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Loi tva

Day 1a thoi di€ém thd vi d€ tham gia vao thé gi6i thiét k& mach sb. V6i su két thiic ctia
Dennard Scaling va su cham lai ctia Pinh luat Moore, c6 1é chua bao git nhu cau ddi
mdi trong linh vuc nay lai 16n hon nhu vay. Céc cong ty ban dan tiép tuc vat kiét moi
hiéu sudt ma ho c6 thé, nhung chi phi clia nhiing cai tién nay dang ting 1én mot cach
dang ké. Chisel 1am giam chi phi nay bang céch cai thién ning suit. Néu cic nha thiét
ké c6 thé xay dung nhidu hon trong thoi gian ngin hon, dong thai khiu hao chi phi kiém
tra thong qua tai sif dung, cic cong ty cé thé danh it chi phi hon cho Ky thuit khong dinh
ky (NRE - Non-Recurring Engineering). Ngoai ra, ca sinh vién va nhiing nguoi dong
g6p c4 nhin déu c6 thé tu minh sang tao dé dang hon.

Chisel khong giéng nhu hau hét cc ngon ngit & chd né duge nhiing trong mot ngon
ngit 1ap trinh khac, d6 1a Scala. Vé co ban, Chisel 12 mot thu vién c6 cdc 16p va cac ham
dai dién cho cic nguyén t6 can thiét dé€ biéu dién cac mach s6, mach dong bo. Thiét ké
Chisel thuc su 1a mot chuong trinh Scala fao ra mot mach dién khi né thuc thi. D6i véi
nhiéu ngudi, diéu nay c6 vé phan cadm: “Tai sao khong lam cho Chisel trd thanh mot
ngdn ngt doc 1ap nhu VHDL hoac SystemVerilog?” Cau tra 16i cta tdi cho ciu hoi nay
nhu sau: thé gidi phan mém da chiing kién mot lugng d6i mdi 16n trong phuong phap
thiét ké trong vai thap ky qua. Thay vi cd ging diéu chinh nhitng k¥ thuat nay sang mot
ngodn ngit phin cling mdi, ching tdi c6 thé chi can st dung mot ngdn ngit 1ap trinh hién
dai va dat dudc nhiing 1¢i ich d6 mién phi.

Mot 16i chi trich 1au nay déi véi Chisel 1a n6 “kh6 hoc”. Phan 16n nhén thic nay 1a do
su phd bién cta céc thiét ké 16n, phiic tap dudc tao ra bdi cac chuyén gia dé giai quyét
nhu ciu nghién cifu hoic thuong mai clia riéng ho. Khi hoc mét ngoén ngit phd bién nhu
C++, ngudi ta khong bat dau bang cach doc ma ngudn ctia GCC. Thay vao do, c6 rit
nhiéu khéa hoc, sich gido khoa va céc tai liéu hoc tap khac phuc vu cho ngudi méi hoc.
Trong cudn sach Digital Design with Chisel, Martin da tao ra mot nguon tai nguyén
quan trong cho bit ky ai mudn hoc Chisel.

Martin 12 mot nha gido duc c6 kinh nghiém, va diéu d6 thé hién trong cach t& chic
cudn sach nay. Bat diu véi viéc cai dit va cac thanh phan nguyén béan, anh 4y giy dung
su hiéu biét cho ngudi doc nhu xay mot toa nha, tiing vién gach mot. Cac bai tap di kem
1a 16p vita cting cb su hiéu biét, ddm bao rang mdi khai niém sé hién rd trong tim tri
ngudi doc. Cubn sich dat dén dinh cao véi cdc bé tao phdn ciing gibng nhu mot mai nha
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cho phin con lai clia cAu triic. Cudi ciing, ngudi doc két thic cudn sach véi kién thic d&
xdy dung mot thiét ké don gian nhung hitu ich: d6 1 bo xi Iy RISC.

Trong cudn sach Digital Design with Chisel, Martin da dit nén méng viing chic cho
thiét ké mach s6 hiéu qua. Nhiing gi c4c ban xay dung dudc vdi né thi tiy thudc vao cic
ban ma thoi.

Jack Koenig
Ngudi bao tri Chisel va FIRRTL
Ky su nhan vién, SiFive

XII Nb6i dung



Loi ngudi dich

Cudn sach nay dugc dich sang Tiéng Viét phuc vu cho cong dong trong linh vuc thiét
ké mach s6 néi riéng va linh vuc ky thuat dién ti mdy tinh néi chung. Ngudi dich chi
dong vai tro dich thuat tlii noi dung sich clia tac gia sang ngdn ngii Tiéng Viét, khong
chinh stta vé cach trinh bay va vin phong ctia tic gid. Cudn sach nay khong trinh bay vé
ngodn ngit 1ap trinh Chisel/Scala, ma 1a vé thiét ké mach s dung ngén ngit Chisel/Scala
theo chuyén mén ctia tac gia. Vi vdy, ndi dung cudn sich kha kén ngudi doc. DE hiéu
ndi dung sich, ngudi doc can c6 kién thiic ning cao, biét vé mach s6, mot ngdn ngit 1ap
trinh bat ky, va kién tric mdy tinh cang tot.

Céc ndi dung sau chua dugc hoan thién: Listing vin dugc git nguyén tiéng Anh vi
chua Viét hoa dugc trong g6i Latex; cdc tif Tiéng Viét trong céc Listing chua dudc Viét
héa vi céc chit c¢6 dau khong hién thi dugc sau khi bién dich (dang tim cac khic phuc)
Mot sb tii thuat ngit tiéng Anh chuyén mon hay su dung, ngum dich dé tu nguyén gbc
dé dé hiéu. Ngudi dich sé cb gang Viét héa mot sd thuat ngit tiéng Anh can thiét con lai
va hoan thién nhiing thiéu s6t & nhiing phién ban tiép theo.

Nbi dung dich thut con nhiéu thiéu sét va chua hoan thién. Ngudi dich mong mudn
nhén dugc su phan hdi va dong gép d€ cap nhat sach vao nhiing phién ban sau.

L& buc Hung

Phong thi nghiém DESLAB

Khoa Pién ti - Vién thong

Truong Pai hoc Khoa hoc Ty nhién, PHQG-HCM
Email: leduchung@gmail . com
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Lo noi dau

Cudn sach nay gidi thiéu vé thiét ké mach sb véi trong tam la sif dung ngdn ngii xay
dung phan cting Chisel. Chisel dua nhitng tién bd tir k§ thuat phan mém, chang han nhu
ngon ngit 1ap trinh huéng db6i tugng va chiic ning, vio trong thiét ké mach sb.

Cubdn sach nay nhim dén cic nha thiét k& phan ciing va ky su phin mém. Céc nha
thiét ké phan ciing, véi kién thiic vé Verilog hoic VHDL, c6 thé nang cip niing sut thiét
ké v6i mot ngdn ngit hién dai cho cic thiét ké ASIC hoic FPGA tiép theo clia minh. Cac
k¥ su phan mém, véi kién thifc vé 1ap trinh huéng ddi tugng va chiic ning, c6 thé tan
dung kién thidc ctia minh d€ 14p trinh phan ciing, vi du cic bd ting téc phin ciing trén
FPGA thuc thi trén "dam may".

Céch tiép can ctia cudn sich niy 1a trinh bay cdc thanh phan phan ciing dién hinh c6
kich thudc nhoé dén trung binh dé khdm ph4 vé thiét ké mach s6 véi Chisel.

Loi noi dau cho an ban lan 2

Vi Chisel cho phép thiét ké phin ciing nhanh, nén viéc truy cip mé va in theo yéu cau
ciing cho phép viéc xuat ban cudn sach nhanh. Chua diy 6 thang sau 4n ban diu tién ctia
cudn sach nay, t6i c6 thé dua ra 4n ban thif hai dudc ci tién va md rong.

Bén canh nhiing stta chita nho, nhiing thay d6i chinh trong phién ban thif hai nhu sau.
Phan thi nghiém da dudc md rong. Chuong xay dung cac khéi mach tuan tu chifa nhiéu
vi du mach dién hon. Chuong méi vé xii ly ngd vao giai thich su dong bo héa ngd vao,
chi ra cach thiét k& mach g& 16i va cach loc tin hiéu ngd vao bi nhiéu. Chuong cic thiét
ké vi du di dugc md rong dé cho thiy cac cach thuc hién khac nhau cta FIFO. Cic loai
bién thé FIFO ciing cho thiy cich st dung cdc tham sb ki€u va tinh ké thita trong thiét
k& mach sd.

