.
Pin Name: Source -> Destination: Size: Active: Registered:
biud_Ib_en, CPU -> bua_decoder 1 bit High No
Load byte enable
Pin Function:
Use as control signal to read from UART.
Pin Name: Source -> Destination: Size: Active: Registered:
biud_sb_en, CPU -> bua_decoder 1 bit High No
Store byte enable
Pin Function:
Use as control signal to write to UART.
Table 5-7-1-2-T1: Input pin description of UART adss decoder.
5-7-1-3 Output Pin Description
Pin Name: Source -> Destination: Size: Active: Registered:
boud_address, bua_decoder -> bepuif 2 bit High No
Address
Pin Function:
Used to determine the operation of UART.
Pin Name: Source -> Destination: Size: Active: Registered:
boud_write_en, bua_decoder -> bcpuif 1 bit High No
Write enable
Pin Function:
Use as control signal to write to UART.
Pin Name: Source -> Destination: Size: Active: Registered:
boud _read_en, bua_decoder -> bepuif 2 bit High No
Read enable
Pin Function:
Use as control signal to read from UART.
Table 5-7-1-3-T1: Output pin description of UARTdaelss decoder.
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5-7-2 CPU Interface Block

Functions of CPU Interface:

 UART (transmitter and receiver blocks) updatedoisn status on the status

register such as parity error, framing error, FfiaDand FIFO empty.
* CPU reads from UART (CPUIF) status register.
* CPU writes to UART (CPUIF) configuration register.

5-7-2-1 CPU Interface's Interface

becpuif

——»{ bici_data_in[7:0] boci_data_out[7:0] ——»
——»{ bici_rx_data[7:0] boci_tx_data[7.0] ——»
—» bici_address[1:0] boci_select_baud[2:0] ——»
—» bici_tx_fifo_full boci_parity en ———»
———» bici_rx_fifo_empty boci_parity_bit ——»
—» bici_parity_err boci_tx_fifo_write_en [——»
——» bici_framing_err boci_rx_fifo_read_en ——»
—» bici_write_en boci_interrupt ——»
——» bici_read_en

— » bici_sysclk

— > bici_reset

Figure 5-7-2-1-F1: Block diagram of CPU Interface.
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5-7-2-2 Input Pin Description

Pin Name: Source -> Destination: | Size: Active: Registered:
bici_data in, CPU -> bcpuif 8 bit High No

Data input

Pin Function:

Represent the CPU data to be asserted into UART.

Pin Name: Source -> Destination: | Size: Active: Registered:
bici_rx_data, brx -> bcpuif 8 bit High No

Received data

Pin Function:

Represent the data received from transmitting @eara to be asserted to CPU.

Pin Name: Source -> Destination: | Size: Active: Registered:
bici_address, bua_decoder -> bepuif | 2 bit High No
Address

Pin Function:

Represent by 2 bit of CPU address to select widgkster in the UART to be asserted.

Pin Name:
bici_tx_fifo_full,
Transmitter FIFO full

Source -> Destination:

btx -> bepuif

Size:
1 bit

Active:
High

Registered:
No

Pin Function:

To indicate transmitter FIFO is full. This signaltd be stored in status register.

Pin Name:
bici_rx_fifo_empty,

Receiver FIFO empty

Source -> Destination:
brx -> bepuif

Size:
1 bit

Active:
High

Registered:
No

Pin Function:

To indicate receiver FIFO is empty. This signabibe stored in status register.

Pin Name:
bici_parity_err,

Parity error

Source -> Destination:

brx -> bcpuif

Size:
1 bit

Active:
High

Registered:
No

Pin Function:

Represent parity error of the data. This sign#d ise stored in status register.

Pin Name: Source -> Destination: | Size: Active: Registered:
bici_framing_err, brx -> bepuif 1 bit High No
Framing error
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Pin Function:

Represent framing error of the data. This signtd ise stored in status register.

Pin Name: Source -> Destination: | Size: Active: Registered:
bici_write_en, bua_decoder -> bepuif | 1 bit High No
Write enable
Pin Function:
Use as enable signal to write data and status RTUA
Pin Name: Source -> Destination: | Size: Active: Registered:
bici_read_en, bua_decoder -> bcpuif | 1 bit High No
Read enable
Pin Function:
Use as enable signal to read data and status frsiRTU
Pin Name: Source -> Destination: | Size: Active: Registered:
bici_sysclk, CPU -> bcpuif 1 bit High No
System clock
Pin Function:
System clock for all synchronous operation.
Pin Name: Source -> Destination: | Size: Active: Registered:
bici_reset, CPU -> bcpuif 1 bit High No
Reset
Pin Function:
This pin represents the master reset for UART.
Table 5-7-2-2-T1: Input pin description of CPU féee.
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5-7-2-3 Output Pin Description

Pin Name: Source -> Destination: | Size: Active: Registered:
boci_data_out, bcpuif -> CPU 8 bit High No

Data input

Pin Function:

Represent the UART data output to be sent to CPld.size of the data shall be the samg

the size of Data In.

e as

Pin Name: Source -> Destination: | Size: Active: Registered:
boci_tx_data, bcpuif -> btx 8 bit High No
Transmit data

Pin Function:

Represent the data to be transmitted to DCE.

Pin Name: Source -> Destination: | Size: Active: Registered:
boci_select_baud, bcpuif -> bbaud 3 bit High No

Select baud rate speed

Pin Function:

To select the baud rate speed for clock contrblieck. From 000 to 111, there are 8 differ

baud rate speeds that can be selected.

ent

Pin Name: Source -> Destination: | Size: Active: Registered:
boci_parity_en, bepuif -> btx & brx 1 bit High No
Parity enable
Pin Function:
To inform btx and brx whether the data contain dtyait.
Pin Name: Source -> Destination: | Size: Active: Registered:
boci_parity_bit, bcpuif -> btx & brx 1 bit High No
Parity bit
Pin Function:
To inform btx and brx whether the data is odd @reparity.
Pin Name: Source -> Destination: | Size: Active: Registered:
boci_tx_fifo_write_en, | bcpuif -> btx 1 bit High No
Transmitter FIFO write
enable
Pin Function:
An enable signal to write data into transmitterG1F
42
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Pin Name: Source -> Destination: | Size: Active: Registered:
boci_rx_fifo_read_en, | bcpuif -> brx 1 bit High No
Receiver FIFO read

enable

Pin Function:

An enable signal to read data from receiver FIFO.

Pin Name: Source -> Destination: | Size: Active: Registered:
boci_interrupt, bcpuif -> CPU 1 bit High No
Interrupt

Pin Function:

An interrupt will be generated when the receivetJ&RT needs to acquire data bus for th

operation.

Table 5-7-2-3-T1: Output pin description of CPUelrfiaice.
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5-7-3 Receiver Block
Functions of receiver:
* Receive data from DTE
» Parallelized serial data received before passimgdeiver FIFO.
» Check for parity error.
* Check for framing error.
» Able to generate receiver FIFO full and empty signa

5-7-3-1 Receiver Interface

brx

—»{ birx_rx_data borx _data out[7:0] ———»
—» birx_parity_en borx_parity_err |——»
——» birx_parity_bit borx_framing_err ——»
——»{ birx_fifo_read_en borx_fifo_empty ——»
—»{ birx_bclkx10 borx_fifo_full ——»
—» birx_ua_clock
—» birx_sysclk

— »{ birx_reset

Figure 5-7-3-1-F1: Block diagram of receiver.
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5-7-3-2 Input Pin Description

Pin Name:
birx_rx_data,

Receive Data

Source -> Destination:
DTE -> brx

Size:
1 bit

Active:
High

Registered:
No

Pin Function:

Serial data to be receive from transmitting devaceeceiver block. When no data is transi

this port is held at logic ‘1’.

er,

Pin Name: Source -> Destination: Size: Active: Registered:
birx_parity_en, bcpuif -> brx 1 bit High No

Parity enable

Pin Function:

To indicate whether the data contain a parity bit.

Pin Name: Source -> Destination: Size: Active: Registered:
birx_parity_bit, bcpuif -> brx 1 bit High No

Parity bit

Pin Function:

To indicate whether the parity bit is odd parityewen parity.

Pin Name: Source -> Destination: Size: Active: Registered:
birx_fifo_read_en, | bcpuif -> brx 1 bit High No
Receiver FIFO read

enable

Pin Function:

Enable signal to read data from receiver FIFO.

Pin Name: Source -> Destination: Size: Active: Registered:
birx_bclkx10, bbaud -> brx 1 bit High No

Baud clock x10

Pin Function:

This pin is the 10 times faster baud rate clocks lused to sample at the middle of eq

received data bit.

ach

Pin Name: Source -> Destination: Size: Active: Registered:
birx_ua_clock, bbaud -> brx 1 bit High No
UART clock
Pin Function:
Represent the clock for UART to perform all syncetoos operation.
45
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Pin Name: Source -> Destination: Size: Active: Registered:
birx_sysclk, CPU -> brx 1 bit High No
System clock

Pin Function:

System clock for receiver FIFO read operation.

Pin Name: Source -> Destination: Size: Active: Registered:
birx_reset, CPU -> brx 1 bit High No

Reset

Pin Function:

This pin represents the master reset for UART. Onaetivate, brx will be at begin state a

in idle mode.

Table 5-7-3-2-T1: Input pin description of receiver

5-7-3-3 Output Pin Description

Pin Name: Source -> Destination: Size: Active: Registered:
borx_data_out, brx -> bcpuif 8 bit High No

Data output

Pin Function:

Represents the parallelized data received from bindata port. This data is send to bcpui
and directed to CPU data bus.

Pin Name: Source -> Destination: Size: Active: Registered:
borx_parity_err, brx -> bcpuif 1 bit High No

Parity error

Pin Function:

Represent parity error of the data.

Pin Name: Source -> Destination: Size: Active: Registered:
borx_framing_err, brx -> bepuif 1 bit High No
Framing error

Pin Function:

Represent framing error of the data.

Pin Name: Source -> Destination: Size: Active: Registered:
borx_fifo_empty, brx -> bcpuif 1 bit High No

Receiver Fifo Empty

Pin Function:

To indicate the receiver FIFO is empty. This sigwdl pass to bcpuif and store in staf]
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register.
Pin Name: Source -> Destination: Size: Active: Registered:
borx_fifo_full, brx -> btx 1 bit High No

Receiver FIFO Full

Pin Function:

To indicate the receiver FIFO is full. This signaill pass to transmitter block. If receiv
FIFO is full, DTE shall not start the transmisstorDCE.

Table 5-7-3-3-T1: Output pin description of receive

5-7-3-6 Receiver Controller Sub-block

sbrx_ctr

—» shirx_rx_data

sbirx_parity_en
sbirx_fifo_full
sbirx_bclkx10
sbirx_ua_clock
sbirx_reset

sborx_fifo_write_en —»
sborx_framing_err ——»
sborx_shift_en ——»

Figure 5-7-3-6-F1: Block diagram of receiver coliémosub-block.

5-7-3-7 Input Pin Description of Receiver Controlle

Pin Name:
sbirx_rx_data,
Receive Data

Source -> Destination:
DTE -> sbrx_ctr

Size:
1 bit

Active:
High

Registered:
No

Pin Function:

Serial data to be receive from transmitting dev@ceeceiver block. When no data is transi

this port is held at logic ‘1’.

er,

Pin Name: Source -> Destination: Size: Active: Registered:
shirx_parity_en, bcpuif -> sbrx_ctr 1 bit High No
Parity enable
Pin Function:
To indicate whether the data contain a parity bit.
Pin Name: Source -> Destination: Size: Active: Registered:
shirx_fifo_full, bcpuif -> sbrx_ctr 1 bit High No
Receiver FIFO Full
47
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Pin Function:

Used to indicate receiver FIFO is full. If its fulhe receive operation will not begin.

Pin Name: Source -> Destination: Size: Active: Registered:
sbirx_bclkx10, bbaud -> sbrx_ctr 1 bit High No
Baud clock x10

Pin Function:
This pin is the 10 times faster baud rate clocks lused to sample at the middle of eq

received data bit.

Pin Name: Source -> Destination: Size: Active: Registered:
sbirx_ua_clock, bbaud -> sbrx_ctr 1 bit High No

UART clock

Pin Function:

Represent the clock for UART to perform all synetoos operation.

Pin Name: Source -> Destination: Size: Active: Registered:
shirx_reset, CPU -> sbrx_ctr 1 bit High No

Reset

Pin Function:

This pin represents the master reset for UART. Gnaetivate, sbrx_ctr will be at begin sta

and in idle mode.

ach

ite

Table 5-7-3-7-T1: Input pin description of receigentroller sub-block.
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5-7-3-8 Output Pin Description of Receiver Controkr

Pin Name: Source -> Destination: Size: Active: Registered:
sborx_fifo_write_en, | sbrx_ctr -> brx 1 bit High No
Receiver FIFO write

enable

Pin Function:

An enable signal to enable write to receiver FIFO.

Pin Name: Source -> Destination: Size: Active: Registered:
sborx_framing_err, sbrx_ctr -> brx 1 bit High No
Framing error

Pin Function:

Represent framing error of the data.

