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Bibin M C, Premananda B S

Abstract - Asynchronous serial communication is usually
implemented by Universal Asynchronous Receiver Transmitter
(UART), mostly used for short distance, low speed, low cost data
exchange between processor and peripherals. UART allows full
duplex serial communication link, and is used in data
communication and control system. Thereis a need for realizing
the UART function in a single or a very few chips. Further,
design systems without full testability are open to the increased
possibility of product failures and missed market opportunities.
Also, there is a need to ensure the data transfer is error proof.
This paper targets the introduction of Built-in self test (BIST)
and Status register to UART, to overcome the above two
constraints of testability and data integrity. The 8-bit UART with
status register and BIST module is coded in Verilog HDL and
synthesized and simulated using Xilinx XST and 1Sim version
14.4 and realized on FPGA. The results indicate that this model
eliminates the need for higher end, expensive testers and thereby
it can reduce the development time and cost.

Index Terms- UART, BIST, Error check, Statusregister, LFSR.
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When the transmitter is idle, the data line isha high
logic state. Otherwise when a word is given to theRT
for asynchronous transmissions, "Start Bit" (lotpa) is
added to the beginning of each word that is to
transmitted. The Start Bit is used to alert theigteral
receiver that a word of data is about to be sewd,ta force
the clock in the receiver into synchronization witle clock
in the transmitter. After the Start Bit, the indiual data bits
of the word are sent, with the Least Significant RIiSB)
being sent first. Each bit is transmitted for ekathe same
amount of time as all of the other bits, and theeneer
samples at the wire at approximately halfway thiotige
period assigned to each bit to determine if thasbit 1 or a
0. When the entire data word has been sent, thenigter
adds a Parity Bit that the transmitter generaté® Farity
Bit may be used by the receiver to perform simpiere

be

checking. Then at least one Stop Bit is sent by the

transmitter.

When the receiver has received all of the bitsha t

frame, it automatically discards the Start, Paghd Stop

Asynchronous serial Communication has advantages Qs |t another word is ready for transmissiore Start bit

loNGor the new word can be sent as soon as the Stdprkhe
full-duplex

previous word has been sent. Asynchronous datésale

communication in serial link, thus has been widased in synchronizing” if there are no data to transmite th

the data communications and control system. It idely

transmission line is held idle.

used in data exchange between Processor and patgphe

UART converts data from parallel to serial at trarter
with some extra overhead bits using shift registed vice
versa at receiver. To the processor the UART apgpasman
8-bit read/write parallel port [1], [2].

In actual applications, usually only a few key teat
of UART are needed. Specific interface chip willusa
waste of resources and increased cost [2]. Patiguh the

field of electronic design, SoC technology is rebken

becoming increasingly mature. This situation resuit the

Basic UART communication needs only two signalequirement of realizing the whole system functiona

lines (Receive, Transmit) to complete full-duplexatal
communication [2]. UART includes three modules nme

the baud rate generator, receiver and transmiktez. baud data transmission avoids waste of resources ancbake

rate generator is used to produce a local clockasigrhich
is much higher than the baud rate to control theRUA
receive and transmit; The UART receiver modulessdito
receive the serial signals at RXD, and convert theto
parallel data; The UART transmit module converts llytes
into serial bits according to the basic frame farmaad
transmits those bits through TXD.
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single or a very few chips. Integration of only edunctions
into a FPGA chip to achieve compact, stable anibigl

cost.

