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Abstract—UART (Universal Asynchronous ReceiveiTransmitter) is a kind of serial communication protocol; mostly
used for short-distance, low speed, low-cost datax&éhange between computer and peripherals. During # actual
industrial production, sometimes we do not need théull functionality of UART, but simply integrate it s core part.
UART includes three kernel modules which are the badl rate generator, receiver and transmitter. The UART
implemented with VHDL language can be integrated ito the FPGA to achieve compact, stable and reliabldata
transmission. It's significant for the design of S@. The simulation results with Quartus Il are compktely consistent
with the UART protocol.
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1. INTRODUCTION

Asynchronous serial communication has advantagelessf transmission line, high reliability, and long
transmission distance, therefore is widely useddata exchange between computer and peripherals.
Asynchronous serial communication is usually impeaied by Universal Asynchronous Receiver Transmitte
(UART) [1]. UART allows full-duplex communicatiomiserial link, thus has been widely used in theadat
communications and control system. In actual appbos, usually only a few key features of UART are
needed. Specific interface chip will cause wasteesburces and increased cost. Particularly infigid of
electronic design, SOC technology is recently bangmncreasingly mature. This situation resultstlie
requirement of realizing the whole system funciiom single or a very few chips. Designers musigrdate the
similar function module into FPGA. This paper usédDL to implement the UART core functions and
integrate them into a FPGA chip to achieve compstethle and reliable data transmission, which &ffely
solves the above problem [2] [3].

Basic UART communication needs only two signal $ingRXD, TXD) to complete full-duplex data
communication. TXD is the transmit side, the outptitUART; RXD is the receiver, the input of UART.
UART's basic features are: There are two statethénsignal line, using logic 1 (high) and logic 16w to
distinguish respectively. For example, when thednaitter is idle, the data line is in the high gitate.
Otherwise when a word is given to the UART for agyonous transmissions, a bit called the "Start Bit
added to the beginning of each word that is torbesmitted. The Start Bit is used to alert the ikegethat a
word of data is about to be sent, and to forcectbek in the receiver into synchronization with teck in the
transmitter. These two clocks must be accurate gimtmnot have the frequency drift by more than i#ing
the transmission of the remaining bits in the wdid

After the Start Bit, the individual data bits oftlword are sent, with the Least Significant Bit B)$eing
sent first. Each bit in the transmission is trarigrdifor exactly the same amount of time as athefother bits,
and the receiver “looks” at the wire at approxirhathalfway through the period assigned to eachtdit
determine if the bitis a 1 or a 0. For examplet, idkes two seconds to send each bit, the receileexamine
the signal to determine if it is a 1 or a O afteesecond has passed, then it will wait two secamdisthen
examine the value of the next bit, and so on.

When the entire data word has been sent, the titiesmmay add a Parity Bit that the transmitter eyates.
The Parity Bit may be used by the receiver to perfeimple error checking. Then at least one StdgsBsent
by the transmitter.
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When the receiver has received all of the bith&data word, it may check for the Parity Bits ftbs¢nder
and receiver must agree on whether a Parity Bd ks used), and then the receiver looks for a 8foff the
Stop Bit does not appear when it is supposed ®JART considers the entire word to be garbled aiid
report a Framing Error to the host processor whendata word is read. The usual cause of a FragEimag is
that the sender and receiver clocks were not rgnainthe same speed, or that the signal was iipteaiu

Regardless of whether the data was received ctyrectnot, the UART automatically discards the §tar
Parity and Stop bits. If the sender and receivercanfigured identically, these bits are not passdate host.

If another word is ready for transmission, the SBar for the new word can be sent as soon as tbp Bit
for the previous word has been sent. Because agymairs data are “self-synchronizing”, if there acedata to
transmit, the transmission line can be idle. TheRIArame format is shown in Fig. 1.

Data bits
/\
fLlzl 2l s« s[e] 78] [}
Idle bit Start bit Parity bit Stop bi

Figure 1. UART Frame Format

2. IMPLEMENTATION OF UART

In this paper, the top to bottom (Top to Down) dasimethod is used. The UART serial communication
module is divided into three sub-modules: the beatd generator, receiver module and transmitteruteod
shown in Fig. 2. Therefore, the implementationhef UART communication module is actually the restlan
of the three sub-modules. The baud rate genermmtasdd to produce a local clock signal which is imhigher
than the baud rate to control the UART receive taandsmit; The UART receiver module is used to reee¢he
serial signals at RXD, and convert them into patalata; The UART transmit module converts the Hyigo
serial bits according to the basic frame format tsadsmits those bits through TXD.