Loi ndi dau cho an ban lan 3

Chisel da c6 nhiing thay d6i trong nim ngodi, vi vay da dén ldc ¢6 4n ban méi cho cubn
sach Chisel.
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L3I NOI DAU

Chiing tdi da thay ddi tt ca cac vi du thanh phién ban mdi nhit cda Chisel (3.4.1) va
dé xuét phién ban Scala (2.12.12).

Loi cam on

T6i mudn cam on tit ca nhiing ngudi da 1am viéc trén Chisel vi di tao ra mot ngdn ngi
xdy dung phan cing tuyét vdi. That hao hiing khi sit dung Chisel va do d6 ciing xting
déng dé viét mot cudn sach vé né.

T6i cam on toan thé cong dong Chisel, nhitng ngudi ludn chao dén, than thién va toi
khong bao gid mét méi khi tra 16i céc cau hoi vé Chisel.

Téi cling mudn cam on céc sinh vién clia tdi trong nhiing nim cubi ctia khéa hoc Kién
triic mdy tinh nang cao, ndi hau hét ho da chon Chisel cho du 4n cubi cing. Cdm on cic
ban da ra khéi ving an toan cia minh va bat dau hanh trinh hoc hdi va sit dung ngon
ngit md ta phin cing t6i tan. Nhiéu ciu hoi clia cac ban da gitip hinh thanh nén cubn
sach nay.

XVI Nb6i dung



1 Gioi thiéu

Cudn sich nay gidi thiéu vé thiét ké hé thdng sb st dung ngdn ngit xay dung phan cting
hién dai, Chisel [2]. Trong cudn sach nay, chiing tdi tap trung vao mic tritu tugng bac
cao hon thong thudng trong céc sich thiét ké sb khac, nhim cho phép ngudi doc xay
dung cdc hé théng sb tuong tac, phiic tap hon trong thoi gian ngan hon.

Cubn sach nay va Chisel nham dén hai nhém phit trién: (1) nhitng ngudi thiét ké phan
cling va (2) céc 1ap trinh vién phan mém. Nhiing ngudi thiét ké phan ciing thong thao
VHDL hoic Verilog va st dung cic ngdn ngit khac nhu Python, Java hodc Tcl d€ tao
phan ciing c6 thé chuyén sang mot ngdn ngit xdy dung phan cting duy nhit, & d6 viéc
tao ra phan cting 12 mot phan ctia ngén ngit. Cac 1ap trinh vién phan mém trd nén quan
tam dén thiét ké phan ciing, vi du: cac chip trong tuong lai ctia Intel sé bao gdom phan
cting kha trinh d€ ting téc cac chuong trinh. Viéc cic ban st dung Chisel 1am ngdn ngit
mo tA phan ciing dau tién 1 hoan toan &n.

Chisel dua nhiing tién bo tif ky thuat phan mém, chang han nhu ngdn ngi lap trinh
huéng dbi tuong va chiic ning, vao trong thiét ké mach sd. Chisel khong chi cho phép
bi€u dién phan ciing & mic-chuyén-thanh-ghi (Register-Transfer Level) ma con cho phép
viét cac bo tao ra phin ciing.

Phin ciing hién tai chi yéu dugc mé ta bdi ngdn ngit mo ta phan ciing. Thoi dai vé
cdc thanh phan phan ciing, ngay khi diing cic cong cu CAD, da qua rdi. Mot sb ban vé
mifc cao c6 thé cho mot cdi nhin tdng quan vé hé théng nhung khong nhiam muc dich
mo ta hé thdng. Hai ngdn ngit md ta phan ciing phd bién nhit hién nay 1a Verilog va
VHDL. C4 hai ngdn ngit déu da cii, chiia nhiéu di san va c6 mot dong chuyén dong vé
nhiing ciu tric ctia ngon ngit ¢6 thé tdng hdp dudc véi phan ciing. Diing hiéu sai y toi:
VHDL va Verilog c¢6 thé mé t4 hoan hao mot khdi phan ciing dudc tdng hop thinh mot
ASIC. Vé6i thiét ké phan ciing trong Chisel, Verilog déng vai trd 12 ngdn ngfi trung gian
dé t6ng hop va kiém tra mach.

Cubn sach nay khong gi6i thiéu tdng quan va cac co sd vé thiét ké phan ciing. Nén
dé dugc gidi thidu nhitng co ban trong thiét ké mach sd, chang han cach xay dung cong
logic tif c4c transistor CMOS, ban doc hiy tham khao cdc sach thiét ké mach s khac.
Tuy nhién, cudn sach nay du dinh huéng dan thiét ké mach s6 & cp do tritu tugng, do6 1a
cdc bai thuc hanh hién dai ¢ mo ta ASIC hodc nham muc tiéu vao thiét k& trén FPGAs.!

Vi téc gia quen thudc véi FPGA hon la ASIC nhu cong nghé dich, nén mot s6 téi wu héa thiét ké dugc trinh


https://www.chisel-lang.org/
https://en.wikipedia.org/wiki/Application-specific_integrated_circuit
https://en.wikipedia.org/wiki/Field-programmable_gate_array
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Nhu diéu kién tién quyét cho cudn sich nay, chiing toi gia dinh ngudi doc da c6 kién
thiic co ban vé Pai sb tuyén tinh va Hé thong s6 nhi phan. Hon nita, ciing gia dinh 1a
ngudi doc da c6 mot s6 kinh nghiém 1ap trinh v6i bat ky ngdn ngit 14p trinh nao. Khong
can c6 kién thiic vé Verilog hoic VHDL. Chisel c6 thé 1a ngon ngit 1ap trinh dau tién
ctia ban d€ md ta phan ciing s6. Vi quy trinh xdy dung trong cic vi du dua trén sbt va
make, nén cdc kién thic vé tuong tic bang dong lénh trén terminal (Unix/Linux) la hitu
ich.

Ban than Chisel khong phéi 12 mot ngon ngit 16n. Cac cAu triic co ban ctia né dugc
trinh bay chi trong mot trang va c¢6 thé hoc dugc trong vong mot vai ngly. Vi viy, cudn
sach nay khong phai 1a mot cudn sach 16n. Chisel chic chan nhé hon VHDL va Verilog,
mang nhiéu di san. Stic manh ctia Chisel dén tif viéc nhing Chisel vao bén trong Scala,
ma chinh né 12 ngdn ngit biéu dién. Chisel ké thita cic dic diém tir Scala 1a “ngdn ngit
phat trién nho ¢6 ban” [12]. Tuy nhién, Scala khong phai 1a chii d€ ctia cubn sach nay.

Chiing t6i cung cAp mot phan ngin vé Scala cho cédc nha thiét ké phan ciing. Cudn
sach dugc viét bdi Odersky va cdc cong su [12] cung cip gidi thiéu tong quan vé Scala.
Cubdn sach nay huéng din vé thiét k& mach sé va ngoén ngit Chisel; n6 khong phai 1a mot
tai liéu tham khio vé ngon ngit Chisel, ciing khong phdi 1a mot cudn sach vé thiét ké
chip hoan chinh.

Tit ca cdc vi du ma code chuong trinh dugc trinh bay trong cubn sach nay déu dugc
rut trich tir cac chuong trinh hoan chinh da dugc bién dich va tht nghiém. Do d6, chuong
trinh sé& khong c6 bt ky 16i cti phap nao. Cac vi du c6 sén tit kho GitHub ctia cubn sach
nay. Bén canh viéc trinh bay cic ma code Chisel, chiing t6i ciing cb gang trinh bay cac
thiét k& hitu ich va nguyén ly ctia phong cich mé ta phan cting tot.

Cudn sach nay dugc téi uu d€ doc trén mdy tinh xach tay hoic mdy tinh bang (vi du
nhu iPad). Ching tdi dua vao cic lién két d€ doc thém trong vin ban dang chay, chi yéu
1a cdc chu dé trén Wikipedia.

1.1 Cai dat Chisel va cac cong cu FPGA

Chisel 12 mot thu vién Scala, va cach d& nhét dé cai dit Chisel va Scala 1a v6i sbt, mot
cong cu xay dung Scala. Ban than Scala phu thudc vao viéc cai dat Java JDK 1.8. Vi
Oracle da thay d6i cAp gidy phép cho Java, nén viéc dé dang hon 1a cai dit OpenJDK tur
AdoptOpenJDK.

bay trong cudn sich nay nhim dén cong nghé FPGA.
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1.1 CAI PAT CHISEL VA CAC CONG cU FPGA

1.1.1 macOS

Cai dat Java OpenJDK 8 tu AdoptOpenJDK. Trén HDH Mac OS X, véi trinh quan ly
g6i Homebrew, sbt va git c¢6 thé dudc cai dit nhu sau:

$ brew install sbt git

Cai dit GTKWave va IntelliJ (phién ban cho cong ddng). Khi nhap (Import) mot du
an, chon JDK 1.8 da dudc cai dit true (khong phai Java 11!)

