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TOM TAT

Bai b&o nay trinh bay thiét ké chi tiét va danh gid chdt lwong cia module giao tiép ndi

tiep (Serial Interface Engine hay SIE) trong chudn USB 2.0 dira trén cong nghé FPGA. Khdi

SIE ¢6 chitc nang nhan dir liéu dwoc truyén tir bg xit ly trung tam (Central Processing Unit

hay CPU) va chuyén di lidu dé dén Universal Transceiver Macrocell Interface (UTMI). O

phia phat, diz liéu duroc chuyén tir song song thanh néi tiép, sau dé di qua khéi ma hoa kiém

tra 14i va bé ma hoa kénh trueoc khi diroc phat qua kénh truyén. O phia thu, nguoc lgi, sau khi

di qua bé gigi ma hoa kénh va kiém tra 161, diz lidu noi tiép sé duoc chuyén doi thanh diz lidu

song song. Théng qua cac két qua md phang, ching t6i chi ra rang hoat déng ciia module SIE
drot thiet ké dap ieng day dii cac yéu cau ky thudt dé ra.

Tir khoa: khoi giao tiép nai tiép; USB 2.0; FPGA,; Xilinx ISE; ddnh gid va xdc thuc.
ABSTRACT

This paper presents a design and verification of a Serial Interface Engine (SIE) module
in the USB 2.0 standard based on FPGA technology. The SIE unit receives data sent from the
Central Processing Unit (Central Processing Unit or CPU) and passes it to the Universal
Transceiver Macrocell Interface (UTMI). At the sender, the data is converted from parallel to
serial, then passed through the error control encoder and the channel encoder before being
transmitted over the channel. At the receiver, on the contrary, after going through the channel
decoder and the error control decoder, the serial data is converted back to parallel. By means
of various simulations, we show that the operation of the designed SIE module fully meets the
technical requirements.

Keywords: Serial Interface Engine; USB 2.0; FPGA; Xilinx ISE; verification.

thiét ké va xac thuc. Thiét ké phuc tap dat ra
cau hoi vé tinh kha thi cua viéc ung dung
giao tiép USB trong céac thiét bi chuyén dung
va cac phan khuc dién nang thap cua thiét bi
dién tu, dic biét khi so sanh sang giao tiép
RS232 / UART truyén thng [5].

Bo giao tiép USB bao gom hai don vi -
Universal Transceiver Macrocell Interface
(UTMI) va Parallel Interface Engine (PIE)
[4]. UTMI c6 thé két ndi véi cap USB va co

1. GIOI THIEU

Universal Serial BUS (USB) la mét giao
dién truyén dir liéu ndi tiép tién loi va nhanh
chong [1], thuong duoc su dung trong céc
thiét bi dugc thiét ké boi nhiéu cong ty khac
nhau, nhu Intel, Compag, NEC, Digital,
Northern, IBM va Microsoft [2]. Trong do
thiét ké USB c6 thé duoc thuc hién bang
cach st dung nén tang Field Programmable
Gate Array (FPGA) [3], [4], dung cac ngon

ngir md ta phan cimg nhu Verilog, VHDL
(VHSIC Hardware Description Language) dé

Doi: https://doi.org/10.54644/jte.65.2021.145

thé duoc sir dung dé dér]g b héa khung thoi
gian va truyéen dir liéu noi tiep. Trong khi do,
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PIE chiju trach nhiém vé viéc xay dung hoic
trich xuat goi tin va giao tiép véi thiét bi
ngoai vi. C4&c mo-dun ndi trén duoc thiét ké
bang may trang thai hitu han va duoc trién
khai bang ngbn ngir mo ta phan cing Verilog
[6], [7], [8]- Trong [9], mach tich hop danh

riéng cho tng dung (Application-Specific
Integrated Circuit hay ASIC) caa bo truyén
nhan USB duoc trién khai bing cong nghé
CMOS 0,18-pm cua TSMC ¢ [10] va duoc
cai tién hon ¢ [9].

Software Application Layer

(CPU)
J L
Endpoint Logic O
SIE Endpoint Logic 1 Universal
Control Transmitter
Logic | | e Macro cell USB Cable »
Interface
Endpoint Logic N (utmi)

Serial Interface Engine (SIE)

Hinh 1. Kién trdc tong quét cia bé truyén nhan USB [1].