Manufacturing processes are extremely complex,

inducing manufacturers to consider testability as
requirement to assure the reliability and the fiomality of
each of their designed circuits [3], [7]. Testinfgmegrated
circuits (ICs) is important to ensure a high lesktuality in
product functionality in both commercially and paiely
produced products. In the modern System-on-a-CBqL]
design, many cores are integrated into a singlp. ®dme
of them are embedded, and cannot be accessedydireat
the outside of the chip. Such SoC designs makeetbteof
these embedded cores a great challenge. As ICsigrgate
counts, it is no longer true that most gate nodesdaectly
accessible by one of the pins on the package. faises
Jtesting of internal nodes more difficult as theylconeither
no longer be easily controlled by signal from apupin
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(observe ability). Hence Internal Diagnostic Captbs are BIST Controller Unit (BCU): It controls the test
to be introduced to test the embedded cores. execution; it manages the TPG, TRA and reconfigtines
CUT and the multiplexer. It is activated by the Mal/Test
signal and generates a Go/No-Go. During BIST mdie,
selects input from the pattern generator to CUTlevthiring
functional mode, selects primary inputs.

In this paper, internal diagnostic capabilities arelt
into UART by the introduction of Built-In-Self-Te¢BIST)
[3] and error simulation of data at receiver fory asata
corruption and thereby setting status flags [1]e TWART
with status register and BIST module is coded inilvg There are various approaches being used to generate
HDL and simulated using Xilinx tool ISESIM. The test patterns for BIST [6], [7], viz. ROM, LFSR,nliry
complete implementation and validation is done pargan counters, modified counters, cellular automationbiAary
3A FPGA. counter can generate an exhaustive but not ranéontest
quences. Drawback of binary counters as the rpatte

The ‘paper is organized into 5 sections. Section znerator is, it requires more hardware than tyfdiczear

explains BIST technique and implementation possusl. . . o

. . . .. Feedback Shift Register (LFSR) pattern generatadifid
Section 3 explains the architecture of UART with
introduction of BIST technique. Section 4 presethis counters also have been successfully as testpatter

. : . generators. However, they also require long tegtieseces.
results and section 5 provides the conclusion akwo This method stores a good test pattern set in a R@Nhe

chip. However, drawback of this approach is re&dyiv
Il. BIST TECHNIQUE expensive in chip area. LFSR is used to generatedus

VLSI testing problems like Test generation problemgandom test patterns. This normally requires a eecgi of
input combinatorial problems, gate to 1/O pin rgiimblems one million or more tests pattern in order to achidigh
are discussed [3] and this motivated designersiémtify ~fault coverage. One of the advantages of LFSR &r th
reliable test methods in solving these difficultiean compact and simple design and thus is currently the
insertion of special test circuitry on the VLS| aiit that preferred BIST pattern generation method [6]. Ins th
allows efficient test coverage is the answer to hater. project, LFSR is used for test pattern generation.
This has been addressed by the need for design for
testability (DFT) and hence the need for BIST. Tisigo Ill. PROPOSED UART ARCHITECTURE WITH BIST
specify test as one of the system functions ansl tlecomes

self-test. BIST is an on-chip test logic that idized to test operates at a baud rate of 9600 bps with a stagister to

e o, IS b by Tonior the cortciess of very receed dta g
9 plexity, 9T enhance the testability of circuit by the introdotof BIST

_design _cons_ideration _in DFT methods and is beCommrﬂodule The hardware architecture of the 8-bit UARITh
increasingly important in today’s state of theSoCs. Status register, incorporated with BIST modulexplained
A properly designed BIST is able to offset the ooist in the following sections.

added test hardware while at the same time ensuhiag
reliability, testability and reduces maintenancetcdIST
solution consists of a Test Pattern Generator (TR
circuit to be tested, a way to analyze the resaltsl a way
to compress those results for simplicity and hamglFig. 1
shows a BIST module composition. Generic BIS
architecture components [7] are;

Circuit under Test (CUT): This is the portion of the circuit
tested in BIST mode. It can be sequential, comlminat or
a memory. It is delimited by their Primary InputlRnd e .
Primary Output (PO). i
Test Pattern Generator (TPG): It generates the test patterns |
for the CUT. It is a dedicated circuit or a micropessor. ;
The patterns may be generated in pseudorandom or:
deterministically. Normally, the pattern generag@nerates |

The architecture proposes an 8-bit UART which

The proposed model has two major modules viz. UART
and BIST. Further in the UART, we have transmitter,
receiver, and baud rate generator. Baud rate genevarks
at 50 MHz and further reduced as required for {herations
_I'Ln transmitter and receiver to achieve baud rat@680 bps.
BIST has a control register, pattern generator and
comparator, as shown in fig. 2.