Pin Name: Source -> Destination: Size: Active: Registered:
sborx_shift_en, sbrx_ctr -> brx 1 bit High No

Shift enable

Pin Function:

Enable signal for shift register in brx to sampdead

Table 5-7-3-8-T1: Output pin description of receigentroller sub-block.
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5-7-3-9 Receiver Finite State Machine

sbirx_reset sbirx_rx_data || sbirx_fifo_full/
sbrx_tick_cntr_en = 1'b0

sbrx_tick_cntr ==4'b1010 &&
Isbirx_rx_data/

sborx_framing_err = 1'b1

sborx_fifo_push_en =

Isbirx_rx_data && !sbirx_fifo_full/
sbrx_tick_cntr_en = 1'b1

sbix_fick_cntr == 4b1010 &&
sbirx_rx_data/
borx_framing_err = 1'b0
sborx_fifo_push_en = 1'b1

sbrx_tick_cntr != 4'p0110 && sbirx_bclkx10/
sbrx_init_bit_cntr = 1'b0

sborx_clear_tick_cntr = 1'b0

sbrx_tick_cntr_en = 1'b1

START_BIT

sbrx_tick_cntr = 4'b1010 &&
sbirx_bclkx10/
sbrx_tick_cntr_en=1'p

sbrx_bit_cntr != 4'b0 &&
sbrx_tick_cntr 1= 4b1010 &&
Isbirx_bclkx10/
sbrx_tick_cntr_en = 1'b0

sbtx_tick_cntr == 4'b0110/
sbrx_init_bit_cntr = 1'b1

sborx_clear_tick_cntr = 1'b1

sbrx_tick_cntr_en = 1'b0

STOP_BIT

sbrx_tick_cntr 1= 4'b1010 &&
Isbirx_bclkx10/

sbrx tick cntr en = 1'b0 = 400/ sbrx_bit_cntr != 4'b0 && sbrx_tick_cntr == 401010/

= sbrx_bit_cntr_down = 1'b1
sbrx_bnt_cn?r_down = ‘ sborx_shift_en = 1'b1
sborx_shift_en = 1'b0 sbrx_clear_tick_cntr = 1'b1
sbrx_clgar_ﬂck_cntr =1b0 sbrx tick cntr en = 1'b0
sbrx_tick_cntr_en = 1'b0 - T~

sbrx_bit_cntr != 4'b0 &&
sbrx_tick_cntr 1= 4b1010 &&
sbirx_bclkx10/
sbrx_tick_cntr_en = 1'b1

Figure 5-7-3-9-F1: FSM of receiver.
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5-7-4 Transmitter Block

Functions of transmitter:

* Generate a parity bit based on odd or even parity.

Serialize data before transmission.

» Transmit serialized data to receiving device.

Able to generate transmitter FIFO full and empgnsil.

5-7-4-1 Transmitter Interface

btx
———» bitx_fifo_data in[7:0] botx tx data ——»
— > bitx_cts botx rts —»
— > bitx_parity_en botx_fifo full ——»

——» bitx_parity bit
—» bitx_fifo_write_en
—» bitx_rx_fifo_full
—» bitx_tx_bclk_short
—»{ bitx_ua_clock
— > bitx_sysclk
— » bitx_reset

Figure 5-7-4-1-F1: Block diagram of transmitter.
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5-7-4-2 Input Pin Description

Pin Name:
bitx_fifo_data _in,
FIFO data input

Source -> Destination:
bcpuif -> btx

Size:
8 bit

Active:
High

Registered:
No

Pin Function:

Represent the data to be transmitted to receivevicd. This data will store to transmitter

FIFO first before it's transmit at botx_tx_data por

Pin Name: Source -> Destination: | Size: Active: Registered:
bitx_cts, DCE -> btx 1 bit High No
Clear-To-Send

Pin Function:

To inform DTE that it can start to transmit databoix_tx_data port.

Pin Name: Source -> Destination: | Size: Active: Registered:
bitx_parity_en, bcpuif -> btx 1 bit High No

Parity enable

Pin Function:

To indicate whether the data contain a parity bit.

Pin Name: Source -> Destination: | Size: Active: Registered:
bitx_parity_bit, bcpuif -> btx 1 bit High No

Parity bit

Pin Function:

To indicate whether the parity bit is odd parityesen parity.

Pin Name: Source -> Destination: | Size: Active: Registered:
bitx_fifo_write_en, bcpuif -> btx 1 bit High No
Transmitter FIFO write

enable

Pin Function:

Enable signal to write to transmitter FIFO.

Pin Name: Source -> Destination: | Size: Active: Registered:
bitx_rx_fifo_full, brx -> btx 1 bit High No

Receiver FIFO full

Pin Function:

To indicate whether the receiver FIFO is full. tfis not full, transmitter will reply a CT}

signal to DTE.

UJ
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Pin Name: Source -> Destination: | Size: Active: Registered:
bitx_tx_bclk_short, bbaud -> btx 1 bit High No
Transmitter baud clock

short

Pin Function:

This is the one-cycle-tick signal to enable théaséransmission obotx_tx_data port.

Pin Name: Source -> Destination: | Size: Active: Registered:
bitx_ua_clock, bbaud -> btx 1 bit High No

UART clock

Pin Function:

Represent the clock for UART to perform all syneiwos operation.

Pin Name: Source -> Destination: | Size: Active: Registered:
bitx_sysclk, CPU -> btx 1 bit High No
System clock

Pin Function:

System clock for transmitter FIFO write operation.

Pin Name: Source -> Destination: | Size: Active: Registered:
bitx_reset, CPU ->btx 1 bit High No

Reset

Pin Function:

This pin represents the master reset for UART. Ginaetivate, btx will be at begin state a

in idle mode.

Table 5-7-4-2-T1: Input pin description of transeit
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5-7-4-3 Output Pin Description

Pin Name: Source -> Destination: Size: Active: Registered:
botx_tx_data, btx -> DCE 1 bit High No
Transmit data

Pin Function:
Serial data to be sent from DTE to DCE. DTE shaltihhis line at logic ‘1’ when no data

transfer.

Pin Name: Source -> Destination: Size: Active: Registered:
botx_rts, btx -> DCE 1 bit High No
Request-To-Send

Pin Function:

Transmission circuit will be enabled by this sigriedgether with Clear-To-Send signal, data
transmission between DTE and DCE will be coordidaRequest-To-Send shall be assefted
whenever there is data in transmitter FIFO. Canld@asserted any time after START bit is
sent.

Pin Name: Source -> Destination: Size: Active: Registered:
botx_fifo_full, btx -> bepuif 1 bit High No

Transmitter FIFO Full

Pin Function:

To indicate whether the transmitter FIFO is fulhi§ signal pass to bcpuif and store insjde

status register.

Table 5-7-4-3-T1: Output pin description of trangani
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5-7-4-6 Transmitter Controller Sub-block

—»shitx_cts
——» shitx_parity_en

—» sbitx_tx_fifo_empty

—» sbitx_rx_fifo_full

sbtx_ctr

sbotx_rts
sbotx_fifo_read_en
sbotx_shift_en
sbotx_load_shift_reg

—» shitx_tx_bclk_short

—» shitx_ua_clock
—» shitx_reset

Figure 5-7-4-6-F1: Block diagram of transmitter tolier sub-block.

5-7-4-7 Input Pin Description of Transmitter Controller

Pin Name: Source -> Destination: | Size: Active: Registered:
shitx_cts, DCE -> sbtx_ctr 1 bit High No
Clear-To-Send

Pin Function:

To inform DTE that it can start to transmit databarix_tx_data.

Pin Name: Source -> Destination: | Size: Active: Registered:
sbitx_parity_en, bcpuif -> sbtx_ctr 1 bit High No

Parity enable

Pin Function:

To indicate whether the data contain a parity bit.

Pin Name: Source -> Destination: | Size: Active: Registered:
shitx_tx_fifo_empty, btx -> sbtx_ctr 1 bit High No

Transmitter FIFO empty

Pin Function:

To indicate whether transmitter FIFO is empty.tlfsi not empty, transmitter will read th

data and begin the transmit operation.

ne

Pin Name:
shitx_rx_fifo_full,
Receiver FIFO full

Source -> Destination:

brx -> shtx_ctr

Size:
1 bit

Active:
High

Registered:
No

Pin Function:

To indicate whether the receiver FIFO is full. tifis not full, transmitter will reply a CT

signal to DTE.

UJ
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Pin Name: Source -> Destination: | Size: Active: Registered:
shitx_tx_bclk_short, bbaud -> sbtx_ctr 1 bit High No
Transmitter enable

Pin Function:

Enable signal to transmit serial databmtx_tx_data port.

Pin Name: Source -> Destination: | Size: Active: Registered:
shitx_ua_clock, bbaud -> shtx_ctr 1 bit High No

UART clock

Pin Function:

Represent the clock for UART to perform all synetoos operation.

Pin Name: Source -> Destination: | Size: Active: Registered:
shitx_reset, CPU -> sbtx_ctr 1 bit High No

Reset

Pin Function:

This pin represents the master reset for UART. Onaetivate, sbtx_ctr will be at begin state

and in idle mode.

Table 5-7-4-7-T1: Input pin description of trangeiitcontroller sub-block.

5-7-4-8 Output Pin Description of Transmitter Controller

Pin Name: Source -> Destination: Size: Active: Registered:
sbotx_rts, sbtx_ctr -> DCE 1 bit High No
Request-To-Send

Pin Function:
Transmission circuit will be enabled by this signedgether with Clear-To-Send signal, data
transmission between DTE and DCE will be coordidaRequest-To-Send shall be assefted

whenever there is data in transmitter FIFO. Canldasserted any time after START bit is

sent.

Pin Name: Source -> Destination: Size: Active: Registered:
sbotx_fifo_read_en, | sbtx_ctr -> btx 1 bit High No
Receiver FIFO read

enable

Pin Function:

Enable signal to read from transmitter FIFO.

Pin Name: Source -> Destination: Size: Active: Registered:
sbotx_shift_en, sbtx_ctr -> btx 1 bit High No
Shift enable
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Pin Function:

Enable signal for shift register in btx to sendadat

Pin Name: Source -> Destination: Size: Active: Registered:
sbotx_load_shift_reg, | sbtx_ctr -> btx 1 bit High No

Load shift register

Pin Function:

An enable signal to load data into shift register.

Table 5-7-4-8-T1: Output pin description of trangericontroller sub-block.

5-7-4-6 Transmitter Finite State Machine

sbitx_cts

sbitx_tx_fifo_empty/  sbitx_cts &&

sbotx_rts = 1'b0  Isbitx_rx_fifo_full CTS/

sbotx_rts = 1'b1

sbirx_reset

Isbitx_cts

sbitx_tx_bclk_short && sbtx_bit_&ntr == 4'b0/
sbtx_bit_cntr_down =/1'b0
sbotx_shift_en = 1

Isbitx_tx_fifo_empty/
sbotx_rts = 1'b1

Isbitx_tx_belk_short/
sbtx_bit_cntr_down = 1'b0
sbotx_shift_en = 1'b0

)

Isbitx_cts || Isbitx_tx_bclk_short/
sbtx_rts = 1'b1
D sbtx_fifo_read_en =1'b0
sbtx_load_shift_reg = 1'b0
sbtx_init_bit_cntr = 1'b0

sbitx_cts && sbtx_tx_bclk_short/

sbitx_tx_bclk_sljort && sbtx_bit_'cntr 1= 4'p0/ sbtx_rts = 1'b0
sbu_blt_anr_dowP =' 1'b1 sbix_fifo_read_en =1'b1
sbotx_shift_en = 1'b1 sbtx_load_shift_reg = 1'b1

sbtx_init_bit_cntr = 1'b1

Figure 5-7-4-6-F1: FSM of transmitter.
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5-7-5 Baud Rate Generator Block
Functions and specifications of baud rate generator
* Clock synchronization.
* Able to scale down 50MHz clock speed to 10MHz.
* 8 baud rate speeds.
» Able to generate an enable signal for transmitter.
» Able to generate a 10 times faster than baud pgtedssignal for receiver.

5-7-5-1 Baud Rate Generator Interface

bbaud

— » bibg_select_baud[2:0] bobg_ua_clock———»
—  » bibg_sysclk bobg_tx_bclk_short —»
— > bibg_reset bobg_bclkx10 ——»

Figure 5-7-5-1-F1: Block diagram of baud rate gatwr

5-7-5-2 Input Pin Description

Pin Name: Source -> Destination: | Size: Active: Registered:
bibg_select_baud, bcpuif -> bbaud 3 bit High No
Select baud rate

Pin Function:
To select the baud rate speed for clock contrblieck. From 000 to 111, there are 8 different

baud rate speeds that can be selected.

Pin Name: Source -> Destination: | Size: Active: Registered:
bibg_sysclk, CPU -> bbaud 1 bit High No

System clock

Pin Function:

System clock for all synchronous operation. Thiscklspeed is 50MHz and will be scale

down to 10MHz for UART synchronous operation.

Pin Name: Source -> Destination: Size: Active: Reged:
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bibg_reset,

Reset

CPU -> bbaud

1 bit

High

No

Pin Function:

This pin represents the master reset for UART. Onaetivate, all the outputs of bbaud w

be reset to initial state.

Table 5-7-5-2-T1: Input pin description of baudergenerator.