So d6 chung cua khéi SIE dugc thé hign
trong Hinh 1. Cy thé nhu sau:

e Khéi Logic Control SIE chira Logic
nhan dang goi tin USB (PID), Logic
nhan dang dia chi va Logic tuan tu khac
dé quan ly cac goi va giao dich USB.

e Khéi Logic Endpoint chira nhan dang s6
Endpoint, FIFO va Logic Control FIFO.
Khéi SIE nhan dit liéu tir don vi xir ly
trung tdm cua PC va gui dr liéu da
chuyén dén UTMI [11].

e Khéi UTMI xir ly giao thirc USB cap
thap va tin hiéu dir liu. Khdi UTMI
thuc hién céc tac vu nhu tuan tu héa dix
lieu, giai ma dir liéu, nhdi bit, khdi phuc
xung dong hd va dong bd hoa xung ddng
ho. Nhiém vy chinh caa UTMI la truyén
dir ligu ter USB sang USB khac tuong
thich vai logic vat ly, chang han nhu tin
hiéu vi sai D+ va D-.
bong gop chinh cua bai bao nay la trinh

bay thiét ké chi tiét module SIE, phan quan
trong trong chuan giao tiép USB 2.0. Sau d6
cac md phong duoc thuc hién dé xac thuc
tinh dung dan cua module SIE duoc thiét ké.

Khéc véi nhitng bai bao da xuat ban, ching
t0i thuc hi¢n kiém tra kha nang phat hi¢n 10i
bit dugc tao ngau nhién dé gan vai thuc té
hon.

2. KIEN TRUC TONG QUAT

Module SIE thuc hién ma héa va giai ma
dir liéu ndi tiép, nhdi bit, phat hién 15i va cac
nhiém vy quan ly cap tin hiéu khéc. Goi tin
dinh dang phén tich va goi tin nhan dang
dugc thém vao trong dir liéu. Sau khi qua
trinh trén hoan thanh, dir liéu ngd vao duoc
guri dén thiét bi nhan. Bén nhan phan hoi xéac
nhan néu dit liéu nhan duogc chinh xac. Néu
dir liéu nhan dugc da chinh xac, dir liéu sé
dugc gui dén khdi UTMI (tang vat ly). Néu
dir liéu nhan duogc co 16i thi s& huay goi tin.
Kién tric hé thong dugc dé xuat cua khoi
SIE (Hinh 2) gdm 2 khéi chinh: Transmitter
(TX) va Reciever (RX). So db chi tiét cua
khdi TX va RX dugc trinh bay ¢ Hinh 3 va 4
gom Data Control, Parallel-Input Serial-
Output (hay PISO), PID Check, Cyclic
Redundancy Check 5 (hay CRC5), CRC16,
Bit-Stuffing, NRZI Encoder, NRZI, Bit-
Unstuffing va Serial-Input Parallel-Output
(hay SIPO).
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3. THIET KE CHI TIET HE THONG
3.1. Khéi PISO

Khdi PISO ¢6 chirc ning chuyén doi dir
liéu dang song song thanh ndi tiép thong qua
co ché dich tung bit rango ra. Bit cd trong so
thip nhéat duoc truyén di dau tién. Ban dau
khi c6 tin hiéu rst, khdi PISO & trang thai
IDLE cho dén khi noi dung thanh ghi dit liéu
nhan 1a goi tin SYNC thi chuyén sang trang
thai TRANSMIT.

data_in

DP_o P DP

>

control )
en_Transmit

clk
DM_o DM

L

data_out DP_|

error DM_I

F Y F Y

Hinh 2. Kién truc téng quat ciza module SIE.
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Hinh 4. Kién tric khéi RX ciza module SIE.
3.2. Khéi PID Check va Enable PID Check

Khéi PID Check c6 chac nang kiém tra

dinh danh cda cac goi tin nhu Token, Data,
Handshake duoc sur dung trong giao thic USB
(vi du nhu Hinh 5). Khéi PID Check duoc kich
hoat khi tin hiéu En_PID & muc cao.

MODULE SIE A MODULE SIE B

SETUP Packet

DATAO

ACK

v
Time

v
Time

Hinh 5. Buéc Setup trong Control Transfer
cua giao thuc USB.