Pattern
Generator

System Baud Rate
Clock Generator

BIST Control
Register

exhaustive input test patterns to the CUT to entheehigh
fault coverage. For example, a CUT with 10 inpufd w
require 1024 test patterns.

Test Response Analysis (TRA): It analyses the value
sequence on PO and compares it with the expectedtou L R

Fig. 2: UART with BIST architecture

Receiver

Chi
P

Test
Controller

A. UART Transmitter

The transmitter accepts parallel data from
peripheral/processor, makes the frame of the daich a
transmits the data in serial form on the Transmi@etput
(TXOUT) terminal (fig. 3). The baud rate generatatput
will be the clock for UART transmitter.

Fig. 1: A generic BIST module

14




International Journal of Inventive Engineering and Sciences (IJIES)

Clock

FF Transmitter
TxIn [7:0] - Tx Out
"> 16Bytes ——+ THR |——"™ TSR >
WR FIFO N I
Baud

Fig. 3: UART Transmitter

Data is loaded from the parallel inputs TXINO-TXIN7

into the Transmitter FIFO by applying logic high e WR
(Write) input. FIFO is 16-byte register. If FIFO fall, it
sends FIFO Full (FF) signal to peripheral as showfig. 4.

Send FIFO full signal
to Peripheral (FF)

Is FIFO
full?

Write data in FIFO

Fig. 4: Transmitter flowchart — Input to FIFO

When FIFO contains some data, it will send the aign

to Transmitter Hold Register (THR), which is an i8-b
register. At the same time, if THR is empty it weknd the
signal to FIFO, which indicates that THR is readydceive
data from FIFO. If Transmitter Shift Register (TSK)
empty, it will send the signal to THR and it indies that
TSR is ready to receive data from THR. TSR is arbit1
register in which framing process occurs. In frastart bit,
parity bit and one stop bit will be added as shamvfig. 6.
Now data is transmitted from TSR to TXOUT serialiyg.
5 is the flowchart explaining transmission of sed@ata from
FIFO to transmitter output.

Is TSR
Ready?

Is there Data in
FIFO?

Load Data from FIFO to Hold Register

'

‘ Generate Parity ‘

'

‘ Form frame in TSR ‘

'

‘ Transmit frame from TSR to TxOut ‘
; )
Fig. 5: Transmitter flowchart — FIFO to TXOUT
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Data bits

ENEIERENERCNENEN

Tdle bit Start bit Parity bit _T Stop bt

Fig. 6: UART Frame Format

B. UART Receiver

The received serial data is available on the RXIN p
The received data is applied to the sampling Iddack.
The receiver timing and control is used for synciration
of clock signal between transmitter and receivehe T
receiver sampling is 16 times to that of the traittembaud
rate. In the architecture of UART receiver (fig, fjitially
the logic line (RxIn) is high.

Receiver

Hold Shift Timing & RxIn
Register Register Sampling
U Clock
RD
Error Logic
Rx Out [7:0] FIFO ﬂ
<

Status Register

|BE‘FE|FE|OE

Fig. 7: UART Receiver

Whenever it goes low sampling and logic block will
take 4 samples of that bit and if all four are samnedicates
the start of a frame. After that remaining bits saenpled in
the same way and all the bits are send to Rec&hét
Register (RSR) one by one where the entire franstoi®d.
RSR is a 12 bit shift register. Fig. 8 shows treeieer logic.