5-7-5-3 Output Pin Description

Pin Name: Source -> Destination: | Size: Active: Registered:
bobg_ua_clock, bbaud -> btx 1 bit High No

UART clock

Pin Function:

10MHz clock signal for all the UART synchronous oi@n.

Pin Name: Source -> Destination: | Size: Active: Registered:
bobg_tx_bclk_short, bbaud -> btx 1 bit High No
Transmit baud clock

short

Pin Function:

Enable signal for transmitter to transmit data.

Pin Name: Source -> Destination: | Size: Active: Registered:
bobg_bclkx10, bbaud -> brx 1 bit High No

Baud clock x10

Pin Function:

This pin is the 10 times faster baud rate clocls ltsed by receiver to sample at the middl

each received data bit.

P of

Table 5-7-5-3-T1: Output pin description of bautkrgenerator.
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CHAPTER 6: VERIFICATION SPECIFICATION

6-1 UART Test

6-1-1 Test Plan of UART

Test

Function to be
Tested

Expected Output

Test Case #1: Reset

Set the reset pin to high.
Hold for 10 clock cycle.
Set the reset pin to low.

Reset the wholé
UART unit.

b uoua_data_out = 8'b
uoua_rts =1'b0
uoua tx data=1bl

Test Case #2: Send data with Odd Parity
Assert the enable parity bit in
configuration register.

Assert the parity bit in configuration
register.

Send transmit data to UART,
uiua_data_in = 8'b10101010.

Set uiua_cts to high.

Hold for 1 clock cycle.

Set uiua_cts to low.

Transmit a datg
with Odd Parity.

L uoua_tx_data =
11 1010_10100

* Parity bit (Bit 10 of
transmit data) = 1

Test Case #3: Send data with Even Parity
Assert the enable parity bit in
configuration register.

De-assert the parity bit in configuratio
register.

Send transmit data to UART,
uiua_data_in = 8'h11110000.

Set uiua_cts to high.

Hold for 1 clock cycle.

Set uiua_cts to low.

Transmit a datg
with Even Parity.

=]

L uoua_tx_data =
101111 00000

*Parity bit (Bit 10 of
transmit data) = 0

Test Case #4: Send data with no parity
De-assert the enable parity bit in
configuration register.

Send transmit data to UART,
uiua_data_in = 8'b11001100.
Set uiua_cts to high.

Hold for 1 clock cycle.

Set uiua_cts to low.

Transmit a datg
with no parity

L uoua_tx_data =
11100_11000

*No parity
transmitted

is

Test Case #5: Receive data with Odd Parity
Assert the enable parity bit in
configuration register.

Assert the parity bit in configuration
register.

Transmit 11_0100_0100_0 bit by bit t

Receive an odd uoua_interrupt = 1'b]

parity data from
external side
Interrupt  signal
will be generated

uoua_data out
8'b01000100
uoua_data out
8’b00000010

py The data ang
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uiua_rx_data.

Hold for 11 baud rate cycle.
uiua_mem_addr = 15'hbflc.
uiua_lb_en =1'bl.

Hold for 1 clock cycle.
uiua_mem_addr = 15'hbf14.

status will be

read by CPU.

Test Case #6: Receive data with Even Parity

Assert the enable parity bit in
configuration register.

De-assert the parity bit in configuratio
register.

Transmit 10_0110 _0110_0 bit by bit t
uiua_RxD.

Hold for 11 baud rate cycle.
uiua_mem_addr = 15'hbflc.
uiua_lb_en =1'bl.

Hold for 1 clock cycle.
uiua_mem_addr = 15'hbf14.

Receive aneve

external side
hInterrupt  signal
will be generated
» The data
status  will
read by CPU.

be

parity data from

and

nuoua_interrupt = 1'bl
uoua_data out ¥
8'b01100110
uoua_data out ¥
8'b00000010

Test Case #7: Receive data with no parity

De-assert the enable parity bit in
configuration register.

Transmit 1_1001_1001_0 bit by bit to
uiua_rx_data.

Hold for 11 baud rate cycle.
uiua_mem_addr = 15'hbflc.
uiua_lb_en =1'bl.

Hold for 1 clock cycle.
uiua_mem_addr = 15'hbf14.

Receive a dat
with no parity bit

data and statu
will be read by
CPU.

auoua_interrupt = 1'b1
uoua_data out

from external| 8010011001

side. Interrupt uoua_data_out =
signal will be| 8b00000010
generated. The

Test Case #8: Receive data with Parity Error

Assert the enable parity bit in
configuration register.

De-assert the parity bit in configuratio
register.

Transmit 11_0000_1111_0 bit by bit ¢
uiua_rx_data.

Hold for 11 baud rate cycle.
uiua_mem_addr = 15'hbflc.
uiua_lb_en =1'bl.

Hold for 1 clock cycle.
uiua_mem_addr = 15'hbf14.

Receive a dat
with parity error

from external
hside. Interrupt
signal  will be
pgenerated.  The

data and statu
will be read by
CPU.

auoua_interrupt = 1'bl
uoua_data out
8'b00001111
uoua_data out
8'b00000110

\1%

Test Case #9: Receive data with Framing Err

Assert the enable parity bit in
configuration register.

De-assert the parity bit in configuratio
register.

pReceive a dat

with framing
error from
hexternal side
Interrupt  signal

» will be generated

Transmit 00_1111 0000_0 bit by bit t

auoua_interrupt = 1'b1
uoua_data out
8'b11110000
uoua_data out ¥
8'b00001010
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uiua_rx_data. The data ang
* Hold for 11 baud rate cycle. status will be
« uiua_mem_addr = 15'hbflc. read by CPU.

e uiua_lb_en=1Db1.
¢ Hold for 1 clock cycle.
e Uuiua_mem_addr = 15'hbf14.

Table 6-1-1-T1: Test plan for UART unit.
6-1-2 Simulation Result of UART Test

Test Case #1: Reset

— uuart
[+ % uoua_data_out ghoo [&hoo
\\' uoua_rts 1ho L 3 /
Luoua_tx data ][ | Thx _—
\\' uoua_done 1hx B —
& uoua_interrupt Thx j
+ =4 uiua_mem_addr 16'h0000 (16'ho0o0 e
+ + uiua_data_in &hoo (Ehoo
& uiua_cts Tho |
;_,) uiva_lb_en 1ho .
;_,) uiua_sb_en 1ho .
+% uiua_grant 1hi f
;'> uiua_rx_data 1h1 f
4 viua_sysck Tho NNy E‘nﬂ LML U LU UL LU
;_> uiua_reset 1hi } | |
+) 4 uua_address Zho [2ho
\> uua_write_en 1ho .
\> uua_read_en 1ho i

Figure 6-1-2-F1: Simulation result of test case #1.

1. Before the reset signal is asserted, the signalgiarnknown state.
2. Reset signal asserted.

3. All output signals are set to a default state.
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Test Case #2: Send data with Odd Parity

— bepuif |
+ & boci_data_out &'hoo 3hoo |
=) < bod_tx_data &b00000000 &b000D0000 T8bi0101010 {Ebooonoomo
+ ¢ bod_select_baud I 3'b00d
& bod_parity_en Thx [
& boci_parity_bit 1'hx [
& bod_tx_fifo_push_en | 1hd
¢ bod_rx_fifo_pop_en | 1h0
¢ bodi_interrupt 1hx T ol 3
+ :’ bici_data_in &'b00000000 &'b00000000 2'b00011000 8b10101010
)+ bid_address 2b0o Zh00 Zb01 Zb1D 1 2b00
1;;’ bici_rx_data ' e ]
= bici_tx_fifo_ful 1'hx
;’ bici_rx_fifo_empty 1hx
;_* bici_parity_err 1hx
4 bid_framing_err Thx
= bici_write_en 1'ho |
4 bici_read_en 1ho
4 bidi_sysck 1ho [ | | [ | [ L
4 bid_reset 1ho 2
+ 0 bci_config_reg b 3'b00000000 i 2'b000 11000
+ 4 bei_status_reg &'b0000sx 3600000010 —

Figure 6-1-2-F2: Simulation result of test case #2.

1. Data input from CPU to be written to configurati@gister.

2. Data input is written to configuration register.abie parity (bit 3) and parity

bit (bit 4) is asserted.

3. Data input to be transmit to external side.

— bix
& bobe_rts 1hi 1 —
<& bobe_tx_dats tht I __J'
<& botx_fifo_ful 1ho .
) 2 bitx_fifo_data_in #b00000000 {#b000000G0
4 bitc_cts thi
o bibe_te_en ho . ] ] 1
24 bitc_parity_en 1hi i
4 bitx_parity_bit thi |
:, bitx_fifo_push_en 1'hd i
4 bib_rx_fifo_full 1ho i
4 bitc_sysck thi
24 bitx_reset 1ho 1
& bt fifo_dats out | 8b10101010 1. I I I I I I l

Figure 6-1-2-F3: Simulation result of test case #2.

1. Transmitted data = 8'b01010101.

2. The data contain even number of 1’'bl, so the pdnityshould be 1’bl to

make the data odd parity. In figure 7-1-2-F3, thdtp bit generated = 1'b1.
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Test Case #3: Send data with Even Parity

— bepuif
+ ¢ bod_data_out #hoo &hog
% & bodi_tx_data 3'b00000000 5'b000000 Jebi1110000 J8'boooocnon
+ <& bod_select_baud Fbo0o 7000
& bodi_parity_en Tho
& boci_parity_bit 1'ho
b boci_tx_fifo_push_en | Th0 [
« boci_rx_fifo_pop_en | Th0
* boci_interrupt 1'hi 1 3
=+ 5 bid_data_in 200000000 5510101010 | {8500001000 8b11110000
+ =9 bid_address 2boo Zbi0 {Zboi Zb10 JZbaio
# 59 bici_rx_data #hog
4 bici_tx_fifo_ful 1'ho
«& bid_rx_fifo_empty Tho
;, bici_parity_err Thd
;’ bici_framing_err 1'h
& bid_write_en T'ho I | |
;, bici_read_en Thd
» bid_sysck tho 1 | | I I T
& bid_reset T'ho 2 . -
+ @ bd_config_reg 8'b00000000 3'b00011000 | T5booooioo0 |
=+« bei_status_reg #'h00000100 8b00000010 - i

Figure 6-1-2-F4: Simulation result of test case #3.
1. Data input to be written to configuration register.

2. Data input is written to configuration register.abie parity (bit 3) is asserted
and parity bit (bit 4) is de-asserted.

3. Data input to be transmit to external side.

— btx

& botx _rts Thi ] lI "2 .
botx_tx_data thi 1

i botx_fifo_full 1ho — = J
=) 2 bitx_fifo_data_in §h00000000 F000000000

4 bitx_cts thi ]

24 bibe_tx_en ho | | | |

24 bitx_parity_en 1hi

4 bitx_parity_bit tho

24 bitx_fifo_push_en 1ho

& bibe_rx_fifo_ful tho

4 bite_sysck thi

24 bitx_reset 1ho
&« bbx_fifo_data_out | 11110000 3

@ bix_fifo_pop_en 1ho

~ bix_shift_en 1ho | 1

Figure 6-1-2-F5: Simulation result of test case #3.
1. Transmitted data = 8'b00001111.

2. The data contain even number of 1’'b1, so the pduityshould be 1’b0 to
make the data even parity. In figure 7-1-2-F5,ghaety bit generated = 1'b0.
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Test Case #4:Send data with no Parity

— bcpuif
£}« boci_data_out ghoo hoo
1+ % bod_tx_data 8'b00000000 Sb00000000 18511001100 Y 8b00000000
+) + boci_select_baud Thoo 3boa0
¢ boci_parity_en 1'hi
& boci_parity_bit 'hi
ﬁ boci_tx_fifo_push_en | 1'ho |
¢ boci_rx_fifo_pop_en | 1'ho
¢ bodi_interrupt 1'ho 1 3
|+ 4 bici_data_in 8b10101010 “Eb11110000 &b00000000 §b11001100
+) =% bici_address 2b00 Zb00 [ Zbo1 Zbi0 1 Zbl
+ ;, bici_rx_data ahx
=4 bidi_tx_fifo_full 'ho
;) bici_rx_fifo_empty thi
;’ bici_parity_err Thx
;’ bici_framing_err Thx
= bici_write_en 1ho [ 1
;’ bici_read_en 1'ho
P bici_sysck r'ho [ ] [ ] ] [ L
=4 bici_reset 'ho 2 - .
* ’ bci_config_reg §'b00011000 2b00001000 | Ta'booooon 1
& & bi_status_reg #b00000010 %nnnnnn 0 -

Figure 6-1-2-F6: Simulation result of test case #4.

1. Data input to be written to configuration register.

2. Data input is written to configuration register.able parity (bit 3) and parity
bit (bit 4) is de-asserted.

3. Data input to be transmit to external side.

— bix 2
& bobe_rts Tho T 1
& bobx_tx_data 1ht 1 | L J
<& bobx_fifa_fill 1ha h
1,;} bitx_fifo_data_in &'b00000000 1 8'b00000000|
4 bitx_cts 1ho I 1
24 bite_tx_en Tho | | | 1
4 bitx_parity_en thi 1
4 bibx_parity_bit tho
24 bitx_fifo_push_en 1ho |
& bitc_rx_fifo_ful Tho
2 bite_syschk tho
24 bitx_reset tho
+} 4 bix_fifo_data_out 8hooonoo -{#b1100...
‘ btx_fifo_pop_en 1hi |

Figure 6-1-2-F7: Simulation result of test case #4.
1. Transmitted data = 8'b11001100.