Hinh 6 minh hoa luu db giai thuat cua
khéi PID check. Dau tién, dir liéu dau vao
8bit (Data_in) dugc luu trir trong mot thanh
ghi c6 ky hiéu Data_out [7: 0]. Néu tin hiéu
cho phép cua khéi kiém tra PID ¢ muc cao,
ntra byte cao (Data_out [7: 4]) duoc so sanh
v6i phan bu cua 1 nira byte thap (~Data_out
[3: 0]). Néu céc nira byte cao va thap giong
nhau thi viéc phan tich va phan loai géi duoc
tién hanh bang cach st dung bang tra ciu va
bang nay da duoc thiét lap trudc o bang 1.
Néu hai ntra byte khong giéng nhau, tin hiéu
error dugc dat thanh muc cao va dir liéu dau
vao bi loai bo.

Bdng 1. Bang phan logi goi tin trong giao
thirc USB.

Loai goi tin Gai tin

ouT
SETUP
SOF
DATAO
DATAL
DATA2
MDATA
ACK
NAK
NYET
STALL

Token

Data

Handshake
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Hinh 6. Luu do gidi thugt ciia khdi PID Check.

3.3. Khdi CRC5, CRC16

Tinh toan CRC5 duoc &p dung cho tat ca
cac truong dia chi va dir liéu dau cubi USB
chi ngoai trir truong dr liéu SYNC, Iénh
USB va CRC. Trong d6, khéi CRC5 dung dé
kiém tra 13i bit trong goi tin Token. Khi
CRC16 dung dé kiém tra 13i bit trong g6i tin
Data [1]. Pa thirc biéu dién cua CRC5 duoc
st dung la: x5 +x%+1. Tuong tu, Khoi
CRC16 dung da thuc biéu dién la: x6 +
x15 4+ x2 + 1. Khéi CRC16 dugc thiét ké theo
dang thanh ghi dich, Linear Feedback Shift
Registers (hay LFSRs) [12].

3.4. Khdi Bit-Stuffing va Bit-Unstuffing

Bit-Stuffing 1a phuong phap chén thém
mot bit ‘0’ sau mdi 6 bit ‘1° lién tiép. Hinh 7
trinh bay giai thuat cua khéi Bit-Stuffing.
Ban dau khi c6 tin hiéu rst, cac tin hiéu state,
en_ok, cnt duoc gan bang 0 va tiép tuc gitr
nguyén gia tri ban dau cho dén khi data_in
bang 1 thi cnt dwoc cong 1. Khi cnt chua
bang 6 thi data out dwoc gan bang data_in.
Nguoc lai khi cnt bang 6 (tac 1a ¢o 6 bit ‘1°
lien tiép) thi state, en ok va data out dugc
gan lan lugt cho 2°b10, 1 va ‘0.

Hinh 8 trinh bay giai thuat cho khéi Bit-
Unstuffing. Ban dau khi c6 tin hiéu rst, count
va idle_cnt duoc géan bang 0, valid bang 1 va
khéi Bit-Unstuffing ¢ trang thai Setup. Khi
tin hiéu ngd vao data_in = 1, count va
idle_cnt tang 1. Nguoc lai, khi data_in = 0,
néu valid bang 1 thi gan count va idle_cnt
bang 0. Néu valid bang 0 thi gan valid bang
1. Khi count khac 6, khdi ¢ trang thai
Determine. Tiép tuc cho dén khi count = 6 thi
khdi chuyén sang trang thai Mark va gan
valid, count, data_out bang 0. Gian db trang
thai dwoc xdy dung dé tranh cac muc cao
trong thoi gian dai, vi du 3ms. Néu tan sé
clock 1a 50MHz thi s&¢ ¢6 150.000 xung trong
3ms. Sau khoang thoi gian 3ms (tac idle_cnt
> 150.000) thi quay vé trang thai Setup.
Nguoc lai s€ ¢ trang thai Idle va cho tin hiéu
rst.
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Hinh 7. Luu do gidi thudt cia khoi Bit-Stuffing.

vald=1 /&

State = Setup
count=0
Idle_cnt=0
valid =1

count ++ count=0
Idle_cnt ++ Idle_cnt=0

State = Determine
data_out = data_in

™

State = Mark
count=0
valid =0

data_out =0

State = Idle

Hinh 8. Luu do gidi thudt cuia khoi Bit-
Unstuffing.