1.1.2 Linux/Ubuntu
Cai dat Java va cac cong cu hitu ich khéc trén Ubuntu véi 1énh:
$ sudo apt install openjdk-8-jdk git make gtkwave

Véi Ubuntu, von dudce dua trén Debian, céc chuong trinh thudng dudc cai dit tir mot
tap tin Debian (.deb). Tuy nhién, tai thdi di€ém viét bai nay, sbt khong con c6 san goi dé
cai dit. Do d6, qud trinh cai dit sé tn nhidu budc hon mdt chit nhu sau:

echo "deb https://dl.bintray.com/sbt/debian /" | \
sudo tee -a /etc/apt/sources.list.d/sbt.list

sudo apt-key adv --keyserver hkp://keyserver.ubuntu.com:80 \
--recv 2EEQEA64E40A89B84B2DF73499E82A75642AC823

sudo apt-get update

sudo apt-get install sbt

1.1.3 Windows

Cai dit Java OpenJDK tit AdoptOpenJDK. Chisel va Scala con c6 thé dugc cai dit va
dugc st dung trén Hé diéu hanh (HDH) Windows. Cai dit GTKWave va IntelliJ (phién
ban cho cong ddng). Khi nhap mot du an, Chon JDK 1.8 da dudc cai dit trude (khong
phai Java 11!), sbt c6 thé dudc cai dit v6i chuong trinh cai dit trén Windows, xem thém:
Cai dat sbt trén Windows. Cai dat chuong trinh con git.

1.1.4 Cac cong cu FPGA

Dé xay dung phan ciing cho FPGA, ban cin cong cu tong hdp mach. Hai hing cung cip
FPGA 16n, Intel® va Xilinx, cung cép cac phién ban mién phi cho cdc cong cu hd trg cac

2tién than 1a Altera
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FPGA c6 kich thudc nho va trung binh. Cac FPGA c6 kich thuée trung binh nay di 16n
dé xay dung céc bd vi xi ly kiéu RISC da 16i. Intel cung cAp Quartus Prime Lite Edition
va Xilinx cung cip Vivado Design Suite, WebPACK Edition. C4 hai cong cu nay déu
déu c6 sin trén HDH Windows va Linux, nhung chua c6 cho HDH macOS.

1.2 Hello World

M&i cubn sach ngdn ngit 1ap trinh déu bt ddu véi mot vi du tbi gian, thudng dudc goi
12 vi du Hello World. Poan ma sau 12 cich tiép can dau tién:

object HelloScala extends App{
println("Hello Chisel World!")
3

Bién dich va thuc thi chuong trinh ngin nay véi sbt
$ sbt run
din dén két qua ngd ra mong dgi ctia mot chuong trinh Hello World:

[info] Running HelloScala
Hello Chisel World!

Tuy nhién, day c6 phai 1a Chisel? Phan ciing nay c6 dudc tao ra dé€ in mot chudi khong?
Khong, day la ma Scala don gian va khong phai l1a chuong trinh Hello World dai dién
cho mot thiét ké phan cing.

1.3 Hello World trong Chisel

Nhu vay tuong duong véi chuong trinh Hello World cho thiét ké phan cing 1a gi? Thiét
ké hitu ich va hién thi ti thiéu? Mot dén LED nhip nhdy 1a phién ban phan ciing (hoic
tham chi phan mém nhing) ctia Hello World. Néu dén LED nhip nhdy, thi ching ta sin
sang gidi quyét cic bai toan 16n hon!

Listing 1.1 biéu dién mot dén LED nhip nhdy, dudc mo ta bdi Chisel. Ciing khong
quan trong phai hiéu chi tiét vé vi du ctia doan ma nay. Chiing toi sé trinh bay nhiing diéu
d6 trong nhiing chuong sau. Chi luu y ring mach dién thudng dudc cip xung clock & tin
s6 cao, vi du: SOMHz, va ching ta cAn mot mach dém d€ 14y chu ky thdi gian ting véi
khoang tan s6 trong dai Hz d€ c6 thé thiy dugdc su nhip nhdy ctia dén. Trong vi du trén,
chiing ta dém tit 0 1én dén 25000000-1, sau d6 chuyén ddi tin hiéu nhip nhdy (blkReg
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1.4 CONG cu IDE cHO CHISEL

class Hello extends Module {
val io = IO0O(new Bundle {
val led = Output(UInt(l.W))
b
val CNT_MAX = (50000000 / 2 - 1).U;

val cntReg = RegInit(0.U(32.W))
val blkReg RegInit(0.U(C1.W))

cntReg := cntReg + 1.U
when(cntReg === CNT_MAX) {
cntReg := 0.U
blkReg := ~blkReg
3
io.led := blkReg

Listing 1.1: Phan cing Hello World trén Chisel

:= ~blkReg) va khéi tao lai mach dém (cntReg := 0.U). Phan ciing ndy sé nhip nhay
den LED & tan s6 khoang 1 Hz.

1.4 Cong cu IDE cho Chisel

Cubdn siach nay khong dua ra gia dinh nao vé moi trudng lap trinh hoic trinh soan thao
ma ban st dung. Viéc hoc cac kién thifc co ban sé tré nén dé dang chi bang cach sit
dung sbt & dong 1énh va mdt trinh soan thio ma ban chon. Theo truyén théng ctia cic
cudn sach khdc, tit ca cac 1énh ma cac ban nhap vao shell/terminal/CLI d&u dugc bat
dau bang ky tu $, ky tu ma cic ban khong dugc go vao. Vi du, ddy 1a 1énh 1s trén Unix,
liét ké cac tap tin trong thu muc hién tai:

$ 1s

Diéu d6 néi ring, mot mdi trudng phat trién tich hgp (IDE), noi mdt trinh bién dich
dang chay trong nén, c6 thé ting téc do viét ma code. Vi Chisel 12 mot thu vién Scala
nén tét cd cac IDE hd trg Scala ciing 1a cic IDE tdt cho Chisel. Cac cong cu nhu IntelliJ
va Eclipse c6 thé tao mot du 4n tif viéc ciu hinh du 4n sbt trong 1énh build. sbt.

Trong IntelliJ, cic ban c6 thé tao mdt du 4n méi tif cac tap tin ngudn hién co: File -
New - Project from Existing Sources... va sau d6 chon tap tin build.sbt ti dy an.
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Trong Eclipse, ban c6 thé tao mot du 4n tit 1énh:
$ sbt eclipse

va nhap du 4n d6 vao trong Eclipse.’

Visual Studio Code 12 mot lua chon khic cho Chisel IDE. Phan tién ich mé rong Scala
Metals cung cép viéc hd trg cho Scala. O trén thanh bén trai chon Extensions, tim kiém
Metals va cai dit Scala (Metals). D& nhap mot du an dua trén sbt, mg thu muc bing
cach vao File - Open.

1.5 Truy cap nguon va cac dac diém cla eBook

Cubn sach 12 ma ngudn md va dugc dit tai GitHub: chisel-book. Tat ca cic vi du ma
code ctia Chisel, dudc trinh bay trong cudn sich nay, dudc dua vao trong kho luu trit
(repository) trén GitHub. Cac doan ma dugc bién dich véi phién ban mdi cua Chisel, va
nhiéu vi du méu ciing c6 chifa testbench. Chiing toi thu thap céc vi du Chisel 16n hon
trong kho luu trit kém theo chisel-examples. Néu cac ban tim thiy 18i hoic 16i dianh may
trong sach, cach thuan tién nhét 1a yéu cau kéo (pull request) dit lidu vé tir GitHub dé két
hop véi céc cdi tién clia cac ban. Céc ban ciing c6 thé cung cip phan hdi hoic nhan xét
d€ cai thién bang cach giti van dé trén GitHub hodc giti email.

Cudn sich nay dudc cung cip mién phi dudi dang sich dién ti PDF va & dang in
truyén théng. Phién ban sach dién tir lién két dén céc tai nguyén khac va cac muc trén
Wikipedia. Ching t6i st dung cac muc trén Wikipedia cho thong tin ¢ ban (vi du: hé
théng s6 nhi phan) khong phit hop truc tiép v6i cubn sach nay. Chiing toi da toi vu héa
dinh dang ctia sach dién tit d€ doc trén mdy tinh bang, chang han nhu iPad.

1.6 Poc thém

Day 1a danh sach doc thém cho thiét ké mach s va Chisel:

* Digital Design: A Systems Approach, bdi tac gia William J. Dally and R. Curtis
Harting, 1a sach gido khoa hién dai vé thiét k& mach sb. Sach c6 sén & hai phién
ban: st dung Verilog hoic VHDL nhu mot ngdn ngit mo ta phan ciing.