2. Stop bit = 1'b1, no parity bit is transmitted ingtransmission.

65
BIT (Hons) Computer Engineering
Faculty of Information and Communication Technol@gBgrak Campus), UART



CHAPTER 6: VERIFICATION SPECIFICATION

Test Case #5: Receive data with Odd Parity

— brx

& uoua_interrupt 1ho (T
[+ & borx_data_out S Sh01000100
& borx_parity_err Thx L
& borx_framing_err | T ]
<& borx_fifo_empty 1hi [ |
& borx_fifo_ful Tho 1
4 birx_rx_data thi ] 17 1 [ 1 [
& brx_shift_en 1ho L 1 | | | | 1 | | |
3 birx_belkx10 Tho coo e e e e e e e e e e e e O
= birx_parity_en 1ho
24 binx_parity_bit Tho |
=4 birx_fifo_pop_en 1ho
@ br_parity_err Tho [ 1 [
& brx_framing_err tho 2] |
= birx_reset 1ho
[+ 4 brx_shift_reg Shooo Shopo Y5hi100 | f5hos0 | YSho40 | JSh020 | JShi10 | }Sh088| J5hisd]
[+ 4 brx_fifo_data_in 10hooo R0 YI0hO00 | J 10h080 | Y 10h040 | ) 10h020] J10hii0| §i0hisd ) 10hoak Ji0hi:
(&« brx_fifo_data_out 10 10h044 —
& hre o mush en Thn |

Figure 6-1-2-F8: Simulation result of test case #5.
1. Received data (including start bit, parity bit atdp bit) from external side.
2. No framing error and parity error is detected fritva data received.

3. Interrupt signal is asserted and received date teeédd by CPU, 8'b01000100.

— uuart
+ ¢ uoua_data_out &'b00000000 3'h000000! 18001000100 3000000 1 ab000000 10 1 &8b00000000
& uoua_rts 1'ho
& uoua_tx_data 1h1
¢ uoua_done T'hd
¢ uoua_interrupt 1'hi
+ «9 uiua_mem_addr 16hbfio 1 16hbiio
:’ uiva_lb_en 1'h0 |
@ uiua_sb_en 1'ho T Ll
+ 5 uiua_data_in #h00011000 5b00011000 {&'b0000 1000
;’ uiua_cts 1'hd
;) uiua_grant 1'hi
:’ uiva_rx_data Th1
«J viua_syschk 1h1 | T
@ uiua_reset 1'ho

Figure 6-1-2-F9: Simulation result of test case #5.
1. Received data read by CPU, 8’b01000100.

2. Status of the current data read by CPU, 8'b01000000
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Test Case #6: Receive data with Even Parity

— brx

& uoua_interrupt Thi 3 [ ]
%} < borx_data_out 8'b01000100 b0 1100111 -
& borx_parity_err 1ho 3 .
& borx_framing_err Tho | ™
<& borx_fifo_empty Tho } f— T
¢ borx_fifo_full Tho 1
=4 birx_rx_data thi [ 1 | 1 |
& brx_shift_en rho . | | | | | | | | |
5 birx_bekx10 ho LU O O O A
=4 birx_parity_en Thi
=4 birx_parity_bit thi
=4 birx_fifo_pop_en Tho
& brx_parity_err tho M 2
& brx_framing_err Tho | |
4 birx_reset Tho L
[+« brx_shift_reg Ih144 Shi4: Johoaz  joho51 Joni2s  Johls4 JohDes  |oH0e5  {ohi3? {ohiss  Johoec  Jghoes
4}« brx_fifo_data_in 10h044 10hi%% [10hia2 J10ni51 ) I0Hize “@FDM {10h0ca Y 10R065 Y10M032 J 10195 1 10hOcc ) 10h0E6
(%} < brx_fifo_data_out 10h044 i hose | +—

Figure 6-1-2-F10: Simulation result of test case #6

1. Received data (including start bit, parity bit atdp bit) from external side.
2. No framing error and parity error is detected fribia data received.

3. Interrupt signal is asserted and received dat& tead by CPU, 8'b01100110.

— uuart
1”¢ uoua_data_out #b00000000 2'h00000000 8'b01100110 2'h00000000 2b0D000010 1 8b00000000
¢ uoua_rts 1ho 1
& uoua_tx_data 1hi 2
¢ uoua_done 1ho [
¢ uoua_interrupt 1hi |
[+ @ uiua_mem_addr 16hbf10 16'hbf10 [ 16'hbfiic 16hbf14 18hbfiD)
=@ uiua_lb_en 1h0 |
; uiua_sh_en 1ho —— . {
[+ _, uiua_data_in 3b00001000 8'b00001D00
:’ uiua_cts 1hi
;, uiua_grant 1h1
;’ uiva_rx_data 1hi
;’ uiva_sysdk 1hi [ | | | | |
4 uiua_reset 1ho
+) 4 uua_address Zhon 7500 [Zbid Zb00 {Zh01 [ Zbod
’ uua_write_en 1ho
‘ uua_read_en 1ho [ |
& uua_tx_fifo_data_in | &hoo Fhoo

Figure 6-1-2-F11: Simulation result of test case #6
1. Received data read by CPU, 8'b01100110.

2. Status of the current data read by CPU, 8'’b01000000
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Test Case #7: Receive data with no Parity

— brx
& uoua_interrupt 1hi | 3 f\
&) < borx_data_out 801000100 FHO1000100 7810011001 BO1I00
<& borx_parity_err 1ho
& borx_framing_err 1ho
& borx_fifo_empty 1ho
& borx_fifo_full 1ho L
4 birx_rx_data 1hi | [ 1 [
< brx_shift_en 1ho L] 1 | | 1 | 1 | |
4 bin bdocio Tho L T A O T A O T T T T T
% birx_parity_en 1hi
% birx_parity_bit 1hi
4 birx_fifo_pop_en 1ho
& bryc_parity_err 1ho 27T Y
& brx_framing_err 1ho | |
& birx_reset Tho |-
1+« brx_shift_reg gh1a4 Shifd  [[9hofe | f3hizc [ [Ghobe | [hoSF | JShisf | Y5his7 | [ohoch | [Shos5 J3hi3d
+ @ brx_fifo_data_in 10ho44 10h0ts [ 10h07c | J 10hobe | ) 10hoSf | ) 10ho2f | J10h097| J 10hoch| J10h065 _ J10h032 _ j 100"
& brx_fifo_data_out | 10h044 T0ho++ I ST 10056

Figure 6-1-2-F12: Simulation result of test case #7

1. Received data (including start bit, parity bit atdp bit) from external side.
2. No framing error and parity error is detected fribia data received.

3. Interrupt signal is asserted and received date teeédd by CPU, 8'b10011001.

— uuart
) * uoua_data_out 8'b00000000 2'b00000000 T&b100i1001 &'b00000000 1 8'b00000010 1 8'b00000000
b uoua_rts 1ho
¥ uoua_tx_data l.hl L 2
¢ uoua_done 1ha |
« uoua_interrupt 1h1 |
+ ;’ uiua_mem_addr 16'hbf10 16'hbf10 T 16'hbfic 16'hbf14
= _) uiua_data_in 2'b00000000 Fbo0000000
& uiva_cts 1ho
;’ uiua_lb_en 1'ho |
+% uiva_sb_en 1ho W y X
;’ uiua_grant Thi
;’ uiua_rx_data 1hi
«P uiva_sysdk 1ho | | [ | | [
;’ uiua_reset Tho
+) « uua_address 2bioo 20 12b10 Zbi0
« uua_write_en 1ho
’ uua_read_en 1'hi |
+ « uua_tx_fifo_data_in | 8ho0 hoo

Figure 6-1-2-F13: Simulation result of test case #7
1. Received data read by CPU, 8'b10011001.

2. Status of the current data read by CPU, 8'’b00000000
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Test Case #8: Receive data with Parity Error

— brx

& uoua_interrupt 1ho 3 \{
[+« borx_data_out 8 bacooaac 5b00001111
& borx_parity_err 1hx f
& borx_framing_err Thx
& borx_fifo_empty 1hi
& borx_fifo_ful th 1
P bir_rx_data 1hi |0 1 |
 brx_shift_en Tho | | | | 1 | | | |
& birx_bekx10 Thi LU O O e L e e
4 birx_parity_en 1ht
4 birx_parity_bit 1ho
4 birx_fifo_pop_en 1ho
& brx_parity_err Tho 2
& brx_framing_err 1ho | |
& birx_reset 1ho L
[+« br_shift_reg ghoss 9h.. |Sh033  |jgniis |{ohisc | jghice | }gnies | Jghofi | J9ho7e | Johosc| Jghole| jgnior
&) @ brx_fifo_data_in 10056 10 [[i0h033 [{0h039 [J10no8c | Y10hice | Ji0hoes | JIohiri| 10'h07§| Yi0ho3d  Ji0hoik JIonior
[+« brx_fifo_data_out 10hsesese M
o o [ b

Figure 6-1-2-F14: Simulation result of test case #8
1. Received data (including start bit, parity bit atdp bit) from external side.
2. Parity error is detected in this data. Framingreigmot detected.

3. Interrupt signal is asserted and received dat& tead by CPU, 8'b00001111.

— uuart e
+ ¢ uoua_data_out 2'b00000000 2'b00000000 3b000p1111 3'b0000010D 2b00000110 J §b0000G000
¢ uoua_rts 1ha
¢ uoua_tx_data 1h1
¢ uoua_done 1hi 1 - |
¢ uoua_interrupt Thi |
[+ 4 uiua_mem_addr 16'hbf10 16hbFi0 [ 16'hbfic 16hbf14 J16'hbFi0
% uiua_lb_en Tho | |
;,’ uiua_sb_en Tho . ¥, \, 1
+ :’ uiva_data_in &'b00001000 3'b0000 1000
;’ uiva_cts 1hi
;’ uiua_grant Thi
¥ uiua_rx_data thi
¥ uiua_sysdk Thi ] [ | | | | [
;,’ uiua_reset 1ha
[+ 4 uua_address Zboo 2b00 {2bi0 2500 {2bo1 {Zboo
’ uua_write_en 1hi
’ uua_read_en 1hi | |
[+ W uua_tx_fifo_data_in |8h00 ho0

Figure 6-1-2-F15: Simulation result of test case #8
1. Received data read by CPU, 8’b00001111.

2. Status of the current data read by CPU, 8’'b00000001
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Test Case #9: Receive data with no Framing Error

— brx —_

& uoua_interrupt 1h0 3 ff 1
[+ < borx_data_out Ebxxaonnoe 11110000} Wb01000100
& borx_parity_err 1hx Y
& borx_framing_err Thx f 1
& borx_fifo_empty 1hi —
& borx_fifa_ful 1ho 1
4 birx_rx_data 1h N [ I# L
< br_shift_en 1ho | | | | | | | | | | | | |
3 birx_bekx10 Th1 L e e e
=4 birx_parity_en 1h1 L
=4 birx_parity_bit 1ho
=4 birx_fifo_pop_en Tho |
4 brx_parity_err 1h1 1 27 11
& brx_framing_err 1ho | |
3 birx_reset Tho | S— )
[+ 4 brx_shift_reg ghiof ... Jghos7 _ Johoas  Johgzi Johpi0  JoHoos  Johiod Jehisz  Yghicl Yghied  j5hom YSR178 _ Johibe Joh
) < brx_fifo_data_in 10h10f 10 J10h087 J10H1%s {10h0Z1 J10hiio j10hios J10hoos ji0his2 | {0hocl ji0hoeo Y i0hom {T. {i0h1 10hode )10
[+ brx_fifo_data_out 10'hacex 10h2f0 0hd4s
Ui P [ [ [ [ [ h

Figure 6-1-2-F16: Simulation result of test case #9
1. Received data (including start bit, parity bit atdp bit) from external side.
2. Framing error is detected in this data. Parityreigamot detected.

3. Interrupt signal is asserted and received dat& tead by CPU, 8'b11110000.

— uuart
+) g uoua_data_out 8b00000000 2'h000n0000 {&b11110000 8'b00001000 {&'b0in001010 {8'h0000C000
v¢ uoua_rts 1ho
v¢ uoua_tx_data 1hi
v¢ uoua_done 1ho 1 2 |
v¢ uoua_interrupt 1hi |
+ ;’ uiua_mem_addr 16'hbf10 16'hbfi T 16'hbflc 16'hbfi4 T 16'hbf10
;, uiua_lb_en 1ho | |
=4 uiua_sb_en Tho - Ll
+ +% uiua_data_in 8'b00001000 3'b00001000 - b0000C000
;, uiua_cts 1ho
;, uiua_grant 1hi
¥ uiua_rx_data 1ho
;, uiva_sysck 1hi _ [ | | | 1T
;, uiua_reset 1ho
+) « uua_address Zboo Zb00 {2b10 Zb00 {2b01 12b00
9 uua_write_en Tho - Ll
v) uua_read_en 1ho | |
[+ uua_tx_fifo_data_in | 8h00 Fhod

Figure 6-1-2-F17: Simulation result of test case #9
1. Received data read by CPU, 8’b11110000.