3.5. Khéi NRZI Encoder va Decoder (M
héa va Giai ma NRZI)

Khéi NRZI Encoder ¢ phia phéat thuc
hién anh xa tin hiéu nhi phan thanh tin hiéu
vat 1y dé truyén trén duong truyén. Nguoc
lai, khdi NRZI Decoder thuc hién anh xa
nguoc tin hiéu vat ly nhan duoc tir duwong
truyén thanh tin hiéu nhi phan ¢ phia thu.

3.6. Khéi Data Control

Khéi diéu khién dit ligu diéu khién chuc
nang xtr ly dir liéu bang cach cung cép tin
hiéu kich hoat cho cac khéi nhu khéi Bit-
Stuffing, NRZI Encoder, Bit-Unstuffing,
Enable PID Check va SIPO. Néu cac khéi

nay khoéng nhan duoc tin hiéu kich hoat,
chdng sé ¢ trang thai khdng hoat dong.

4. KET QUA PANH GIA HIEU NANG
CUA MODULE SIE

4.1. Két qua tong hop

Hinh 9 trinh bay so db khdi tong quat
ctia module SIE véi 2 khéi TX, RX téng hop
duoc tir phan mém. Ngd vao clk va rst la cac
tin hiéu xung dao dong va reset tai ngd vao.
Tin hiéu data_out va data_in la dit liéu ngd ra
va vao 8 bit. Ngoai ra, tin hiéu en_control,
load, en_end_packet va error lan luot 13 tin
hiéu diéu khién cho phép, tai dix liéu, bao két
thiic va 15i goi tin.

Tai nguyén can sir dung trong thiét ké
duoc tém tit & Hinh 10 va 11. Nhin chung,
module y&u cau rat it tai nguyén st dung voi
chi 296 LE (logic element). Module SIE
duoc thiét ké co thé hoat dong & tan s6 Fmax
= 285.55MHz.

tk —

T Transmitter
8 RXReceiver
dta .02 i
~. en_end_packet M M
en_end_packet| ) Slcdula L
eMn P Dl
en control[4.0] | am : v
0 en stuf i data out7.0] Dd
= - ata out7.0]
- load 2 enpid g
lDadJ 103 £ E!’I_F _" fror 3 et
TSTD st 4 en sipo
3 en_unstuf|

15l

Hinh 9. So' do6 khoi module SIE téng hop diroc.

Flow Summary
& <<Filter>>
Flow Status Successful - Fri Feb 05 14:03:19 2021

Quartus Prime Version
Revision Name
Top-level Entity Name
Family

Total logic elements
Total registers

Total pins

Total virtual pins
Total memory bits
Embedded Multiplier 9-bit elements
Total PLLs

20.1.1 Build 720 11/11/2020 SJ Lite Edition
top

top

Cyclone VE

296

Hinh 10. Tém tat tai nguyén si- dung ciia
thiet ke.
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Slow 1200mV 85C Model Fmax Summary

4 <<Filter>>

Fmax  Restricted Fmax  Clock Name Note

1 28555 MHz 2500 MHz dk

limitcue to minimum p... max |0 toggle rate]
Hinh 11. Tan s6 hoat déng toi da cua thiét ké.

4.2. Két qua mé phéng

4.2.1.Mb& hinh testcase

Cac mé hinh dung dé md phong self-test
va truyén bat dong bo gitra khdi SIE lan luot
duoc trinh bay ¢ Hinh 12 va 13. Trong ca 2
mo hinh déu gébm cé céc khéi nhu: Data
Generator & Analysis (b6 tao va phan tich dir
liéu), Transmitter (b6 phéat), Receiver (bo
thu), Noise Generator (b6 tao nhiéu). Trong
moé hinh truyén bat dong bo, khéi SIE &
Transmitter va Receiver dung 2 xung clock
khéc nhau va léch pha nhau.