Tai liéu chinh thifc ctia Chisel va cic tai liéu khic c6 sin truc tuyén:

* Trang chd Chisel 12 diém khéi dau chinh thic dé tai va hoc Chisel.

3Chiic ning nay can plugin Eclipse cho sbt.
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1.7 BAI TAP

* Trang Chisel Tutorial cung cAp mot du 4n thiét 1ap sin chia cac bai tip nhd véi
céc bo kiém tra va bai gidi.

» Trang Chisel Wiki chita huéng dn st dung ngéan vé Chisel va cac lién két dén cac
thong tin khac.

* Trang Chisel Testers c6 kho luu tri riéng chua tai ligu Wiki.

» Trang Generator Bootcamp 1a khéa hoc Chisel tip trung vao cédc bo tao phan cting,
dang s& ghi chép Jupyter

* Trang Chisel Style Guide b&i Christopher Celio.

* Trang chisel-lab chia cac bai tdp Chisel cho khoa hoc “Digital Electronics 2” tai
truong Technical University of Denmark.

1.7 Bai tap

Mbi chuong két thiic v6i mot bai tap thuc hanh. Véi bai tap & chuong gidi thidu, chiing
ta stt dung mdt bo mach FPGA d€ 1am cho mdt dén LED nhip nhdy.* Budc diu tién tién
hanh clone thu muc chisel-examples tit GitHub. Vi du Hello World nim trong thu muc
hello-world, dudc thiét 1ap nhu mot du 4n nhé. Céc ban c6 thé kham phd ma Chisel
ctia dén LED nhip nhdy trong src/main/scala/Hello.scala. Bién dich chuong trinh
dén LED nhép nhdy theo cic budc sau:

$ git clone https://github.com/schoeberl/chisel-examples.git
$ cd chisel-examples/hello-world/
$ sbt run

Sau khi tdi xudng mot s6 thanh phan Chisel ban dau, chuong trinh sé tao ra tip tin
Verilog Hello.v. Kham ph4 tip tin Verilog nay. Cac ban sé thiy n6 chifa hai ngd vao
clock va reset va mot ngd ra io_led. Khi cic ban so sanh tdp tin Verilog nay véi
mo-dun ciia Chisel, cac ban luu y ring mo-dun Chisel khong chifa tin hidu clock hoic
reset. Nhiing tin hiéu d6 dudc tao ra mot cach ngdm dinh, va trong hau hét cic thiét ké,
that tién 16i khi khong can phai xit 1y nhiing chi tiét  miic thap nay. Chisel cung cip cic
thanh phan thanh ghi, va chiing dudc két ndi mot cach tu dong véi clock va reset (néu
can thiét).

4Néu hién tai cdc cdc ban khong c6 bo mach FPGA nio, hay cif tiép tuc doc vi chiing toi s& cho cac ban xem
mot phién ban md phéng & cudi bai tap.

No6i dung 7


https://github.com/ucb-bar/chisel-tutorial
https://github.com/freechipsproject/chisel3/wiki
https://github.com/freechipsproject/chisel-testers
https://github.com/freechipsproject/chisel-bootcamp
https://jupyter.org/
https://github.com/ccelio/chisel-style-guide
https://github.com/schoeberl/chisel-lab
https://en.wikipedia.org/wiki/Light-emitting_diode
https://github.com/schoeberl/chisel-examples

1 G161 THIEU

Budc tiép theo la thiét 1ap tap tin trong du 4n FPGA cho cong cu téng hgp mach, gan
cdc chan, bién dich® chuong trinh Verilog, va cu hinh FPGA véi tap tin ding dé nap.
Chiing t6i khong thé cung cAp chi tiét cac budc thuc hién nay. Vui long tham khio huéng
dan st dung cong cu Intel Quartus hoic Xilinx Vivado ma cac ban dang st dung. Tuy
nhién, cic vi du miu c6 chita mot sé du 4n Quartus c6 san dé sit dung trong thu muc
quartus cho cic bo mach FPGA phé bién (vi du: DE2-115). Néu céc vi du niy c6 cac
du 4n ho trg cho cic bo mach FPGA ma cdc ban dang co, thi chi viéc chay Quartus,
md dy 4n, bién dich bang cach nhén niit Play, va ciu hinh cho bo mach FPGA véi niit
Programmer va mot trong s6 cac LED trén bo mach sé nhip nhdy.

Chiic mirng! Ban da thuc hién dudc thiét ké diu tién chia minh biing ngén ngi
Chisel chay trén FPGA!

Néu den LED khong nhip nhay, thi hiy kiém tra trang thai ctia chan reset. Trén ciu
hinh ctia bo mach DE2-115, tin hiéu ngé vao reset dugc ndi vaio SWO.

Bay gid thay d6i tan s6 nhip nhdy dén LED thanh gia tri nhanh hon hay cham hon va
chay lai quy trinh bién dich va ciu hinh FPGA. Tan s6 nhip nhdy va cdc mau nhip nhay
ciing b4o hiéu “céc trang thai” khac nhau. Vi du: c4c tin hiéu LED nhip nhdy chim bio
hiéu moi thi déu 8n, cic tin hiéu LED nhip nhdy nhanh bzo hiéu trang thai canh bo.
Hay kham pha gi4 tri tin s6 nao biéu dién tot nhit hai trang thai d6.

Xem nhu phan mé rong véi nhiéu thi thach hon cho bai tap, hdy tao miu nhip nhdy
sau: dén LED sdng m&i 200 ms. Ddi v6i méu ndy, cic ban c6 thé tich sy thay d6i cla
den LED nhip nhdy bing viéc reset lai bo dém. Céc ban sé can mot hing s6 thit hai thay
ddi trang thdi cla thanh ghi blkReg. Vay loai trang thdi nao ma méiu nay tao ra ? N6 la
tin hiéu bio dong hay giéng tin hiéu su séng hon ?

Néu chua c6 bo mach FPGA, thi cic ban van c6 thé chay vi du dén LED nhip nhay.
Céc ban sé st dung cong cu md phong Chisel. D€ tranh thdi gian md phdng qua 1au,
thay ddi tan sd xung clock trong doan ma Chisel tir 50000000 xudng 50000. Thuc thi
1énh sau d€ mé phong den LED nhip nhay:

$ sbt test

Lénh nay sé thi hanh chuong trinh kiém tra, chay trong mot triéu chu ky xung clock
Tan s6 nhip nhdy phu thudc vao téc d6 md phdng, tic 1a phu thudc vao téc do may tinh
ctia ban. Vi viy, c4c ban phai can thi nghiém mot chiit vdi tin sd gia dinh dé thiy den
LED nhép nhdy dudc mo phong.

5Quy trinh thuc dugc chi tiét héa hon véi cic budc sau: tdng hgp mach logic, thic hién dit va di day, thuc
hién phén tich thdi gian, vao tao ra tap tin d€ nap. Tuy nhién, véi myc dich clia vi du trong chuong gidi
thiéu nay, ching t6i chi don gian goi la “bién dich” chuong trinh.
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2 Cac thanh phan co ban

Trong phan nay, ching toi gidi thiéu cdc thanh phan co ban cho thiét ké mach s6: Cac
mach t hop va Flip-flop. Cac thanh phan thiét yéu nay c6 thé dudc két hop dé hinh
thanh cac mach dién 16n hon va thad vi hon.

Céc hé thdng mach s6 néi chung dugc xdy dung véi viéc st dung tin hiéu nhi phan,
c6 nghia 1a mot bit don hodc tin hiéu chi ¢ thé c6 mot trong hai gid tri. C4c gia tri nay
thuong dudc goi la 0 va 1. Tuy nhién, ching t6i ciing st dung cac thuat nglt sau: miic
thip/cao, gid tri sai/ding va pht dinh/khang dinh. Cac thuat ngif nay c6 nghia la hai gia
tri c6 thé gidng nhau ctia tin hiéu nhi phan.

2.1 Cac loai tin hiéu va hang s6

Chisel cung cip ba ki€u dif liéu d€ mo ta tin hiéu, logic t6 hop va cic thanh ghi: Bits,
UInt, va SInt. UInt vA SInt m& rong Bits, va tit ca ba ki€u nay biéu dién véc-to clia
cdc bit. UInt cung cip cho véc-td bit ndy y nghia ctia mot s& nguyén khong diu va SInt
ctia mot s6 nguyén c6 déu.! Chisel st dung S6 bu 2 biéu dién sb nguyén cé dau.