2. Status of the current data read by CPU, 8'b00000010
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6-1-3 Testbench Code of UART Test

//**************-k*********-k*********

/I Define declaration.

//**********************************

“include "../util/macro.v"

//**************-k*********-k*********

/I Test Bench for Transmitter.

//**********************************

module tb_uuart

0

/ kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

/I Wire declaration.

/ kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

wire [BYTE_NB - 1: 0] tb_data_out;

wire tb_rts;
wire tb_tx_data;
wire tb_interrupt;

//**************-k*********-k*********

/I Register declaration.

/ kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

reg [15: O] tb_mem_addr;

reg [BYTE_NB + 3:0] tb_test data;
reg [ BYTE_NB - 1: 0] tb_data_in;

reg tb_rx_data;

reg tb_cts;

reg tb_Ib_en;

reg tb_sb _en;

reg tb_sysclk;
reg tb_reset;

/ kkkkkkkkkhkkkhkkkkkkkkkkkkkkkkkkkkkk

/I Instantiation Of Module.

/ kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk
uuart

dut_uart
(.uoua_data_out(tb_data_out),
.uoua_tx_data(tb_tx_data),
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.uoua_rts(tb_rts),
.uoua_done(),
.uoua_interrupt(tb_interrupt),
.Uiua_data_in(tb_data_in),
.Uiua_mem_addr(tb_mem_addr),
.Uiua_rx_data(tb_rx_data),
.Uiva_lb_en(tb_Ib_en),
.Uiua_sb_en(tb_sb_en),
.uiua_grant(1'bl),
.Uiua_cts(tb_cts),
.uiua_sysclk(tb_sysclk),
.uiua_reset(tb_reset));

//**********************************

/I Contain of Test Bench

//**********************************

always #4 tb_sysclk = ~tb_sysclk;

always@ (posedge th_sysclk)
tb_rx_data <=tb_test_data[0];

always@(posedge dut_uart.uua_tx_en)
tb_test data <= {1'bl, tb_test data] BYTE_NBHR:

initial
begin
tb_mem_addr = 16'h0000;
tb_data_in = 8'b0;
tb_cts = 1'b0;
tb_lIb_en =1'b0;
tb_sb_en =1'b0;
tb_test data=12'0111111111111;
tb_sysclk = 1'b1;
tb_reset = 1'b0;

/ITest Case #1: Reset
repeat(10)@ (posedge tb_sysclk);
tb_reset = 1'b1;

repeat(10)@ (posedge tb_sysclk);
tb_reset = 1'b0;

repeat(10)@ (posedge tb_sysclk);
tb_reset = 1'b1;

repeat(10)@ (posedge tb_sysclk);
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tb_reset = 1'b0;
repeat(10)@ (posedge tb_sysclk);
//End Case #1

/[Test Case #2: Send data with odd parity
tb_data_in = 8'b00011000; //Configuration
tb_mem_addr = 16'hbf10;

tb_sb _en=1'b1;

repeat(1)@ (posedge tb_sysclk);

tb_data_in =8'b10101010; //Data
tb_mem_addr = 16'hbf18;
repeat(1)@(posedge tb_sysclk);

tb_sb_en =1'b0;

repeat(3)@ (posedge dut_uart.uua_ua_clock);
tb_cts = 1'b1;

repeat(1)@(negedge dut_uart.uua_tx_en);
tb_cts = 1'b0;

repeat(13)@ (posedge dut_uart.uua_tx_en);
//End Case #2

/[Test Case #3: Send data with even parity
tb_data_in = 8'b00001000; //Configuration
tb_mem_addr = 16'hbf10;

tb_sb_en=1'b1;

repeat(1l)@(posedge tb_sysclk);

tb_data in =8'011110000; //Data
tb_mem_addr = 16'hbf18;

repeat(1)@ (posedge tb_sysclk);

tb_sb_en =1'b0;

repeat(3)@ (posedge dut_uart.uua_ua_clock);
tb_cts = 1'b1;

repeat(l)@(negedge dut_uart.uua_tx_en);
tb_cts = 1'b0;

repeat(13)@ (posedge dut_uart.uua_tx_en);
//End Case #3

/[Test Case #4: Send data with no parity
tb_data_in = 8'b00000000; //Configuration
tb_mem_addr = 16'hbf10;

tb_sb en=1'b1;

repeat(1)@ (posedge tb_sysclk);
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tb_data in =8011001100; //Data
tb_mem_addr = 16'hbf18;
repeat(1)@ (posedge tb_sysclk);
tb_sb_en =1'b0;

repeat(3)@ (posedge dut_uart.uua_ua_clock);
tb_cts = 1'b1;

repeat(1l)@(negedge dut_uart.uua_tx_en);
tb_cts = 1'b0;

repeat(13)@ (posedge dut_uart.uua_tx_en);
//End Case #4

/[Test Case #5: Receive data with odd parity
tb_data_in = 8'b00011000;

tb_mem_addr = 16'hbf10;

tb_sb _en=1'b1;

repeat(1)@ (posedge tb_sysclk);

tb_sb_en =1'b0;

tb_test data = 12'b110100010001;
repeat(13)@ (posedge dut_uart.uua_tx_en);
/ICPU Read Status Reg & Data
tb_mem_addr = 16'hbflc;

tb_Ib_en=1b1;

repeat(1)@ (posedge tb_sysclk);
tb_mem_addr = 16'hbf14;

repeat(2)@ (posedge tb_sysclk);

tb_Ib_en =1'b0;

//End Case #5

/ITest Case #6: Receive data with even parity
tb_data_in = 8'n00001000;

tb_mem_addr = 16'hbf10;

tb_sb_en=1'b1;

repeat(1l)@(posedge tb_sysclk);

tb_sb_en =1'b0;

tb_test data = 12'b100110011001;
repeat(13)@ (posedge dut_uart.uua_tx_en);
/ICPU Read Status Reg & Data
tb_mem_addr = 16'hbflc;

tb_Ib_en=1'b1;

repeat(1)@ (posedge tb_sysclk);
tb_mem_addr = 16'hbfl14;

repeat(2)@ (posedge tb_sysclk);
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tb_Ib_en =1'b0;
/IEnd Case #6

/[Test Case #7: Receive data with no parity
tb_data_in = 8'000000000;

tb_mem_addr = 16'hbf10;

tb_sb_en=1'b1;

repeat(1)@ (posedge tb_sysclk);

tb_sb_en =1'b0;

tb_test data=12'0111001100101;
repeat(13)@ (posedge dut_uart.uua_tx_en);
/ICPU Read Status Reg & Data
tb_mem_addr = 16'hbflc;

tb_Ib_en=1'b1;

repeat(1l)@(posedge tb_sysclk);
tb_mem_addr = 16'hbfl14;

repeat(2)@ (posedge tb_sysclk);

tb_lIb_en =1'b0;

//End Case #7

/[Test Case #8: Receive data with parity error
tb_data_in = 8'n00001000;

tb_mem_addr = 16'hbf10;

tb_sb en=1'b1;

repeat(1l)@(posedge tb_sysclk);

tb_sb_en =1'b0;

tb_test data = 12'b110000111101;
repeat(13)@ (posedge dut_uart.uua_tx_en);
//ICPU Read Status Reg & Data
tb_mem_addr = 16'hbflc;

tb_Ib_en=1b1;

repeat(1)@ (posedge tb_sysclk);
tb_mem_addr = 16'hbf14;

repeat(2)@ (posedge tb_sysclk);

tb_Ib_en =1'b0;

//End Case #8

/[Test Case #9: Receive data with framing error
tb_data_in = 8'b00001000;

tb_mem_addr = 16'hbf10;

tb_sb en=1'b1;

repeat(1)@ (posedge tb_sysclk);

tb_sb_en =1'b0;
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tb_test data = 12'b001111000001;
repeat(13)@ (posedge dut_uart.uua_tx_en);
//CPU Read Status Reg & Data
tb_mem_addr = 16'hbflc;

tb_Ib_en=1'b1;

repeat(1)@ (posedge tb_sysclk);
tb_mem_addr = 16'hbf14;

repeat(2)@ (posedge tb_sysclk);

tb_lIb_en =1'b0;

//End Case #9

repeat(10)@ (posedge tb_sysclk);
$stop;

end

endmodule
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6-2 UART Integration Test with CPU

The behavior of integrated UART with CPU is verify connecting two CPU

together. The connection of the verification citésishown in the figure below.

dut1_crisc
‘ uiua_sysclk uirisc_clk uorisc_ua_tx_data
———» uirisc_rst uorisc_ua_rts

uirisc_ua_rx_data

uirisc_ua_cts

dut2_crisc
uirisc_clk uorisc_ua_tx_data —— |
uirisc_rst uorisc_ua_rts

uirisc_ua_rx_data l¢——— !

uirisc_ua_cts

Figure 6-2-F1: Verification circuit of integratidast.

To begin the test, first the data has to be loam ithe UART in RISC32
microprocessor. The instructieh andlb is used to write data into the UART or load
data from the UART. A test program is developedetst the integration of UART
into RISC32 microprocessor. In the test progranideitl_crisc”, data will be load

into the UART and wait until the transmission ismquete before another test is begin.

While the test program of "dut2_ crisc" will be reggible to wait until the
transmission is complete and the interrupt sigeasserted. The interrupt signal will
trigger the interrupt handling mechanism in CPOicliwill dispatch CPU to jump in
to exception handler code. In the exception handlex cause of the interrupt is
examined and the CPU will jump to the appropriaterrupt Service Routine (ISR).
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In the ISR, the received data will be read by CIAd place into a register. After the
data is loaded into register file, the ISR will dehe status register of UART to check

for the available data in receiver FIFO. If theseavailable data in receiver FIFO, the

ISR will continue to load data from receiver FIF@daplaced it into register. Until

there is no available datetet function will be call to resume to user program as

before the interrupt happens.

6-2-1 Test Plan of UART Integration

Test

Function to be
Tested

Expected Output

Test Case #1: Transmit 1 data

Load 1 data into "dutl_crisc".

*data = 8'0110_0001.

from "dutl_crisc"
and received by
"dut2_crisc". At
the same time
the handshakin
between two
device is testeq
too.

Transmit the data dutl crisc

uoua_ tx data =
11 0110_0001_0

, dut2_crisc

juiua_rx_data =
11 0110_0001_0

|

Test Case #2: Transmit 5 data continuously

Load 5 data into "dutl_crisc".

Force the interrupt signal to LOW unti
the transmission of 4th data is comple
* 1st data = 8'h0110_0111.
* 2nd data = 8'b0011_0000.
* 3rd data = 8'b1010_0111.
* 4th data = 8'b0011_0011.
* 5th data = 8'b0110_1101.

Transmit 5 dats
continuously to
"dut2_crisc". The
tgransmission
should be stop 3
the 5th data, du

to "dut2_crisc™'s
receiver FIFO
has full.

L dutl_crisc
uoua_ tx data =
11 0110 0111 0
uoua_tx data =

t10_0011_0000_0

buoua_tx_data =
11 1010 0111 0
uoua_ tx data =
10_0011_0011_0
uoua_tx data =
11 0110 11010

dut2_crisc

uoua rx_data =
11 0110 0111 0
uoua rx_data =
10_0011_0000_0O
uoua rx_data =
11 1010 0111 0
uoua rx_data =
10_0011_0011_0
uoua rx_data =

11_0110_1101 0

Table 6-2-1-T1: Test plan of UART integration.
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6-2-2 Test Program of "dutl_crisc"

.text 0x00400024
.globl main
main: lui $t0, Oxbf0O0
ori $s0, $t0, 0x000c #base address of UART menmmay
addi  $t0, $zero, 0x8 #even parity, 38400 bausbd
sb $t0, 4($s0) #write configuration to configre

#test case #1: Transmit 1 data

testl: addi  $t0, $zero, 0x61 #data 1: 0110_0001
sb  $t0, 12($s0)
addi  $t0, $zero, 6500

waitl: addi  $tO, $t0, -1 #wait for UART transrhitlata
bne  $t0, $zero, waitl
nop

#test case #2: Transmit 5 data continuously

test2: addi  $t0, $zero, 0x67 #data 1: 0110_0111
addi  $t1, $zero, 0x30 #data 2: 0011_0000
addi  $t2, $zero, Oxa7 #data 3: 1010_0111
addi  $t3, $zero, 0x33 #data 4: 0011_0011
addi  $t4, $zero, 0x6d #data 5: 0110_1101
sh $t0, 12($s0)
sh $t1, 12($s0)
sh $t2, 12($s0)
sh $t3, 12($s0)
addi  $t0, $zero, 6500
wait2: addi  $tO, $t0, -1 #wait for UART transrtitiata
bne $t0, $zero, wait2
nop
sb $t4, 12($s0)
addi  $t0, $zero, 26500
wait3: addi  $tO, $t0, -1 #wait for UART transriditlata
bne  $t0, $zero, wait3
nop
exit: j exit
nop
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6-2-3 Test Program of "dut2_crisc"

.text 0x00400024

.globl main

main: lui
ori
addi
sb

addi
testl:
bne
nop

addi
addi
test2:
bne
nop
addi
bne
nop

exit: j
nop

addi

addi

$t0, Oxbf00

$s0, $t0, 0x000c
$t0, $zero, 0x8
$t0, 4($s0)