Khdi Data Generator & Analysis chira
cac task tao chudi dir liéu kiém tra, tao xung
ddng hd hoat dong va task hién thi. Viéc
truyén dix liéu di va doc céc dir liéu s& duoc
hién thi du6i dang ky tu bang céc task hién
thi dé dé dang kiém tra. Khdi Noise
Generator chua task tao chudi dir lieu 10i
ngau nhién bang céach thyuc hién xor di lidu
ngd vao data_in véi tin hiéu nhiéu c6 ti I¢
xuat hién 15i gan véi thuc té (3 x 107¢) ding
dé kiém tra kha nang phat hién 15i cua
module SIE.

data_in Noise noised dm_o

Generator X dp o
Dat. Block —
ata
Generator " r
& dm_i
Analysis data_out RX doLi

Block

SELF_TEST

Hinh 2. M6 hinh testcase self-test.

DP

data_in Noise noised
Generator 7

DM
TRANSMITTER RECEIVER

clk_transmitt
Data Ik_transmitter

Generator
& clk receiver

Analysis

data_out

Hinh 3. M hinh testcase truyén bt dong bg.

4.2.2.TOm tdit cac testcase

Thiét ké s& dugc mé phong qua 4
Testcase dugc liét ké trong Bang 2.

Bdng 2. Bang md ta tom tat testcase.

Testcase Noi dung
1 Kiém tra truyén dix liéu trong
mo hinh self-test. Cac goi tin
gom:  Token, Data va
Handshake.
2 Kiém tra phat hién 15i ngau

nhién & goi tin Data trong mo
hinh self-test.
Ti 1é xuét hién 15i 12 0.0003%.

3 Kiém tra phat hién 15i ngau
nhién trong truyén dir liéu bét
ddng bo giira 2 khéi SIE. Cac
goi tin lan luot dugc kiém tra
tuong tu nhu & testcase 2.

2 module SIE c6 tin s& hoat
dong léch pha nhau 180°.

4 M6 phong budc Setup trong
ché do truyén co diéu khién
(Control Transfer) gitra module
SIE AvaB.

4.2.3. Testcase 1: Self-test nhgn dang goi

Mo dau mdi transaction la mot goi tin
Token nham béo hiéu muyc dich cua giao tiép
nhu IN, OUT va SETUP. Phan néi dung
guan trong nhat cua mdi transaction la di
lieu dugc gii di (Data). Cudi cua mdi
transaction 1a goi tin Handshake dung dé
phan hoi goi tin Data. Cac gdi tin Handshake
chi chira 2 byte 1a SYNC va PID. Testcase
nay dugc thyc hién dau tién nham dam bao
khdi SIE hoat dong tét trudc khi thuc hién
kiém tra 13i va truyén bat dong bo. Tir két
qua duoc trinh bay ¢ Hinh 14-16 cho thiy
module SIE thyc hién dung chiic nang trén.
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I error

g Token

;, Data

o Handshake
1% ourt

1§ N

& seTup

SETUP Packet IN Packet OUT Packet

Hinh 14. Dang song mé phong phét hi¢n goi tin Token (Testcase 1).

f rst
B 10ad
» B data_in[7:0]
p B data_out(7:0] | :
1 error
1;.1 Token
-|E.1 Data
1l patao

DATAO DATA1L DATA2 MDATA
Packet Packet Packet Packet

Hinh 15. Dang séng m6 phong phat hién géi tin Data (Testcase 1).

ACK NAK STALL NYET
Packet Packet Packet Packet

Hinh 16. Dang song mé phong phét hi¢n goi tin Handshake (Testcase 1).

4.2.4. Testcase 2: Self-test phat hign 14 — Num of Packets: sé goi tin duoc kiém tra

ngau nhién — Num of Errors Generated: sé géi tin xuét

Testcase nay dugc thuc hign nham dam hién 15i
bao module SIE phat hién l6i chinh xac. Bé

e L D e - Packet Error: Vi tri ctia goi tin 1i
tiet kiém thoi gian thi cac goi tin Data dugc ’ uag

kiém tra mang 16 byte chudi dit liéu c6 noi - Position Error: Vi tri cua byte 15i trong
dung giong nhau tr 0 den 15. Dix lieu md gor tin
phong tra vé cua Testbench sé dugc hién thi — Num of Errors Detected: Sé g6i tin 13i

dudi dang chir qua cac task hién thi nhu trinh phat hién duoc
bay ¢ Hinh 17. Két qua mod phong dugc cho ' '
& Hinh 18 cho thdy module SIE hoat dong

t6t. Vi thong sé:
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Console

ISim> run 1s

Num of Packets: 1048576
Num of Errors Generated: 3
Packet Error 0: 5

Position Error 0: 180748
Packet Error 1: 5

Position Error 1: 187788
Packet Error 2: 6

Position Error 21 336873
Num of Errors Detected: 3

91

Stopped at time : 6773800990 ns : in File "D:/USB/USE TESTCASE 2 1/tb.v"Line 235

Hinh 17. Thong tin sé lirong, Vi tri goi tin va byte xudt hién 16i (Testcase 2)