Sau day la dinh nghia céc kiéu khac, mot kiéu Bits 8-bit, mot s nguyén khong dau
8-bit, va mot sd nguyén c6 dau 10-bit:

Bits(8.W)
UInt (8.W)
SInt(10.W)

D6 rong clia véc-td bit duge dinh nghia bdi ki€u do rong ciia Chisel (Width). Biéu thiic
sau chuyén ddi s6 nguyén Scala n thanh width kiéu Chisel, dudc sit dung cho dinh nghia
clia véc-to Bits:

n.w
Bits(n.W)

IKiéu Bits trong phién ban hién tai ctia Chisel dang thiéu cac phép toan vi viy khong hitu ich cho doan mi
cuia ngudi st dung.
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Cic hing s c6 thé dugc dinh nghia bing cach st dung s6 nguyén Scala va d6i né thanh
ki€u Chisel:

0.U // defines a UInt constant of 0
-3.S // defines a SInt constant of -3

Cic hiang s con c6 thé dugc dinh nghia bdi do rong, bang cach sit dung kiéu do rong
cua Chisel:

3.U(4.W) // An 4-bit constant of 3

Néu cic ban thiy khdi niém cta 3.U va 4.W hoi budn cudi, hdy xem né nhu mot bién
thé ctia mot hing sd nguyén c6 kiéu. Khadi niém nay tuong tu v6i 8L, biéu dién mot hing
s6 nguyén dai trong ngoén ngii C, Java, and Scala.

Nhitng 16i ¢6 thé xay ra: Mot 16i c6 thé xay ra khi dinh nghia cac hing sé véi do
rong dinh sén bi thiéu thong sd .W cho gia tri d6 rong. Vi du: 1.U(32) sé khong dinh
nghia hing s6 rong 32-bit biéu dién sb 1. Thay vao d6, biéu thic (32) dugc hiéu nhu
trich xudt bit tir vi tri 32, d4n dén mot hing s6 bit duy nhat 12 0. D6 c6 thé khong phai la
y dinh ban dau ctia ngudi 1ap trinh.

Chisel huéng Idi tif nhiing suy luan ctia cic kiéu dif liéu Scala va & nhiéu chd, kié€u
thong tin c¢6 thé bi bd sét. Piéu tuong tu ciing diing cho do6 rong bit. Trong nhiéu truong
hop, Chisel tu dong suy ra do rong chinh xic. Vi vdy, md ta phan ciing ctia Chisel stic
tich hon va dé doc hon so v6i VHDL hoic Verilog.

Dbi v6i nhitng hing sb dugc dinh nghia trong nhiing co s& khac véi hé thap phan,
hing s& dudc dinh nghia trong mot chudi véi ky tu h diing trude cho hé thap luc (co s6
16), o cho hé bat phan (co s6 8), va b cho hé nhi phan (co s6 2). Vi du sau cho thiy dinh
nghia ctia hing s6 255 v6i nhiing co s6 khac nhau. Trong vi du nay, chiing t6i bd qua do
rong bit va Chisel sé suy ra do rong tdi thiéu dé phii hdp véi cac hing sd, trong truong
hop nay 12 8-bit.

"hff".U // hexadecimal representation of 255
"0377".U // octal representation of 255
"pb1111_1111".U // binary representation of 255

Poan ma trén cho thiy céch st dung diu gach dudi dé€ nhém cac chif s6 trong chudi dé
biéu dién mot hing s6. Dau gach dudi dudc bd qua.

Dé biéu dién cdc gia tri logic, Chisel dinh nghia ki€u Bool. Bool ¢6 thé bi€u dién gid
tri true hoic false. Poan ma sau cho thiy dinh nghia ctia kiéu Bool va dinh nghia ctia
hing s6 Bool, bing cach ddi hiing s6 Boolean Scala true va false thanh hang s6 Chisel
Bool.
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2.2 MACH TO HOP

a —|
b —|

oai
. b ogic

Hinh 2.1: Mach logic cho biéu thiic (a & b) | c. Cac dudng ndi diy cé thé 1a bit don
hoic nhiéu bit. Biéu thiic trong Chisel, va ban vé mach 12 nhu nhau.

Bool ()
true.B
false.B

2.2 Mach t6 hop

Chisel st dung céc toan ti Pai s6 Boole, nhu da dugc dinh nghia trong C, Java, Scala,
va trong nhiéu ngdn ngii 1ap trinh khéc, vi du cong logic trong mach t& hop dudc md ta
nhu sau: & 12 todn t& AND va | 1a todn tif OR. Dong ma sau dinh nghia mach dién két
hop cac tin hiéu a va b dung cong and va két hop két qua ngd ra véi tin hiéu ¢ ding cdng
or.

val logic = (a & b) | ¢

Hinh 2.1 biéu dién mach dién ctia biéu thiic mach tS hop nay. Luu ¥ rang mach dién
nay c6 thé danh cho vectd cac bit va khong chi cac day don dudce két hop véi cac mach
AND va OR.

Trong vi du nay, ching ta khong dinh nghia ki€u dif liéu, ciing khong phai do rong
clia tin hiéu logic. C4 hai déu dugc suy ra tif ki€u va do rong ctia biéu thiic. Céc phép
todn logic chuén trong Chisel la:

val and = a & b // bitwise and

val or = a | b // bitwise or
val xor = a A b // bitwise xor
val not = ~a // bitwise negation

Céc phép todn sb hoc st dung cic toan tif chuan:

val add = a + b // addition
val sub = a - b // subtraction
val neg = -a // negate
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val mul = a b // multiplication
val div = a / b // division
val mod = a % b // modulo operation

Do rong két qué ctia phép todn 1a do rong tbi da clia cic toan ti cho phép cong va phép
trli, tong ctia hai d6 rong cho phép nhan va thudng 1a do rong ctia ti sé cho phép chia va
phép toan chia 1iy du.?

Mot tin hiéu ban diu c6 thé dudc dinh nghia dudi dang mot s6 kiéu nhu Wire. Sau do,
chiing ta c6 thé gan mot gia tri v6i ddy ndi béi todn tir cap nhat :=.

val w = Wire(UInt())
w:i=a&hb
M0t bit don c6 thé dugc trich xuét nhu sau:
val sign = x(31)
Mot trudng con c6 thé dugc trich xult tir vi tri dau dén cudi:
val lowByte = largeWord(7, ©)
Cic trudng bit dugc ghép ndi bdi Cat.
val word = Cat(ChighByte, lowByte)

Bang 2.2 trinh bay danh sich day di ctia cic todn ti (xem thém tai cic todn td noi
tai). Mtc do vu tién cla toan t& Chisel dugc xac dinh bdi thu ty danh gia cia mach, theo
thi tu vu tién ctia toan tif Scala. Néu con nghi ngd, viéc sit dung diu ngodc don ludn la
mot phuong phap hay.

Béng 2.2 trinh bay cdc ham khic nhau dudc dinh nghia trén va cho cic kiéu dif liéu
Chisel

2.2.1 Mach da hop

Mach da hop 1a mach chon mot trong nhiéu ngd vao dua t6i mot ngd ra (mach da hop

2Chi tiét chinh xdc c6 trong Dic ti FIRRTL.

3P6 wu tién todn tit trong Chisel 1a mot tic dung phu clia viéc chi tiét héa phin cing khi ciu tric cdy ciia
cac niit phan ciing dudc tao ra bang cich thuc thi cc todn tif Scala. Toan tit wu tién trong Scala tucng tu
nhung khong gibng véi Java/C. Verilog c6 ciing d9 uu tién toan ti nhu C, nhung VHDL lai c6 do uu tién
khac. Verilog c6 thi tu vu tién cho cac phép toan logic, nhung trong VHDL cdc toan tit d6 ¢6 cung thit tu
uu tién va dugc danh gia tu trai sang phai.
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2.2 MACH TO HOP

Toan ti M6 ta Kiéu di liéu
* /% nhan, chia, chia lay du Ulnt, SInt
+ - cong, tru Ulnt, SInt
=== =/= bing, khong bing Ulnt, SInt, returns Bool
> >= < <= s0sanh Ulnt, SInt, tra vé Bool
« » dich tréi, dich phai (md rong diu cho SInt)  Ulnt, SInt
- NOT Ulnt, SInt, Bool
& | ° AND, OR, XOR Ulnt, SInt, Bool
! logic NOT Bool
&& || logic AND, OR Bool
Bang 2.1: C4c todn tii phan ciing dudc dinh nghia trén Chisel.
Ham Mo ta Kiéu dit liéu

v.andR v.orR v.xorR
v(n)

v(end, start)
Fill(n, v)

Cat(a, b, ...)