| Baud Rate Generator‘

I
2
Data =>| Receiver=>| $I=>

Figure 2. UART Module

A. Baud Rate Generator

Baud Rate Generator is actually a frequency dividére baud rate frequency factor can be calculated
according to a given system clock frequency (cattitl clock) and the requested baud rate. The edémibaud
rate frequency factor is used as the divider fadtothis design, the frequency clock producedhsythaud rate
generator is not the baud rate clock, but 16 tithesbaud rate clock. The purpose is to precisaiypsa the
asynchronous serial data at the receiver. Assuatdtib system clock is 32MHz, baud rate is 9600apd,then
the output clock frequency of baud rate generatoulsl be 16 * 9600Hz. Therefore the frequency doieffit
(M) of the baud rate generator is:

M =32MHz/16*9600Hz=208

When the UART receives serial data, it is veryieaitto determine where to sample the data infoionat
The ideal time for sampling is at the middle podfiteach serial data bit. In this design, the rezailock
frequency is designed to be 16 times the baud tfategfore, each data width received by UART idifi@s the
receive clock cycle.

B. Receiver Module
During the UART reception, the serial data andrd#eeiving clock are asynchronous, so it is verydngmt
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to correctly determine the start bit of a frame datse receiver module receives data from RXD pin. RXimgs into
logic O from logic 1 can be regarded as the begmoif a data frame. When the UART receiver modutesst, it has
been waiting the RXD level to jump. The start bitderitified by detecting RXD level changes from highHaw. In
order to avoid the misjudgment of the start bitssaiby noise, a start bit error detect functioadded in this design,
which requires the received low level in RXD at leastrd60% of the baud rate to be able to determirestart bit
arrives. Since the receive clock frequency is fiéeti the baud rate in the design, the RXD low levés lasleast 8
receiving clock cycles is considered start bitvasi Once the start bit been identified, from thgt i, begin to
count the rising edge of the baud clock, and sa®X{® when counting. Each sampled value of the logiellés
deposited in the register rbuf [7, 0] by order. Whiee count equals 8, all the data bits are suealgived, also the 8
serial bits are converted into a byte parallel data

The serial receiver module includes receiving,ademd parallel transform, and receive caching, letthis
paper we use finite state machine to design, showig. 3.

RCNT16=0100
AND

RCNT16=1110 AND
RBITCNT=FRAME

RCNT16=1110 AND
RBITCNT/ =FRAMELEN

Figure 3. UART Receiver State Machine

The state machine includes five states: R_STARTItifwgafor the start bit), R_CENTER (find midpoint),
R_WAIT (waiting for the sampling), R_SAMPLE (sammli), and R_STOP (receiving stop bit).

R_START Status: When the UART receiver is resat,réteiver state machine will be in this statethia
state, the state machine has been waiting for X2 Rvel to jump over from logic 1 to logic 0, i.the start bit.
This alerts the beginning of a new data frame. Othee start bit is identified, the state machinel i¢
transferred to R_CENTER state. In Fig. 3, RXD_SYMG synchronization signal of RXD. Because when
sampling logic 1 or logic 0, we do not want theedtdd signal to be unstable. So we do not direletgct RXD
signal, but detect the synchronization signal RXDNE.

R_CENTER Status: For asynchronous serial signaydier to detect the correct signal each time, aimdnmze
the total error in the later data bits detectionviObsly, it is the most ideal to detect at the nhéddf each bit. In this
state, the task is to find the midpoint of eachtlwibugh the start bit. The method is by countimg number of bclkr
(the receiving clock frequency generated by thedbrate generator) (RCNT16 ithe counter of bclkr). In addition,
the start bit detected in the R_START may not lreadly start bit, it may be an occasional intenfee sharp
pulse (negative pulse). This interference pulsdecigcvery short. Therefore, the signal that mansdogic 0
over 1/ 4 bit time must be a start bit.

R_WAIT Status: When the state machine is in thasestwaiting for counting bclkr to 15, then entgrinto
R_SAMPLE to sample the data bits at the 16th bdkrithe same time determining whether the collectath
bit length has reached the data frame length (FRREMD. If reaches, it means the stop bits arriveke T
FRAMELEN is modifiable in the design (using the @gn). In this design it is 8, which correspondghe 8-
bit data format of UART.

R_SAMPLE Status: Data bit sampling. After samplitie state machine transfers to R_WAIT state
unconditionally, waits for the arrival of the nestart bit.

R_STOP Status: Stop bit is either 1 or 1.5, ortateSmachine doesn’t detect RXD in R_STOP, butwutp
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frame receiving done signal (REC_DONE <= "1 ").eAfthe stop bit, state machine turns back to R_SITAR
state, waiting for the next frame start bit.