$t1, $zero, 6505
$t1, $t1, -1
$t1, $zero, testl

$t1, $zero, 6505
$t2, $zero, 5
$t1, $t1, -1

$t1, $zero, test2

$t2, $t2, -1
$t2, $zero, test2

exit

#even parity, 38400 bawdp
#write configuration to configre

#wait to receive 1 data

#wait to receive 5 data
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6-2-4 Pseudocode of Exception Handler

BEGIN
STORE current status of user program
Extract Exception Code of Cause Register
CASE of Exception Code OF
0: Branch to exception routine of Interrupt
: Branch to exception routine of Address Efiraap LOAD

: Branch to exception routine of Address Efiraap STORE

4

5

6: Branch to exception routine of Bus Error Brilrap
7. Branch to exception routine of Bus Error dAD/STORE Trap
8: Branch to exception routine of Syscall
9: Branch to exception routine of Breakpointpra
10: Branch to exception routine of Reserved/Umeef Instruction
12: Branch to exception routine of Arithmetic @l@av

ENDCASE

Read Status Register to default state

Read Cause Register to default state

Restore state of user program

Increment EPC address by 4

Return the user program based on EPC registeessidr

END

6-2-5 Pseudocode of UART ISR

BEGIN
LOAD base address of UART memory map
LOAD received data
Extract the UART receiver FIFO status from UAR®&tas register
IF receiver FIFO is not empty THEN
JUMP to the begin of ISR
ENDIF

Return to main exception handler code
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END
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6-2-6 Simulation Result

Test Case #1: Transmit 1 data

\> sbty_set_count 1'h0 | |
« sbbi_decrement 1ho l | | | | | | I | | |
& shitx_tx_fifo_empty 1h1 |
4 uua_tx_en 1h l | 1 ] | | | | | | | | l |
% uoua_tx_data 1h1 ‘_'-_—l_—| | 1___ I L
% uoua_rts 1hid I [ [
;_} uiua_cts 1ho I [
— dut2
= @ brf_reg_ram[27] 32hrocoooo {3Zh00000000 {32h00000001
[+ 4 urisc_pc 32hbfc00000
&« udp_if_pc4 32hbfco0004
+ 4 ubp_next_pc 32hbfcoo004
+ 4 urisc_instr 32haooooo
+ \> urisc_loaded_data 32 oo ! !
+ \> urisc_loaded_uadata 32'h00000000 [ 3Zh00000000 = Jh00000000
\> urisc_intr_uart 1'ho | < | 3
P uiua_rx_data 1h1 ] | | 1 I - L
+) « sbrx_present 4b0001 ET [ 4b0100 14b100p [ 4H0001 1
+ « sbrx_next 4b0001 (4b.. [ 14b0100 j4b1000 | 4H0001 R
+ « sbrx_count1 4h0000 [ 4b0000 Y 4bi0d1 {4b1000 {4b0i1f1 Y4b0110 {4b0i01 {4b0i00 I4bo0ii 4b0010 {4B0001 § 40000 I
\> sbrx_set_count 1'bi | | |

Figure 6-2-6-F1: Simulation result of test case #1.
1. Transmitting data from dutl_crisc to dut2_crBata = 11_0110_0001_0.
2. Received data from dutl_crisc.

3. Interrupt signal is asserted after dut2_criseirged the data from dutl_crisc.
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— dut 2 1
+ ’ brf_reg_ram[27] 32'h00000000 32'hi00000000
+ ’ urisc_pc 32h0040004c 32h0040004 |} 32’h00400050 | 32'hE0000150 JI32'h80000184 | 32h80000188 | 32h8000018c | 32'h80000190 ) 3.
+ 0 udp_if_pc4 32h00400050 32h00400050 e = ST ), 22 h80000188 | 32h8000018c | 32h80000190 | 32'hE0000194 ] 3.
+ ’ ubp_next_pc 32h00400050 32h00400050 | 32’h0040004c | 32'hE0000184 ] 32'h80000188 | 32h8000018c | 32h80000190 | 32'hE0000194 ] 3.
+ ’ urisc_instr 32h2129fff 32h2 130 32'h1530fffe 32hac040000 | 32'hacd50004 | 32h40156800 ] 32h001a2082 | 32h3034001F | 3.
+ v) urisc_loaded_data 32 oo
+ < urisc_loaded_uadata 3Zh00000000 37H00000000

Q urisc_intr_uart Tho ( 3

P uiua_rx_data 1hi e
+ < sbrx_present 451000 b0l
+ g sbrx_next 451000 b0l
+ + sbrx_countl 4h0000 h0o00

Q sbrx_set_count 1'b0

Q sbrx_decrement 1'b0
M hrv chift ren O'hAm 10Nnn FEEEELRGGL K

Figure 6-2-6-F1: Simulation result of test case #1.

1. After the interrupt signal is asserted, tlesc_pc changes from normal program execution to the fing of the exception handler code,
which is from 32'h0040_0050 to 32'h8000_0180.
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. 1 2 ~ | 3
= Q brf_reg_ram[27] 32h00000000 321 0000033 = 1 37hoodooos 1 ! | T 32hoodoo00z2 J_
) ’ urisc_pc 32h0040004c 32'hSDEI...!_ 37h80000240 ) 37'h800002b0 | 37'h&00002b4 | 37'h&00002b& | 37'hE00002bc | 37'h&00002c0 | 37'h&00002c4 32'h8&@Jua.c 3Zha0000 %] S nE0i00;
4 * udp_if_pc4 32'h00400050 32ha0d... 4 1 327h800002b8 | 32ha800002bc | 32h300002c0 | 32°ha800002c4 | 32°h800002c8 | 32ha800002¢cc 32'h800002d0 32'h80_ﬂ'@
= 0 ubp_next_pc 32h00400050 32'HB00... | 32h80000244 [ 32hE00002b4 [32'h800002b8 | 32’h800002bc | 32h800002c0 | 32ha00002c4 | 32°ha0d002c8 [ 32hB00002cc 32'h800002d0 | 32hE0000:
* ‘ urisc_instr 3Zh2129ffF 32H0c0... | 32h00000000 | 32h3ciabf0d | 32h3752000c ) 32h33500010 | 32h00000000 | 32ha3560008 ] 32h001bd342 | 32h337b0001 3Zh1380fff8 | 32h00000c
= Q urisc_loaded_data 32 Moo 32'hi00000000 § 32h00000061 32'h00000002
150 urisc_loaded_uadata 32’h00000000 32'H00000000 32h00d00061 | 32h000300000 | 32'h00000002 ] 32'h00000000

‘ urisc_intr_uart 1hd

=9 uiua_rx_data 1hi
+) 4 sbrx_present 4b1000 Ab0001
+ + sbrx_next 4b1000 4b0001
4+ sbrx_count1 4b0000 4b0000

« sbrx_set_count 1h0

‘ sbry_decrement 1'b0
4 * brx_shift_reg 9'b101100001 9101100001

& bri_shift_en 1h0

Figure 6-2-6-F3: Simulation result of test case #1.
1. The transition of instruction from 32'h8000_024@2'h8000_02b0 indicated the exception handlentering the UART ISR.
2. The UART ISR reads the data in receiver FIFOstoce in register 27 ($k0), the data receivedh6Band it is sign extended to 32-bits.

3. After the reads of received data, the ISR réfaeld4 ART status register to decide whether to comtiread data or exit from the ISR.

85
BIT (Hons) Computer Engineering
Faculty of Information and Communication Technol@gBgrak Campus), UART



CHAPTER 6: VERIFICATION SPECIFICATION

— dut2 1
+ v) brf_reg_ram[27] 32h00000001 32hi00000001 -
+) ’ urisc_pc 32h00400054 32'h300,.. | 327h30000230 hil'hﬂ[l[ 00234 | 327h00400054 J32'h004000538 | 32h0040005¢c | 32'h00400060 | 32hi
+ ’ udp_if_pc4 32'h00400058 3ZH800... | 32he0000234 | 32he0000238 | 32h00400056 | 32h0040005c ) 32h00400060 | 32000400064 | 320
+ ’ ubp_next_pc 32h00400058 32h800... | 32h30000234 | 32h80000238 | 32'h00400058 | 32h0040005¢c | 3200400060 | 32'h0040004c ) 32'hi
+ * urisc_instr 32h0000000a 32'h8da... | 3Z7h42000013 | 32h00000000 | 32h30300000 ]| 32'h214afitf 32h 1540 h 32'h00000000 ] 32h:
+ v) urisc_loaded_data 32 haoonoono
+ v) urisc_loaded_uadata 32'h00000000 32'h00000000

’ urisc_intr_uart 1'ho

:_’ uiua_rx_data 1hi
+) «§p sbrx_present 4b0001 40001
+) g sbrx_next 4h0001 4b0001
+ «» sbrx_count1 4h0000 Fh0og

v) sbrx_set_count 1'b0

&% chry derrement 1'hi

Figure 6-2-6-F4: Simulation result of test case #1.

1. After the UART ISR done its operation, the ISRurns to exception handler code. The instructioB2h8000 0230 isret, it return the
program execution back to user program. As in 8gii2-6-F5, the value afisc_pc jumps from 32'h8000 0234 to 32'h0040_0054.
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Test Case #2: Transmit 5 data continuously

@ sbte_decrement 1ho [ A I O I | 0 I O I | A O
P shitx_tx_fifo_empty 1ho 7 [
« uua_tx_en 1ho T T T T e Y I I
< uoua_tx_data Thi ] LT 11 [ L LI [ O | O 1! Y O I O
& uoua_rts 1ho _ 1 1 1 ] i
o uiua_cts 1ho _ = T ™ ™ M 4
— dutz - = —
4« brf_reg_ram[27] 32h00000061 13Zh00000001 = 1 32h00000001 1
[+~ urisc_pc 32h800002c8
)~ udp_if_pc4 37hE00002cc
+ « ubp_next_pc 32hB00002cc
4}« urisc_instr 32h337b0001
=+ urisc_loaded_dats 32h00000002 ! ) )
= Q urisc_loaded_uadata 32h00000002 T32hooooomon - T 32ho00000d0 b
\> urisc_intr_uart 1ho | = | |
P uua_rx_data Thi | [ LT 11 L LI R O | S | S o | LML L L
4} < sbrx_present 4b0001 I #boib0 T 40100 [ Y 4b0100 I ] I E ST Y #b0100 T
) sbrx_next 4b0001 I ¥ 4boind 17350100 T 1350100 10260100 1 {4bood1 450100 i

Figure 6-2-6-F5: Simulation result of test case #2.
1. Transmission of 4 data continuously to dut2 ccris

2. Receive 4 data continuously from dutl_crisc. ifterrupt signal is forced to LOW until all theuidh data is received (to let the receiver
FIFO full).

3. dutl_crisc has send a request-to-send sigoaa(rts = 1'b1) to dut2_crisc, but due to the receiver FIR@ut2_crisc is full, thus it did not
assert the clear-to-send signal to dutl_cusaa( cts = 1'b0). After the interrupt signal of dut2_criscasserted and the data in receiver FIFO is
read by CPU (which makes the receiver FIFO not gjnjitreply dutl crisc a clear-to-send signal. Tremsmission of the fifth data is started

afteruiua_cts=1'b1.
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4. The transmission of the fifth data.

— dut2 1
+ Q brf_reg_ram[27] 32'h00000001 3Zh00000001 —
+ * urisc_pc 32'h0040004c 32'h00400050 | 32'h0040004¢ §] 32'h00400050 | 32h30000180 §32'h&0000184 | 32’h300001858 | 32'ha0i
+ * udp_if_pc4 32'h00400050 32h00400054 | 32h00400050 | e it = ot 32h30000188 | 32'ha000018c | 32hadi
4 ‘ ubp_next_pc 32h00400050 32h0040004c ]| 32'h00400050 | 32’h0040004c | 32h80000184 ] 32h80000188 | 32ha000018c | 32'ha0i
4 ‘ urisc_instr 32h2120ffff 32'h1530fffe 32h2139H 32'h1520fffe 32hac040000 ] 32hacl50004 | 32°h401a6800 ] 32'h00
+ v‘ urisc_loaded_data 32 oo
) urisc_loaded_uadata 32'h00000000 32R00000000 Fan

-‘ urisc_intr_uart Tho [1 j

;_) uiua_rx_data 1hi el
+) « sbrx_present 4h0001 FR0001
+) « sbrx_next 4h0001 FR0001
+ « sbrx_countl 4h0000 FH0000

’ sbrx_set_count 1'b0

e 1 1 . all o~

Figure 6-2-6-F6: Simulation result of test case #2.

1. The transition from user program execution tcegtion handler after the interrupt signal is a@sse@risc_intr_uart = 1'b1).
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— dut2
)« brf_reg_ram[27] 32h00000067 H{==ro0000067 32h003 2
+} +p urisc_pc 32h300002c3 32h300002c5 32h800002cc I 32ha00002d0 ) 32ha00002b0 § 32080000264 | 32080000204 | 32h80d002bc | 3,
+ « udp_if_pc4 32h@00002cc 37hB0000%cc 32h800002d0 0020 | =2 e 32ha00002b& | 37ha00002be [37ha00002c0 |3
+) 4 ubp_next_pc 32h300002cc 32ha00003c 32h800002d0 | 37ha00002b0 J 37ha0000204 | 32h800002b8 | 32h800002bc | 327h800002c0 | 3,
)« urisc_instr 32h337b0001 32h337h0001 32h1340fffa ) 32h00000000 ) 32h3ciabfi0 ) 32h375a000c | 32083500010 | 32000000000 | 3,
4}« urisc_loaded_data 32 hwonooono 32h00000000 (3
+ v) urisc_loaded_uadata 32'h00000000 32'h00000000

v) urisc_intr_uart 1hi

;_) uiua_rx_data 1hi
4}« sbrx_present 4hi001 40001
+) «p sbrx_next 4hi001 FE0001
+ v) sbrx_countl 4h0000 Zh000

v) sbrx_set_count 1'b0

« sbrx_decrement b

Figure 6-2-6-F7: Simulation result of test case #2.