AND, OR, XOR rtit gon
trich xuét mot bit don
trich xuét trudng bit

sao chép chudi bit, n times

ghép cac trudng bit

Ulnt, SInt, tra vé Bool
Ulnt, SInt
Ulnt, SInt
Ulnt, SInt
Ulnt, SInt

Bang 2.2: Cdc ham phan ciing dudc dinh nghia trén Chisel, dugc goi trén v.

No6i dung
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- les --

— a—»
y —»
— b —»

Hinh 2.2: Mach da hgp c6 béan 2:1.

con dudc goi 1a mach don kénh, mach ghép kénh). 0 dang co ban nhét, mach gom c6 2
ngd vao. Hinh 2.2 biéu dién mach da hop 2:1, hay goi 1a mux cho ngin gon. Ty thudc
vao gia tri clia tin hiéu lua chon (tin hiéu sel), tin hiéu y s& bi€u dién tin hiéu a hoc tin
hiéu b.

Mach da hdp c6 thé dudc hinh thanh tir cc cdng logic. Tuy nhién, vi da hop 12 mot
phép toan chuin nén Chisel cung cip mach da hop,

val result = Mux(sel, a, b)

trong d6 a dugc chon khi sel 1a true.B, ngugc lai b sé dugc chon. Kiéu dif liéu sel 1a
Chisel Bool; cic ngd vao a va b c¢6 thé 1a bét ky kiéu co sd Chisel hoic kiéu tap hop
(bundles hoic vectors) mién la ching cung kiéu.

Véi céc phép toan logic va s6 hoc va da hdp, méi mot mach da hop c6 thé duge md
ta. Tuy nhién, Chisel cung cAp thém céc thanh phan va diéu khién triru tugng dé mo ta
mot cach thanh thoat hon vé mach t8 hop, sé dudc mod ta trong chuong sau.

Thanh phan co ban thit hai cin d€ mé td mach s6 14 cic thanh phan trang thai, hay con
dugc goi 1a thanh ghi, sé dudc md ta & phan tiép theo.

2.3 Cac thanh ghi

Chisel cung cip thanh ghi, 12 tp hop ctia cdc flip-flop D. Thanh ghi dudc két n6i ngdm
véi xung clock toan cuc va dugc cip nhit trang thai ¢ canh 1én xung clock. Khi gid tri
khéi tao dudc cung cép hic khai bdo thanh ghi, né sit dung reset ddng bo dugc nbi véi
tin hiéu reset toan cuc. Mot thanh ghi ghi c6 thé 1a bit ky kiéu Chisel nao c6 thé dudc
biéu dién & dang tip hop cic bit. Poan mi sau dinh nghia mot thanh ghi 8-bit, dugc khéi
tao bang 0 liic reset:

val reg = RegInit(0.U(8.W))
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2.3 CAC THANH GHI

/@— 19581

A

— clock J

Hinh 2.3: Flip-flop D dua trén thanh ghi véi reset dong bo vé 0.

Ngbd vao dudc ndi vé6i thanh ghi bdi todn tif cip nhat := va ngd ra ctia thanh ghi c6 thé
dudc st dung chi véi tén trong biéu thic :

reg :=d
val q = reg
Mot thanh ghi con c6 thé dugc két ndi v6i chinh ngd vao clia né & dinh nghia sau:

val nextReg = RegNext(d)

Hinh 2.3 biéu dién mach dién ctia dinh nghia thanh ghi v6i xung clock, tin hiéu reset
ddng bo véi 0.U, ngd vao d, va ngd ra q. Céc tin hiéu toan cuc clock va reset dudc két
nbi ngdm v6i mdi thanh ghi dugc dinh nghia.

Mot thanh ghi con c6 thé dugc két ndi véi ngd vao ciia né va mot hang sd nhu gid tri
khdi tao 6 dinh nghia sau:

val bothReg = RegNext(d, 0.0)
D& phan biét gitta cac tin hiéu biéu dién mach logic t& hgp va thanh ghi, mot thuc té phd
bién 1a dit hau t céc tén thanh ghi bdi Reg. Mot thuc té khac, dén tir Java va Scala, 1a

sit dung camelCase cho viéc dinh danh bao gdm nhiéu tit. Quy udc 1a bit ddu cac ham
va bién bang chi thudng va bat dau céc 16p (cic kiéu) bing chit in hoa.
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2.3.1 Pém

DPém 132 mot hoat dong co ban trong cac hé théng s6. N6 c6 thé dém céc su kién. Tuy
nhién, dém thudng dugc st dung hon d€ xic dinh mot khoang thai gian. Pém chu ky
xung clock va kich hoat mot hoat dong khi khodng thi gian da hét.

Mot céch tiép can don gian 12 dém 1én mot gid tri. Tuy nhién, trong khoa hoc may
tinh, va thiét ké mach sd, viéc dém bat dau tir 0. Do d6, néu ching ta mubn dém dén 10,
thi chiing ta dém tir 0 dén 9. Poan ma sau diy cho thidy mdt mach dém nhu viy: dém
dén 9 va quay vé 0 khi dat d@én 9.

val cntReg = RegInit(0.U(8.W))

cntReg := Mux(cntReg === 9.U, 0.U, cntReg + 1.U)

2.4 Cau truc voi Bundle va Vec

Chisel cung cip hai cu tric d&€ nhém cdc tin hiéu lién quan véi nhau: (1) Bundle d&
nhém céc tin hiéu c6 kiéu khic nhau va (2) Vec dé€ biéu dién tip hop cic tin hiéu cing
kiéu c6 thé truy xuat dudc. Cac Bundle va Vec c6 thé dudc 1ong vao nhau tiy y.

Mot bundle trong Chisel nhém nhiéu tin hiéu. Toan thé bundle c6 thé dugc tham chiéu
toan bo chung, hoiic cdc trudng riéng 1é c6 thé dudc truy cip bdi tén ciia chiing. Chiing
ta c6 thé dinh nghia mot bundle (tip hdp ctia cic tin hidu) bing cch dinh nghia mot 16p
md rong Bundle va liét ké cac trudng nhu vals trong khdi ciu triic.

class Channel () extends Bundle {
val data = UInt(32.W)
val valid = Bool(Q)

}

D& sit dung bundle, chiing ta tao n6 bdi tir khéa new va boc (wrap) né thanh mot ki€u
Wire. Céc trudng dugc truy cip bsi diu chim:

val ch = Wire(new Channel())
ch.data := 123.U

ch.valid := true.B

val b = ch.valid

Ky hiéu d4u chdm phd bién trong cic ngdn ngit huéng ddi tugng, véi x.y c6 nghia x
12 mot tham chiéu dén d6i tugng va y 12 trudng clia ddi tuong d6. Vi Chisel 1a huéng dbi

16 Nb6i dung



2.4 CAU TRUC VOI BUNDLE VA VEC

tuong, nén chiing ta stt dung ky hiéu diu cham d¢€ truy cép cic trudng trong bundle. Bun-
dle tuong ty véi struct trong C, record trong VHDL, hodc struct trong SystemVerilog.
Bundle ciing c6 thé dugc tham chiéu mot cich tng thé:

val channel = ch

Vec trong Chisel biéu dién tap hgp cic tin hidu c6 cung kiéu (véc-to). Mdi thanh phan
c6 thé dudc truy cip bdi mot chi sd. Vec trong Chisel tuong tu véi ciu triic mang dii liéu
trong cac ngodn ngit 1ap trinh khac.* Vec dudc tao bang cich goi ciu tric v6i hai tham
s6: sO phan tii va ki€u phan tii. Vec t6 hgp can dudc boc thanh kiéu Wire.

val v = Wire(Vec(3, UInt(4.W)))

Céc thanh phan riéng ré dudgc truy cip bdi (index).

v(®) :=1.U
v(l) := 3.0
v(2) := 5.0
val idx = 1.U0(2.W)

val a = v(idx)

Mot véc-td dudc boc thanh Wire 12 mach da hdp. Ching ta c6 thé boc mdt véc-to
thanh mot thanh ghi d€ dinh nghia mdt mang cac thanh ghi. Vi du sau dinh nghia mot
tap thanh ghi cho mot bo xit ly; 32 thanh ghi, m6i thanh ghi 32-bit nhu trong bd xu Iy
32-bit RISC, giéng phién ban 32-bit ctia RISC-V.

val registerFile = Reg(Vec(32, UInt(32.W)))

Mot phén tit clia tap thanh ghi d6 dudgc truy cap bing mot chi s6 va dugc st dung nhu
mot thanh ghi binh thutng.

registerFile(idx) := dIn
val dOut = registerFile(idx)

Chung ta c6 thé ty do tron bundle va véc-to v6i nhau. Khi tao mot véc-to véi kiéu
bundle, chiing ta ¢6 thé chuyén mot nguyén miu clia cc trudng véc-to. St dung Channel,
da dugc dinh nghia & trén, ching ta cé thé tao véc-td ciia cac kénh véi:

val vecBundle = Wire(Vec(8, new Channel()))

Mot bundle ciing c6 thé chita mot véc-to:

4Tén Array di dudc st dung trong Scala.
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class BundleVec extends Bundle {
val field = UInt(8.W)
val vector = Vec(4,UInt(8.W))
}

Khi ching ta mu6n mdt thanh ghi ctia ki€u bundle cAn mot gid tri reset, dau tién can
tao Wire ctia bundle d6, dit gia tri cac trudng riéng 18 néu can, va sau d6 chuyén bundle
nay thanh RegInit:

val initVal = Wire(new Channel())

initVal.data := 0.U
initVal.valid := false.B

val channelReg = RegInit(initVal)

Véi su két hop clia Bundles va Vecs chiing ta c6 thé dinh nghia cic ciu tric dif liéu
riéng cta minh, d6 1a nhiing sy triru tugng manh mé.