Is start bit NO

detected?

| Sampling of bits |

!

| Receive data at Shift Register |

Set Break
Error flag

Is Break
Condition?

|

| Load data to Hold Register |

1

| Execute Error logic |

i

Write data into the FIFQ. Error
into the Error Status Register

1
Fig. 8: Receiver flowchart (Input to FIFO)

Now if the Receiver Hold Register (RHR) is empty it

sends signal to RSR so that only the data bits fR®R

goes to RHR which is an 8 bit register. The renmgjrbits in

the RSR are used by the error logic block. Themggtiver
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FIFO is empty it send the signal to RHR so thatda bits padded with start, parity and stop bits and seomfr
goes to FIFO. When RD signal is asserted the data transmitter and is looped back to receiver. Theives will

available in parallel form on the RXOUTO-RXOUT?7 gin

The status register is implemented with flags foore
logic operations performed on the received data @&itror
logic block handles 4 types of errors: Parity er(BE),
Frame error (FE), Overrun error (OE), Break er®E). If
the received parity does not match with the payégperated
from data bits, PE bit will be set which indicatbat parity
error occurred. If receiver fails to detect corrstdp bit or
when 4 samples do not match frame error occurg=&nhit
is set. If the receiver FIFO is full and other dataves at,
RHR overrun error occurs and OE bit is set. IfR¥N pin
is held low for long time than the frame time there is a
break in received data and break error occurs d@ndiBis
set. Reading of data from receiver is explainedn@ans of
flowchart in fig. 9.

Start

% q>.
=<
m
w

‘ Load Data from FIFO to RxOut |

3

Fig. 9: Receiver flowchart (FIFO to Output)

C. BIST Pattern Generator

extract the data from frames received and load®deiver
FIFO. During this the status register flags will set
according to the error check. Then the Tx FIFQoispared
with Rx FIFO to verify the transmitted data andeiged
data are same. If FIFOs are with same data theil B&E3s
and Bit-0 of BIST control register is set to ‘llse ‘0’. 8-bit
BIST control register is defined as below. The stagi helps
in identifying the operation in which BIST failucecurred.

Table I:BIST Control Register

B7
B6
B5
B4

B3
B2
Bl
BO

When set, BIST starts
Sets when LFSR pattern generation is ove
and Tx FIFO is loaded

Sets when Tx test pattern is transmitted
Sets when Rx FIFO is loaded with received
data

Sets when comparison starts
Sets if any error flag is set in status registe
No function

1 if BIST pass, 0 if BIST fails

-

-

IV. SIMULATION RESULTS

The verilog HDL coding and simulation of the design
are done in Xilinx tool ISim 14.4. The operatingoak
frequency used for simulation is 50 MHz. The baai iset
is 9600bps. Data word length is 8-bits.

A. Simulation Results of Transmitter
The fig. 10 shows the serial transmission of dB@a

LFSR is used to generate pseudo-random test patt@ffnsmitted is “10101010”. This 8-bit data is lodde

for the BIST. A LFSR is a shift register where thput is a
linear function of two or more bits (taps). It cats of D
flip-flops and linear exclusive-OR (XOR) gates.

transmit shift register and start, stop & parit{skare added
to form the frame inside TSR and sent to TXD. Wlies
reset is 0 and transmit is 1, the transmitter staansmitting

The bits contained in selected positions in thet shithe data. i.e. the data starts shifting out from tilansmitter

register are combined in some sort of function tuedresult
is fed back into the register's input bit. The s&d bit
values are collected before the register is clocked the
result of the feedback function is inserted inte@ thhift
register during the shift, filling the position thia emptied
as a result of the shift.

function are called "taps". The list of the tapskimown as
the "tap sequence"”. The largest state space pedsibsuch

an LFSR will be 2% all possible values except the zero

state. All zero is not allowed in LFSR, as it wélways
produce O in spite of how many clock iteration. 8ese
each state can have only once succeeding stateF&R
with a maximal length tap sequence will pass thhoegery
non-zero state once and only once before repeatstate.