1. The second data and the value of status reggstead by CPU. The status register value indittaethe receiver FIFO is not empty, thus the

UART ISR will jump back to the beginning of ISR taad of jumping back to exception handler code.

2. The program execution jump to the beginninghefWART ISR.
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— dut2 | | | I I I | |
-+ ‘ brf_reg_ram[27] 32'h00000030 I '_32'I DDDDDEED i 32'hI 00000000 I32'I 00000077 | 32'ﬂ]| 00000000 i 32'EI UDDDDEE3 I32'hl UDDDUDDZ_-!32'H]| 000
ii’uriscjc 32ha00002c 32':F_8 Iluuzcas EF ST IR VYR I F-AVVI - AT - F AT R r%l T8 |22 Jod o | odo jofar o2 |3 3 = 0I5l (34, }30.. 32,
BN * udp_if_pc4 32hB800002cc 32'hSU!JUE|2cc 32.. 32, J32.. {32, [32. }32. }3d.. 32'h8|3q002cc 32.. 32, |32, [32.. [32. }32. ]3.. 32'hBEIqUUZl:c 32. ]32.. ]32.. |32,
-+ ‘ ubp_next_pc 32h800002cc 32ha0b002cc 132°... [32... {32... {32... {32... [32... [37... {32h800002cc [32'... {32... {32... {32... {32... [32... |32... {32h800002cc [32'... [32... {32... {32,
ii’urisc_instr 32h337b0001 32h33vb0o001 J32... |32... J32... }32.. J33... [32.. 132. 13%h337bo001 |39, J32.. [33... [33.. J3F... [32... 132.. [37h33Fb0o001 j37... 132.. |32.. |33,
+ ’ urisc_loaded_data 3Zhooooooo 2. 32.. 132... 32... 32.. [32... 32...
= ‘ urisc_loaded_uadata 32'h00000000 32h00000000 32'... ] 32h00000000 3Z... 32'..‘/":32'... 32'h00000000

’ urisc_intr_uart 1hi _'l }

;’ uiua_rx_data Thi =N
+ g sbrx_present 4b0001 4b000]
+ ’ sbrx_next 4boo1 4h00ooi
+) 4 sbrx_count1 4b0000 45000

 sbrx_set_count b

’ sbrx_decrement 1'b0
)« brx_shift_reg 9b000110011 9b000f 10011

Figure 6-2-6-F8: Simulation result of rest case #2.
1. Continuous reading of data and status regisitdrtbhe receiver FIFO is empty.

2. The interrupt signal is de-asserted after &ldhta in receiver FIFO is read.
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— dut2
+ « brf_reg_ram[27] 32'h00000001
+} g urisc_pc 37’h00400050
+ 4 udp_if_pc4 37h00400054
+ « ubp_next_pc 32'h0040004¢
+} g urisc_instr 37h1520fffe
+ Q urisc_loaded_data 32 a0
+) « urisc_loaded_uadata 32'h00000000
Q urisc_intr_uart 1hid
& uiva_rx_data 1hi
+ -‘ sbrx_present 4booo1
+) « sbrx_next 4b0001
+ « sbrx_count1 4b0000
v‘ sbrx_set_count 1'bd

S N IR P —— +

1k

32H0000000 1 [ 32'hoooooosd § 32ho0000002 J 3Fh00000001
32, 132, 132.. 13 T e gt e, 132, 132, 132.. [32. |32.. 132
32... 132... |32... 137h800002cc J37... 132.. 132... 132, |32e. 13200 |32... |32... 132
370, 1370 |37... 1370B00002cc ] 37... 1320, 13200, 1320, 13200 13200 1320ee 13200, 132
3. 132... 132... 137h33b0001 J37.., 137... }32... 137... |32h00000000 |37... |32... 132
32.. 137... 37...
32h00000000 32.. |32, 482, {32h00000000
2{ 1)
gl
4b0001
4b0001
£h0000

Figure 6-2-6-F9: Simulation result of test case #2.

1. CPU read the fifth data and its status.

2. The interrupt signal is de-asserted after CRld the data from receiver FIFO.
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6-2-7 Testbench Code of UART Integration Test

//*-k**-k*********-k*********-k*********-k*********-k**** *kkkkkkhkkkkkk

/*

Project/Module: tb_r32_pipeline

File Name: tb_r32_pipeline.v

Date Created: 22/8/2016

Author: Lee Zhi Yong

Description: RISC32 microprocessor with UART inatgd testbench
Verilog code.

*/

/ kkkkkkkkkkkkhkkkhkkkkkkhkkhkkkkkkhkkkkkkkhkkkkkkkkhkkkkkkkkhkk *kkkkkkhkkkkkk

‘include "../util/macro.v"
module tb_r32_pipeline();
/ldeclaration

[|======= INPUT =======
/I System signal

reg tb_u_clk;

reg tb_u_rst;

/I UART signal

reg tb_u_reset;
wire dutl_tx_data;
wire dutl rts;

wire dut2_tx_data;
wire dut2_rts;

crisc dutl_crisc

(// UART signal
.uorisc_ua_tx_data(dutl_tx_data),
.uorisc_ua_rts(dutl_rts),
.uirisc_ua_rx_data(dut2_tx_data),
.uirisc_ua_cts(dut2_rts),

/I System signal
.uirisc_clk(tb_u_clk),
.uirisc_rst(tb_u_rst)

);
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crisc dut2_crisc

(// UART signal
.uorisc_ua_tx_data(dut2_tx_data),
.uorisc_ua_rts(dut2_rts),
.uirisc_ua_rx_data(dutl_tx_data),
.uirisc_ua_cts(dutl_rts),

/I System signal
.uirisc_clk(tb_u_clk),
.uirisc_rst(tb_u_rst)

);

/ kkkkkkhkkkhkkkhkkkkkkkkkkkkkkkkkkkkkkkkx

/IClock waveform generation
initial tb_u_clk <= 1'b1;
always #10tb_u_clk =~tb_u_clk;

1 ~~ ~~
/l Signals initialization.

/lIread memory to get instruction
initial begin

//[UART integration test by Lee Zhi Yong (201605)
/IDUT 1
$readmemh('test_loader_new.txt",tb_r32_pipeline.datisc.rom.data_ram);

$readmemh("exc_handler.mips",tb_r32_pipeline.duiscai_ktext_ksegO.u_cm_r |

memory);
$readmemh("test_program.txt",tb_r32_pipeline.dutiscau_text_seg.u_cm_r_men
ry);

/IDUT 2
$readmemh("test_loader_new.txt",tb_r32_pipelin€datisc.rom.data_ram);

$readmemh("exc_handler.mips",tb_r32_pipeline.duigcai_ktext_ksegO.u_cm_r |

memory);
$readmemh('uart_config.txt",tb_r32_pipeline.dut2sciu_text_seg.u_cm_r_memg

);

no
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/IDUT 1

/ltb_r32_pipeline.dutl_crisc.urisc_intr_uart = 1'b0
tb_r32_pipeline.dutl_crisc.urisc_intr_ps2_mousebd;1l
tb_r32_pipeline.dutl_crisc.urisc_intr_ps2_keyboartbO;
/IDUT 2
tb_r32_pipeline.dut2_crisc.urisc_intr_ps2_mousebd;1
tb_r32_pipeline.dut2_crisc.urisc_intr_ps2_keyboartbO;

tb_u_rst=1'b0;

repeat(1)@ (posedge tb_u_clk);
tb_u_rst=1b1,;

repeat(2)@ (posedge tb_u_clk);
tb_u_rst=1'b0;
||================—===—===—==

repeat(13)@ (posedge dutl_crisc.uuart.uua_tx_en);
force dut2_crisc.urisc_intr_uart = 1'b0;

repeat(52)@ (posedge dutl_crisc.uuart.uua_tx_en);
release dut2_crisc.urisc_intr_uart;

repeat(13)@ (posedge dutl_crisc.uuart.uua_tx_en);

$stop;
end
endmodule
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After successful behavioral simulation of UART mtalby ModelSim simulator, it

was synthesized on Xilinx Spartan-3E XC3S500 FG&2tes FPGA by using Xilinx

ISE design suite. In order to test the behavidhefsynthesized UART, a verification
circuit is added to the original UART design. Thahe FGPA board will be

connected with a software in PC called "Tera Tettmn8ugh RS232 interface.

7-1 FGPA Design Summary
Design Summary

Figure below shows the total amount of the hardveare the amount being utilized
by the UART module.

Device Utilization Summary

Logic Wilization Used Available Utilization Note(s)

Number of Slice Flip Flops 178 5312 1%

Mumber of 4 input LUTs 173 5312 1%

Logic Distribution

Number of occupied Slices 173 4 656 3%
Mumber of Slices containing only related logic 173 173 100%
Mumber of Slices containing unrelated logic 0 173 0%

Total Number 4 input LUTs 267 5312 2%

Mumber used zs logic 173

Number used as a route-thru 55

Number used for Dual Port RAMs 36

Mumber used as Shift registers 3

Mumber of bonded 108s 52 232 22%
IOE Flip Flops &

Number of GCLKs 2 24 8%

Total equivalent gate count for desion 5393

Additional JTAG gate count for [0Bs 2496

Figure 7-1-F1: Device utilization summary of UARyIn¢hesis.
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Pinout Report

Figure below is the placement and configuratio ART's input and output pins.

Pin
Number

AT
B6
B11
cs
cs
c18
D16
D17
D1g

-
7

E8
E17

F17
F18
G15
G16
H14
H15
H16
H17
H1g
K3
K4
K5
K6
K17
L13
L14
M14
F13
R12
R13
R14
u13
U4
W14

Signal
Name

Liua_grant
uoua_switch<2>
uoua_done
uiva_mem_addr<3>
uiua_sysclk
uiua_mem_addr<3>
uiua_mem_addr<11>
uiva_mem_addr<10:
uiva_pop_rx_fifo
uoua_switch<1>
Liua_mem_addr<2>
uiua_mem_addr<13>
uoua_switch<0>
uiua_mem_addr<d>
uoua_data_out<6>

uoua_data_out<h>

uoua_data_out<ds
uoua_data_out<Z>
uoua_intemupt

voua_data_out<3>
voua_data_out<0>
voua_data_out<1>
<2

Liua_mem_addr<5>

uiva_baud_rats

Liua_mem_addr<6>
uiua_mem_addr<8>
uiua_mem_addr<7>
Liua_reset
uiva_baud_rate<0>
uiva_baud_rate<1>
uoua_bx_data
Liua_sh_en
uiva_nx_data
uiua_mem_addr<15:>
uiua_lb_en
Liua_mem_addr<12>
uiua_mem_addr<0>
uiua_mem_addr<14:
uiua_mem_addr<1>

Pin
Usage

IBUF
108
108
IBUF
IBUF
IBUF
IBUF
IBUF
IBUF
108
IBUF
IBUF
108
IBUF
108
108
108
108
108
0B
0B
108
IBUF
IBUF
IBUF
IBUF
IBUF
IBUF
IBUF
IBUF
108
IBUF
IBUF
IBUF
IBUF
IBUF
IBUF
IBUF
IBUF

Pin
Name

P
10_L20F_0
I0AVREF_0
IP_L16P_0
10_L14F_0/GCLK10
10_L24F_1/LDC1
10_L23N_1/LDCO
10_L23P_1/HDC
IP/VREF_1
10_L13N_O/VREF_0
10_L17P_0

10

10_L19P_0
10_L17N_0
10_L18N_1
10_L18P_1
10_L18P_1
10_L18N_1
10_L17P_1
10_L17N_1
10_L16P_1
10_L16N_1/AD
IP/VREF_1
10_L13P_3/LHCLKA/TRDY2
10_L13N_3/LHCLK5
10_L14N_3/LHCLKT
10_L14F_3/LHCLKE

10_LO5P_1
10_L22F_2/A23
IP_LD8N_2
10_L20N_2
10_L22N_2/822
10_L24N_2/820
P

IP_L23N_2
IP_L23P_2

Direction

INPUT
OUTFUT
OUTPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
QUTPUT
INPUT
INPUT
QUTPUT
INPUT
OUTFUT
OUTPUT
OUTPUT
QUTPUT
QUTPUT
QUTPUT
QUTPUT
QUTPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
OUTFUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT
INPUT