2.5 Chisel tao phan cirng

Sau khi tham khao mot s6 ma code ban dau ctia Chisel, ching ta thay né tuong tu nhu
cdc ngdn ngit 1ap trinh ¢ dién nhu Java hay C. Tuy nhién, Chisel (hoic bt ky cic ngdn
ngit md ta phan ciing khac) dinh nghia cic thanh phan phan ciing. Trong mot chuong
trinh phin mém, mot dong code chi dudc thi hanh sau khi dong khac dugc thi hanh,
trong khi d6 trong phan ciing tit ca cac dong code déu dudc thuc thi song song.

Diéu quan trong can nhé 1a ma Chisel tao ra phan ciing. Hay thit tuéng tugng, hoic vé
trén mot t& gidy, cac khoi riéng 18 dudc tao ra bdi mo ta mach dién Chisel ctia cdc ban.
Ma&i 14n tao thanh phan sé thém phan cting; mdi cAu 1énh gan tao ra cic cdng va/hoic
cac flip-flop.

Vé mit k¥ thuat, khi Chisel thuc thi ma ctia cac ban, n6 sé chay nhu mot chuong trinh
Scala, va bing cach thuc thi cac cAu 1énh Chisel, n6 thu thédp cac thanh phan phan cting
va két nbi cac miit d6 lai v6i nhau. Mang lué6i c4c niit phan cting nay 1 phan cing, c6 thé
thanh ma Verilog dé tdng hop ASIC hoiic FPGA hoic c6 thé dudc kiém tra bang trinh
kiém tra Chisel. Mang cdc niit phan ciing dugc thuc thi hoan toan song song.

Dbi v6i mot ky su phan mém, hdy tudng tudng su song song to 16n nay cé thé tao ra
trong phan ciing ma khong can phan viing ting dung thanh cac ludng va nhan khéa chinh
xéc cho giao tiép.
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2.6 BAI TAP

2.6 Bai tap

Trong phan gidi thiéu, cdc ban da thuc hién dén LED nhip nhay trén bo mach FPGA (&
thu muc chisel-examples), d6 1a mot vi du Hello World hop 1y vé phan cing. N6 chi st
dung cac trang thai bén trong, mét den LED ngo ra, va khong c6 ngd vao. Chép du an
ndy vao mot thu muc méi va md rong né bang cach thém mot sb ngd vao & io Bundle
véival sw = Input(UInt(2.W)).

val io = IO(new Bundle {
val sw = Input(UInt(2.W))
val led = Output(UInt(l.W))
b

V6i nhitng cong tic nay, cdc ban con cin gan tén chan cho bo mach FPGA. Cic ban c6
thé tim vi du gdn chan trén tip tin du 4n Quartus qua du 4n ALU (Vi du: trén bo mach
FPGA DE2-115).

Khi céc ban di dinh nghia cic ngd vao d6 va gan chan, hay bat dau véi mot bai kiém
tra don gian: loai b tit ca logic nhip nhdy khoi thiét ké va két ndi mot cong tic véi ngd
ra LED:; bién dich va ciu hinh thiét bi FPGA. Céac ban c6 thé gat cong tic dén LED bat
hay tit khong? Néu c6, ban da c6 cac ngd vao c6 san. Néu khong, ban can g 16i cAu
hinh FPGA ctia minh. Viéc gan chan ciing c6 thé dugc thuc hién véi phién ban GUI clia
cong cu.

Bay gid sit dung hai cong tic va thuc hién mot trong nhitng ham mach t& hop co ban,
vi du: hai cong tic cho hai ngd vao AND va hién thi két qua trén dén LED. Thay ddi
chiic ning. Budc tiép theo lién quan dén ba cong tic ngd vao dé thuc hién mach da hop:
mot cong tac hoat dong nhu tin hidu chon va hai cong tic con lai 1a hai ngd vao cho
mach da hgp 2:1.

Bay gio, cac ban da c6 thé thyc hién cdc ham ctia mach t6 hdp don gian va kiém tra
ching trong phan cting thuc su trén FPGA. Budc tiép theo, ching ta sé xem lam thé nao
qua trinh xdy dung hoat dong d€ tao cAu hinh cho FPGA. Hon nifa, chiing ta ciing sé
khdm phd mot khung sudn kiém tra don gian tit Chisel, cho phép cdc ban kiém tra mach
dién ma khong can cAu hinh FPGA va chuyén déi cong tic.
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3 Xay duwng quy trinh va kiém tra

DE bat dau vdi cac doan ma Chisel thi vi hon, trudc tién chiing ta can hoc cach bién dich
cdc chuong trinh Chisel, cich tao ma Verilog d€ thuc thi trong FPGA va cich viét cac
bai kiém tra dé€ g& 16i va kiém tra ring cac mach dién cia chiing ta c6 hoat dong diing
hay khong.

Chisel dudc viét bang Scala, vi vy bat ky qud trinh xay dung nao hd trg Scala déu c6
thé thuc hién dudc véi du 4n Chisel. Mot cong cu xdy dung phd bién cho Scala 1a sbt,
viét tat clia cong cu xdy dung tuong tac Scala (Scala interactive Build Tool). Bén canh
viéc thic ddy qua trinh xay dung va kiém tra, sbt ciing sé tai xudng phién ban diing ctia
thu vién Scala va Chisel.

3.1 Xay dung du’ an voi sbt

Thu vién Scala dai dién cho Chisel va trinh ki€m tra Chisel dugc tu dong tai xudng trong
qua trinh x4y dung ti kho luu trit Maven. Cac thu vién dugc tham chiéu bdi build.sbt.
C6 thé cAu hinh build.sbt bing last.release dé€ luon ludn sit dung phién ban Chisel
cip nhat nhit. Tuy nhién, diéu nay c6 nghia la trén mdi 1an build (xay dung), phién ban
dugc tra cidu tit kho Iuu trit Maven. Viéc tra cifu nay cin c6 két ndi Internet d€ viéc build
thanh cong. Tét hon hiy st dung phién ban Chisel chuyén dung va tit ca cic thu vién
Scala khic trong build.sbt ctia ban. C6 1& doi khi cling tot khi c6 thé viét ma code phan
cling va ki€ém tra n6 ma khong can két nbi Internet. Vi du, that tuyét khi thiét ké phan
cling & trén may bay.

3.1.1 T6 chirc ngudn

sbt ké thlta cdc quy udc ngudn tir cong cu build tu dong Maven. Maven con t6 chidc cac
kho thu vién Java ma ngudn mad.!

Hinh 3.1 biéu dién t& chiic ctia cAu triic ciy ngudn (source tree) ctia mot du 4n Chisel
tiéu bi€u. Thu muc gbc ctia du 4n 1a thu muc nha (thu muc home) ctia du 4n, chia tap

'P6 ciing 1a noi cdc ban di tii xudng thu vién Chisel trong 1an build d4u tién ciia minh: https:
//mvnrepository.com/artifact/edu.berkeley.cs/chisel3.
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project
| _src
main
L scala
L package
L sub-package
test
| scala
L package
| target
| _generated

Hinh 3.1: CAu tric cAy ngudn ctia mot du 4n Chisel (st dung sbt)

tin build.sbt. N6 con bao gdm tip tin Makefile cho quy trinh build, tip tin README,
va mot tap tin LICENSE. Thu muc src chiia tit cd ma ngudn. Tir d6, né dudc tach giita
thu muc main, chita ngudn phan cing va thu muc test chia trinh kiém tra. Chisel thira
hudng tir Scala, von ké thita tir Java ciu triic ngudn trong cac géi. Cac géi t& chiic ma
Chisel ctia ban trong cic khong gian tén. Cac géi con c6 thé chifa cac géi con. Thu
muc target chifa cac tdp tin 16p va cac tép tin khac dugc tao ra. Toi khuyén la cling
nén st dung mot thu muc chita cac tip tin Verilog dudc tao ra, thuong goi la thu muc
generated.