D. BIST Operation

For BIST, UART is set in an internal loop back mode

(fig. 2). This is used to test both the transmitted receiver

shift register. Since the desired baud rate is Bp80the bits
are shifted out on TxD line at the interval
50MHz/9600=5208 clock cycles. Similarly all the D#re
sent. The serial transmission is observed at TXDgbdng
with frame format (1 logical low start bit, 8-biath (LSB to
MSB), parity bit and finally logical high stop hit)

of

B
> rightshiftregl10:0] | BERESEAEATL)

Fig. 10: Simulation result of UART transmitter

B. Smulation Results of Receiver

The UART receiver converts the serial data intajalr
form and makes it available at RxData[7:0]. Theieatata

of the UART. This will loop-back the serial datadan js received at RXD pin. Each bit is sampled andstapled

transmit the data back to the receiver.

bit is saved into receive shift register. From thige frame

For the BIST, the test pattern is generated by LBSR bits viz. start, parity and stop bits are discarae®SR and

mentioned in the last section and the patterndddd to the

written to receive FIFO, RxData. The 8-bit datadated is

FIFO of the UART transmitter. Each test byte is nthe 11111111", Further received data will be stored the
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V. CONCLUSION

The architecture of UART that support 8-bit datardvo
length at 9600 bps baud rate for serial transmiseiodata
with the addition of status register for detectimgors in
data transfer and BIST which allows to test theutritself,
is introduced. Working of UART has been tested gsin
Xilinx ISE simulator, which is implemented on FPGA(ith
error checking status register, we can detect iffereint
types of errors occurred during communication asdce
correct them.

remaining FIFO locations. Fig. 11 shows the recepbf
serial data.

Fig. 11: Simulation result of UART receiver

With the implementation of BIST, expensive tester
C. Smulation Results of BIST Operation requirements and testing procedures starting frivauic or

The fig. 12 shows the simulation result of gisTlogic level to field level testing are minimizedhd LFSR

module. The pattern generated by LFSR is transtitem replaces the function of the external tester festsuch as a
transmitter and received in receive FIFO. test pattern generator by automatically generafisgudo
random patterns to give good fault coverage toUART

module. Although the additional BIST circuit inceea the
hardware overhead and design time, it eliminatesged to
acquire high-end testers. The reduction of thedest helps
in the reduction of overall production cost.
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Fig. 12: Simulation result of BIST module

The transmit FIFO is compared with the receive FIF(PZ]
after the reception of each word. The comparisartsafter
the delay of transmitter for sending the data &uiver for
reception of the data. In this simulation, thetfiygte sent is
“00000001” which matches in both FIFO; hence thst tel®
status bit is set ‘1’

D. Synthesis Report 4]

Table 1l shows the design implementation summary of
the proposed architecture

Design Utilization Summary

Selected Device 3s500efg320-4

Number of Slices 513 out of 4656 11%

(6]

Number of Slice Flip Flops 626 outof 9312 6%

Number of 4 input LUTs 819 out of 9312

815

8%
Number used as logic

Number used as Shift registers 4

Number of 10s 16 [8] Sybille Hellebrand, Birgit Reeb and Steffen fiak, “Pattern
Generation for a Deterministic BIST Schemaf,the proceedings of
Number of bonded IOBs 16 outof 232 6% IEEE/ACM International Conference on Computer-Aided Design,
Number of GCLKs 1 outof 24 4% ICCAD-95, Digest of Technical Papers, November 1995, DOI:
10.1109/ICCAD.1995.479997, pp. 88-94.
Timing Summary [9] Mahat N.F, “Design of a 9-bit UART module based Verilog HDL”,
Speed Grad 4 in the proceedings of 10" IEEE International Conference on
peed Grade - Semiconductor Electronics (ICSE), 19-21% Sept. 2012, DOI:
Minimum period 10.592ns (Max. Frequency: 10.1109/SMElec.2012.6417210, pp. 570-573.
94.411MHz)
Minimum input arrival time 6.232ns
before clock
Maximum output required time 7.661ns

after clock

Maximum combinational path
delay

No path found
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