0
Standard

LVCMOS25
LVCMOS25
LVCMOS25
LVCMOS25
LVCMOS25
LVCMOS25
LVCMOS25
LVCMOS25
LVCMOS525
LVCMOS525
LVCMOS25
LVCMOS25
LVCMOS25
LVCMOS25
LVCMOS25
LVCMOS25
LVCMOS25
LVCMOS25
LVCMOS25
LVCMOS25
LVCMOS25
LVCMOS525
LVCMOS525
LVCMOS25
LVCMOS25
LVCMOS25
LVCMOS25
LVCMOS25
LVCMOS525
LVCMOS525
LVCMOS25
LVCMOS25
LVCMOS25
LVCMOS525
LVCMOS25
LVCMOS25
LVCMOS25
LVCMOS525
LVCMOS525

10 Bank
Number

I I N N N D e e e T N T T e e I I e e T A N T A R N A I e A T A = A =N A=)

Drive  Slew

mAy

Rate

12 5LOW
12 sLOW

12/5L0W

12 5LOW

12 5LOW
12 sLOW
12 sLOW
12 5LOW
12 5LOW
12 5LOW
12 5LOW
12/ sLowW

12 5LOW

Figure 7-1-F2: 10 pin report of UART synthesis.
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Temination

PULLUP
NONE™

PULLUP

PULLUP

NONE*
NONE™
NONE™
NONE™
NONE™
NONE™
NONE™
NONE™

NONE*

10B
Delay
NONE

NONE
NONE
NONE
NONE
NONE
MNONE

MNONE
NONE

NONE

IFD
MNONE
NONE
NONE
NONE
NONE
IFD
IFD

NONE
IFD

NONE
MNONE
NONE
NONE
NONE
NONE

Constrairt

LOCATED

LOCATED

LOCATED
LOCATED

LOCATED

LOCATED

LOCATED
LOCATED
LOCATED
LOCATED

LOCATED

le]
Register

NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
YES
NO
NO
NO
NO
NO
YES
YES
YES
NO
YES
NO
NO
NO
NO
NO
NO

Signal
Integrity

NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
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7-2 Timing Analysis

From the timing analysis report, the timing constraet on Uiua sysclk" (system
clock pin) is 20ns period and 50% high which is $#Viclock speed and 50% duty
cycle. The minimum period indicates the minimumuiegd period for the clock in

order to sustain the data path delay.

The full timing analysis report is shown in theleabelow. In the report, the 3 longest

delay path is shown together with the source astirddion of the path.

Timng constraint: NET "uiua_syscl k_BUFGP/ | BUFG' PERI OD = 20 ns H GH
50%

945 itenms analyzed, O timng errors detected. (0O setup errors, O
hol d errors)
M ni mum period is 6. 609ns.

Sl ack: 13.391ns (requirenent - (data path - clock
pat h skew + uncertainty))
Sour ce: debouncer _datal/PB sync_1 (FF)
Desti nati on: debouncer _datal/PB state (FF)
Requi r enent : 20. 000ns
Dat a Pat h Del ay: 6.609ns (Levels of Logic = 2)
Cl ock Path Skew: 0. 000ns
Source C ock: ui ua_syscl k_BUFGP rising at 0.000ns
Destinati on C ock: ui ua_syscl k_BUFGP rising at 20.000ns
Cl ock Uncertainty: 0. 000ns
Dat a Pat h: debouncer_datal/PB_sync_1 to debouncer_datal/PB state
Del ay type Del ay(ns) Logical Resource(s)
Tcko 0. 652 debouncer _datal/PB sync_1

net (fanout=1) 2.079 debouncer _datal/PB sync_1
Tilo 0. 759 debouncer _datal/ not 00021
net (fanout=9) 0.074 debouncer _dat al/ _not 0002
1
1
0

Topxb . 344 debouncer _datal/ _not 0003_wg_| ut <4>
debouncer _datal/ _not 0003_wg_cy<4>

net (fanout=1) . 146 debouncer _datal/ not 0003_wg_cy<4>

Tceck . 555 debouncer _datal/PB state

Tot al 6.609ns (3.310ns logic, 3.299ns route)
(50.1% 1 ogic, 49.9% route)

Sl ack: 13.560ns (requirement - (data path - clock
path skew + uncertainty))
Sour ce: bt x/ synchroni zer _r2w/ op_data_ 0 (FF)
Destinati on: bt x/inst _Mam nenbl. WVE ( RAM
Requi r enent : 20. 000ns
Data Path Del ay: 6. 440ns (Levels of Logic = 3)
Cl ock Path Skew: 0. 000ns
Sour ce C ock: ui ua_syscl k_BUFGP rising at 0.000ns
Destinati on C ock: ui ua_syscl k_BUFGP rising at 20.000ns
Cl ock Uncertainty: 0. 000ns

Data Path: btx/synchronizer r2w op _data 0 to btx/inst Mam nenbl. W\E
Del ay type Del ay(ns) Logi cal Resource(s)
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Tcko

net (fanout=2)
Tilo

net (fanout=1)
Tilo

net (fanout=6)
Tilo

net (fanout=8)
Tws

r2w/ op data 0
r 2w/ op_dat a<0>
w_SWL

bt x/ synchroni zer
bt x/ synchr oni zer
bt x/asynfifo rl1 3/op_full
N220

bt x/asynfifo rl 3/op full w
uua tx fifo full

bt x/asynfifo rl 3/w.inc wl

bt x/asynfifo rl 3/winc w

bt x/inst Mam nenbl. WE
(3.156ns logic, 3.284ns route)
(49.0% 1 ogic, 51.0% route)

Orooo0o00oo
\l
o
=

Sl ack:

13.560ns (requirement - (data path - clock

path skew + uncertainty))

Sour ce:

Desti nati on:

Requi r enent :

Data Path Del ay:
Cl ock Path Skew:
Sour ce C ock:
Destination C ock:

bt x/ synchroni zer _r2w/ op_data_0 (FF)

bt x/inst _Mam nenbl. WVE ( RAM
20. 000ns

6. 440ns (Levels of Logic = 3)
0. 000ns

ui ua_syscl k_BUFGP rising at 0.000ns
ui ua_syscl k_BUFGP rising at 20.000ns

d ock Uncertainty: 0. 000ns

Data Path: btx/synchronizer_r2w op_data_0 to btx/inst_Mam nentl. WE
Del ay type Del ay(ns) Logi cal Resource(s)
Tcko 0. 652 bt x/ synchroni zer _r2w op_data_0
net (fanout=2) 0. 757 bt x/ synchroni zer _r 2w/ op_dat a<0>
Tilo 0.704 bt x/asynfifo rl1 3/op full_w SW
net (fanout=1) 0. 762 N220
Tilo 0.704 btx/asynfifo rl 3/op full _w
net (fanout=6) 0. 099 uua_tx fifo full
Tilo 0.704 bt x/asynfifo rl1 3/w inc_wl
net (fanout=8) 1. 666 bt x/asynfifo rl 3/winc_w
Tws 0. 392 bt x/inst _Mam nenbl. WE
Tot al 6. 440ns (3.156ns logic, 3.284ns route)

(49.0% 1 ogic, 51.0%route)

Table 7-2-T1: Timing analysis report of UART syrdfse
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7-3 Power Analysis

The figure below is the power analysis report fus tUART synthesis. The report
shows the estimation of power consumption of tregie Apart from that, the report
includes the thermal summary and decoupling netvgokmary which shows the

estimated junction temperature and the capacitamenended for the design.

Power summary: T (mA) B i)
Total estimated power consumption: 37
Vecint 1.20WV: 10 12
Vecaux 2.50V: 10 25
Veco25 2.50WV: a a

Clocks: 4] 1]

Inputs: 0 0

Logic: 0 0

Jutputs:

Veoool2s 4] 1]

Signals: 4] 1]
Quiescent Vecint 1.20V: 10 2
Quiescent Vccaux 2.50V: 10 25

Thermal summary:
Eztimated junction temperature: 26C
Ambient temp: 25C
Case temp: 26C
Theta J-A range: 34 - 34C/W

Decoupling Network Summary: Cap Range ([uF) ¥

Capacitor Recommendations:

Total for Veeint 8
470.0 - 1000.0 : 1

0.0470 - 0.2200 : 1

0.0100 - 0.0470 : 2

0.0010 - 0.0047 : 4

Total for Vccaux : 8
470.0 - 1000.0 : 1

0.0470 - 0.2200 : 1

0.0100 - 0.0470 : 2

0.0010 - 0.0047 : 4

Total for Veocodd 8
470.0 - 1000.0 : 1

0.0470 - 0.2200 : 1

0.0100 - 0.0470 : 2

0.0010 - 0.0047 : 4

Inalysis completed: Fri Aug 19 17:33:38 2016

Figure 7-3-F1: Power analysis report of UART systhe
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7-4 Verification Circuit

To test the UART's operation, a loop-back circsiibuild on the UART. In the circuit,
the serial port of Spartan-3E board is connectethéoserial port of PC. When a
character a sent from PC, Spartan-3E will recethedcharacter and stored in receiver
FIFO. When retrieved, the data is send back tostréter to transmit out through
uoua_tx_data port. The debounced push button produces a simgeclock-cycle tick
when pressed and it is connected to tiua wpop_rx_fifo. When the tick is generated,
it removes one byte of data from receiver's FIF@ antes to transmitter's FIFO for
transmission. The data will then be pop out froem$mitter's FIFO and transmit to
PC through the RS232 interface. On PC site, thevaoé "Tera Term" is used to

received the data and display on the softwarefatter

The switch[2:0] is referring to the 3 switches on the Spartan-3&rdho These
switches is used to configure the baud rate of UARAe figure below shows the

block diagram of the verification circuit.

. uuart J
uiua_mem_addr [15 : 0] uoua_data_out [7 : 0]
uiua_data_in [7 : 0] uoua_tx_data —— > X
S0MHz uiua_lb_en uoua_rts
uiua_sb_en uoua_done
rst_pb uiua_grant uoua_interrupt
uiua_rx_data
uiua_cts
uiua_sysclk
debouncer uiua_reset
send_data_pb —| push_button tick uiua_pop_rx_fifo
clk uiua_select baud[2:0]
rst
switch[2:0]

Figure 7-4-F1: Block diagram of UART verificatiofrauit.
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7-5 Setting Up the Testing Environment on PC

The software "Tera Term" is used to communicaté whie synthesized UART on
Spartan-3E board. To be compatible with the UARTSpartan-3E board, it has to be
configured to the same configuration as the UARTy @&efault, the UART
configuration is 9600 baud, 8 data bits, 1 sto@bd no parity. To configure the Tera

Term,

1. Open the software Tera Term from PC.
2. Select "Setup" from menu bar and click on "Seriaitlp A serial port setup

window will appears. Configure the setup as below:

* Port : COM5 (select the desired serial port)
* Baud rate 1 9600

* Data : 8 bit

o Parity : hone

» Stop : 1 bit

* Flow control : none
3. Click "Ok".

Now, the Tera Term is set up and ready to commtmiadth the Spartan-3E board.
Type any character on the software and press "Etdeiransmit to the board. The
configuration setting can be changed accordindni¢ocbnfiguration of the UART on
the board.
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= - - S s - O
! ! Tera Term: Serial port setup
File Edit Setup
: Port: COM5 "
ort: W 0K

Baud rate: 9600 v

Data: 8 bit w Cancel

Parity: none v

Stop: 1 bit v Help

Flow control: none v

Transmit delay
0 msecichar 0 mseciline

L

Figure 7-5-F1. Configuration settings of serial conon Tera Term.
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CHAPTER 8: CONCLUSION
8-1 Conclusion

A UART module and a UART address decoder has baeoessfully modeled and
integrated into RISC32 microprocessor. All the bhetvahas been tested working.
The purpose of UART address decoder is to prodirRig [Dterface compatible output
signals to UART. Hence, the RISC32 microprocessoalile to communicate with
UART by using instructionsw to transmit data or configuration to UART and
instruction lw to read the 8-bits data or status from UART. Th® gerial

communication follows the protocol mentioned in Glea 2 of this project.

The integration of UART into RISC32 architecturesieeen accomplished, as shown
is Chapter 4. In addition, the UART address decader modeled using Verilog HDL
based on the developed micro-architecture spetiditas shown in Chapter 5. The
full integration verification was also completeddaits shown in Chapter 7. Apart
from that, the software handling part, which are Exception Handler and Interrupt
Service Routine (ISR) are also proven to be workifige received data by UART
was successfully transferred to the register file.

The UART module has been successfully synthesire8partan-3E board by using
Xilinx ISE Foundation 8.2i software. An extra ciicis build in order to test the
functionality of synthesized UART, the circuit isasvn in Chapter 7. The synthesized

UART is tested and proven to be working.

Based on the following table, the objectives stateChapter 1 has been achieved.

Objectives Status
Development of the RTL model of UART Enhanced
Integration of the UART model into existing RISC&&hitecture Enhanced
Development of the Interrupt Service Routine (ISRYART Enhanced
Synthesis of UART on FPGA New

Table 8-1-T1: Enhancement outcome.
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8-2 Discussion and Future Work

The current design of the UART is not capable todhathe received data with parity
error or framing error. The error status is stomedstatus register but no action is
taken to the data. An error handling mechanismbemplement in future to handle

the data with error.

The Interrupt Service Routine (ISR) of UART is oamlgle to read the receive data and
store in a register file. Further development stiqaiace the received data in memory

mapped address rather than a register file.

For future, the RISC32 microprocessor with 1/0 greded can be synthesis on FGPA

to test the software exception handling part inatieial hardware.
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