Tin hiéu nhiéu
thir 1 va2

Tin hiéu
nhiéu thi 3

Phat hién
16i thir 3

Phat hién 16
thir1va2

Hinh 18. Dang séng phat hién 161 ngau nhién (Testcase 2).

4.2.5. Testcase 3: Truyén bdr dong bg phat
hi¢n 16i ngdu nhién

Testcase nay duoc thuc hién nhim dam
bao 2 module SIE hoat dong tét khi thuc hién
truyén bat dong bo véi nhau. Céc goi tin Data
duoc kiém tra c¢6 noi dung twong ty nhu
testcase 2 va duoc trinh bay & Hinh 19. Két
qua md phong dugc cho & Hinh 20 cho thay
module SIE hoat dong tot & md hinh truyén
bat dong bo.

Tin hi¢u nhiéu thi 1
1s

Phat hién 16i thir 1

ISim> run 7s

A limit on number of transitions that can be stored in waveform database (.wdb) file |
tracing starting from time 0.You can trace only for the time widnow of your interest b
with keyword “trading limit" for more information

MNum of Packets: 1048575

Mum of Errors Generated: 2

Packet Error 0: 6

Position Error 0: 174918

Packet Error 1: 4

Position Error 1: 777332

Packet Error 2: 4

Position Error 2: 737548

Mum of Errors Detected: 2

Hinh 19. Thong tin s6 heong, Vi tri goi tin va
byte xuat hién loi (Testcase 3).

Tin hiéu nhiu thir 2

Phat hi¢n 10i thir 2

Hinh 20. Dang séng phét hién 16i ngdu nhién (Testcase 3).
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module SIE nhu dugc trinh bay ¢ phan thiét

debTesteased & Kkhéi PID Check. Két qua mo phong

O testcase nay, ching toi thuc hign md duogc trinh bay ¢ Hinh 21 cho thay rang
phong budc Setup trong ché do truyen co module SIE hoat dong tét theo giao thic.

diéu khién (Control Transfer) gitta 2

Géi tin SETUP host giri di Goi tin DATAO host giri di Géi tin ACK device tra 16i

Goi tin Token
G6i tin Data

&
" 0 0 ]
» B data_in_Bi7z0] | oc]f Y01 ) dd ¥

- CEEEE | G

|y Handshake

Géi tin
Handshake

1 ack

Device nhin dwgc géi tin SETUP Device nhan dwoc géi tin DATAO Host nhén duwgec ACK

Hinh 21. Dang séng mé phong cia buoc Setup (Testcase 4).

4.3. Panh gia két qua md phéng Sau d6, bai bao trinh bay két qua md phong,
danh gia mot cach tong quét chirc nang va
hoat dong ctia module SIE duoc thiét ké.
Trong khi hau hét cac thiét ké vi mach it
duoc chia sé cong khai va chi tiét, thiét ké
module SIE trong bai bao nay cé gia tri cho
viéc hoc tap cac mon lién quan toi thiét ké hé
; ’ théng sé va thiét ké vi mach sé. Ching toi
5. KET LUAN huéng dén thiét ké bo truyén nhan USB 2.0
Trong bai bio néy, chﬁng t6i da thuc V? USB 3.0 dﬁ.y dua dé thLI‘C thi thl}’C té trén
hién thiét ké module SIE trong chuan truyén NN tang FPGA.
thong USB 2.0 dua trén cong nghé¢ FPGA.

Tat ca testcase déu duoc kiém tra, so
sanh va déu c6 két qua dung voi yéu cau thiét
ké. Dua vao day c6 thé két luan thiét ké co
hoat dong tét trén md phong, dam bao chic
nang, nhiém vu ctia module SIE & ca mo hinh
self-test va truyén bat dong bo.
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