C. Transmit Module

The function of transmit module is to convert te@ding 8-bit parallel data into serial data, addst dit at
the head of the data as well as the parity andlstsmt the end of the data. When the UART trahsmaidule is
reset by the reset signal, the transmit module idiately enters the ready state to send. In thig sthe 8-bit
parallel data is read into the register txdbuf(J/:The transmitter only needs to output 1 bit V&8 bclkt (the
transmitting clock frequency generated by the batd generator) cycles. The order follows 1 stért@hdata
bits, 1 parity bit and 1 stop bit. The parity titdetermined according to the number of logic 8 igata bits.
Then the parity bit is output. Finally, logic 1asitput as the stop bit. Fig. 4 shows the transnoitiure state
diagram.

XCNT16=01111 AND
XMIT_CMD_P=0

XCNT16=01110 AND
XBITCNT=FRAMELEN

XCNT16=01110 AND
XBITCNT/ =FRAMELEN .

Figure 4. Transmit Module State Diagram

XCNT16=01141

This state machine has 5 states: X_IDLE (free), KARBT (start bit), X _WAIT (shift to wait), X_SHIFT
(shift), X_STOP (stop bit).

X_IDLE Status: When the UART is reset, the statemitge will be in this state. In this state, the UAR
transmitter has been waiting a data frame sendinghtand XMIT_CMD. XMIT_CMD_P is a processed signal
of XMIT_CMD, which is a short pulse signal. SincK_CMD is an external signal, outside FPGA, itdgau
width is unable to be limited. If XMIT_CMD is valjdt is still valid after sending one UART datarfra. Then
the UART transmitter will think by mistake that aw data transmit command has arrived, and once atyit
the frame transmit. Obviously the frame transmitvi®ng. Here we limit the pulse width of XMIT_CMD.
XMIT_ CMD_P is its processed signal. When XMIT_CMB = '1 ', the state machine transferred to
X_START, get ready to send a start bit.

X_START Status: In this state, sends a logic Oaidgm the TXD for one bit time width, the start.bithen
the state machine transferred to X_WAIT state. X@B8Iis the counter of bclkt.

X_WAIT Status: Similar with the R_WAIT of UART re state machine.

X_SHIFT Status: In this state, the state machidizes the parallel to serial conversion of outgodlata.
Then immediately return to X_WAIT state.

X_STOP Status: Stop bit transmit state. When thia dimme transmit is completed, the state machine
transferred to this state, and sends 16 bclkt dgglie 1 signal, that is, 1 stop bit. The state hiae turns back
to X_IDLE state after sending the stop bit, andtsviir another data frame transmit command.

3. SIMULATION OF MODULES
The simulation software is Quartus Il. And the stdd device is Altera’s Cyclone Il FPGA: EP2C5F266C

A. Baud Rate Generator Smulation
During simulation, the system clock frequency istee32MHz, and baud rate is set to 9600bps. Thesef
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the receiving sampling clock frequency generatedhieybaud rate generator is 153600Hz, which isrhés of
the baud rate. Thus the frequency coefficient afdocate generator can be calculated, which equs2g. 5
shows the simulation result of baud rate generdtioe. simulation report shows that this module uk2$ogic
elements (<1%) , 33 registers (2%), and meets timing requirement.

i ol 1; Y 10‘2‘4 n 15‘3‘6 s ZM‘B s Bhw 30‘7‘2 5 35‘6‘4 i 40‘9‘6 s 46‘0‘6 n

Figure 5. Simulation Result of Baud Rate Generato

B. Receiver Smulation

During receiver simulation, the receiving samplitgck frequency generated by the baud rate geneisag®st to
153600 Hz, UART receiving baud rate is set to 9600ips. input sequence is: 00110110001, includingsthe bit
0, parity bit 0 and 1 stop bit. The received datstored into the register rbuf.
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Fig. 6 shows the receiver module simulation diagréhe figure shows that the data in rbuf from highow is
00110110, which is just the part of data bits ofRIAframe.
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Figure 6. Receiver Simulation Diagram

C. Transmitter Smulation

During transmitter simulation, the sending cloc&dgiuency generated by the baud rate generator i® set
153600 Hz, and UART transmitting baud rate is s€600bps. Fig. 7 shows the transmitter module Isitioun
diagram. The simulation report shows that this niedises 78 logic elements<1%, 13 pins (4%), and meets
timing requirement.

Master Tine Bar: 19125 1s Ml’au\ter 6.3 us Interval 8.3 s Start, Ind:
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Figure 7 Transmitter Simulation Diagram

D. RTL of Top File

Fig. 8 shows the RTL of UART Top File. It includése baud rate generator, receiver, and transmitter
modules.

4. CONCLUSION

This design uses VHDL as design language to achieanodules of UART. Using Quartus Il software,
Altera's Cyclone series FPGA chip EP2C5F256C6 topdete simulation and test. The results are stabte
reliable. The design has great flexibility, higheigration, with some reference value. Especiallthafield of
electronic design, where SOC technology has regdi@tome increasingly mature, this design showatgre
significance.
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