Dé sti dung cic phuong dién trong khong gian tén ctia Chisel, cac ban can khai bao
16p/md-dun dugc dinh nghia trong goi, trong vi du nay mypack:

package mypack
import chisel3._

class Abc extends Module {
val io = I0(new Bundle{})
}

Luu y ring trong vi du nay, chiing ta thiy viéc nhap ctia g6i chisel3 d€ sit dung cic 16p
Chisel.

Dé stt dung mo-dun Abc trong mot ngli canh khac (géi khong gian tén), cac thanh
phan clia g6i mypack cin phéi dudc nhap vao. Dau gach dudi (_) dong vai tro 1a ky tu
dai dién, nghia 12 tit c4 céc 16p ctia mypack dudc nhap.

import mypack._
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class AbcUser extends Module {
val io = I0(new Bundle{})

val abc = new Abc()

}

Ciing c6 kha ning 12 khong nhap tét ca cic ki€u tif mypack, nhung st sung tén di diéu
kién mypack.Abc dé dua dén mo-dun Abc trong géi mypack.

class AbcUser2 extends Module {
val io = IO0O(new Bundle{})

val abc = new mypack.Abc(Q)
}
Ciing c6 thé nhap vao chi mot 16p duy nhét va tao mot thuc thé ctia n6:
import mypack.Abc

class AbcUser3 extends Module {
val io = I0(new Bundle{})

val abc = new Abc()

3.1.2 Chay chuong trinh sbt
Mot du 4n Chisel ¢6 thé dugc bién dich va thi hanh v6i mot 1énh sbt don gian:
$ sbt run

Lénh nay sé bién dich tit ca cac ma Chisel ctia ban tli cAu triic cAy ngudn va tim kiém
céc 16p chiia object bao gdm phuong phap main, hodic don gian hon 13 mé rong App.
Néu c6 nhiéu hon mét dbi tuong, thi tit ca cac dbi tuong dudc liét ké va va mot ddi tugng
c6 thé dugc chon. Céc ban con c6 thé xac dinh truc tiép dbi tugng sé dugc thi hanh nhu
12 mot tham sb ddi vé6i sbt:

$ sbt "runMain mypacket.MyObject"
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Theo mic dinh, sbt chi tim kiém phan main ctia cAu triic ciy ngudn, chii khong tim
kiém phﬁn test.? Tuy nhién, cic trinh kiém tra Chisel, nhu da dugc md ta & day, chia
main, nhung sé dudc dit trong phan test ctia source tree. P thuc thi main trong ciu
tric cdy cda trinh kiém tra, st dung 1énh sbt sau:

$ sbt "test:runMain mypacket.MyTester"

Bay gio chiing ta biét dudc cAu triic co ban ctia mot du 4n Chisel va cach dé bién dich
va chay né véi sbt, ching ta c6 thé tiép tuc véi mot khung sudn kiém tra don gian.

3.1.3 Quy trinh cong cu

Hinh 3.2 trinh bay quy trinh cong cu cta Chisel. Mach s6 dugc mo ta trong mot 16p
Chisel dugc trinh bay trong Hello.scala. Trinh bién dich Scala s€ bién dich 16p nay,
cing véi cac thu vién Chisel va Scala, va tao ra 16p Java Hello.class c6 thé dugc thuc
thi bdi May 4o Java (JVM) chuén.

Viéc thuc thi 16p nay véi trinh diéu khién Chisel tao ra cdi goi 1a dang biéu dién trung
gian linh hoat cho RTL (FIRRTL), mét dang biéu dién trung gian ctia cic mach sb.
Trong vi du, tap tin biéu dién trung gian 13 Hello.fir. Trinh bién dich FIRRTL thuc
hién cac phép bién ddi trén mach dién.

Treadle 12 mot trinh thong dich FIRRTL dé mé phéng mach dién. Cung véi trinh ki€ém
tra Chisel, n6 ¢6 thé dudc st dung d€ g& 15i va kiém tra cac mach dién ctia Chisel. V6i
cdc gia tri ngd vao, ching c6 thé dua ra cac két qua kiém tra. Treadle ciing c6 thé tao ra
cdc tap tin dang séng (Hello.vcd), ching c6 thé dudc xem bang chuong trinh xem dang
séng (Vi du: cac chuong trinh xem mién phi nhu GTKWave hoic Modelsim).

Mot phép bién d6i FIRRTL, hay bd phat Verilog, sé tao mi Verilog dé téng hop mach
(Hello.v). Mot cong cu téng hop mach (Vi du: Intel Quartus, Xilinx Vivado hoic mot
cong cu ASIC) sé tdng hop mach dién. Trong quy trinh thiét ké FPGA, cong cu tao tip
tin bitstream FPGA dugc st dung dé€ cAu hinh cho FPGA, vi du: Hello.bit.

3.2 Kiém tra vdi Chisel

Cic kiém tra cho céc thiét ké phan ciing thudng dudc goi la testbench. Testbench khéi
tao cac thiét ké can dugc kiém tra (Design under Test - DUT), diéu khién céc ngé vao,
quan sat cac ngo ra, va so sanh chung véi cac gia tri mong ddi.

’Pay 1a dang quy udc clia Java/Scala ring thu muc test chifa céc bai kiém tra don vi chit khong phai cac dbi
tugng véi main.
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3.2 KIEM TRA VOI CHISEL

Hinh 3.2: Quy trinh c6ng cu cua hé sinh thai Chisel.

Noi dung
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3.2.1 PeekPokeTester

Chisel cung cip cic testbench du6i dang PeekPokeTester. Mot diém manh cta Chisel
12 né c6 thé st dung toan bd siic manh ciia Scala dé viét cic testbench dé. Vi du, mot
ngudi c¢6 thé viét ma véi chic ning mong dgi clia phin ciing trong mot chuong trinh
mo phong phan mém va so sanh két quia mo phéng ctia phan ciing v6i chuong trinh mo
phoéng phin mém. Phuong phép nay rét hiéu qua khi kiém tra viéc thuc hién mot bo xi
ly [6].

DE sit dung PeekPokeTester, cic goi sau can dugc nhap vao (import):

import chisel3._
import chisel3.iotesters._

Viéc kiém tra mot mach dién c6 (it nhit) ba thanh phan: (1) thiét bi dugc ki€ém tra
(thudng dugc goi 1a DUT), (2) gia tri logic dé kiém tra, con dudc goi 1a testbench va (3)
cac ddi tuong ctia trinh kiém tra c6 chita main d€ bat diu viéc kiém tra.

Poan ma sau day trinh bay thiét ké don gian ctia ching ta dang dugc thi nghiém. N6
chiia hai c8ng ngd vao va mot cdng ngd ra, tat ca déu c6 do rong 2-bit. Mach dién thuc
hién phép toan AND bit-wise dé tra vé gid tri ngd ra:

class DeviceUnderTest extends Module {
val io = IO(new Bundle {
val a = Input(UInt(2.W))
val b = Input(UInt(2.W))
val out = Output(UInt(2.W))
b

io.out := io.a & io.b

}

Testbench cho DUT nily mé rong PeekPokeTester va ¢ DUT nhu 1a tham s6 cho ham
tao:

class TesterSimple(dut: DeviceUnderTest) extends
PeekPokeTester (dut) {

poke(dut.io.a, 0.0)

poke(dut.io.b, 1.0U)

step (1)

println("Result is: " + peek(dut.io.out).toString)
poke(dut.io.a, 3.U)

poke(dut.io.b, 2.0)
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step (1)
println("Result is:

+ peek(dut.io.out).toString)
}

PeekPokeTester cé thé dit gia tri ngd vao véi poke() va doc ngugc cdc gia tri ngd ra
v6i peek (). Trinh kiém tra ting qud trinh mo6 phéng thém mot bude (= mdt chu ky xung
clock) véi step(1). Ching ta c6 thé in cic gid tri ngd ra bdi println().

Kiém tra dugc tao va chay véi chuong trinh kiém tra chinh sau:

object TesterSimple extends App {
chisel3.iotesters.Driver(() => new DeviceUnderTest()) { c =>
new TesterSimple(c)
}
}

Khi cdc ban chay kiém tra, cdc ban sé thiy két qua dudc in ra & terminal (bén canh cic
thong tin khac):

[info] [0.004] SEED 1544207645120

[info] [0.008] Result is: 0

[info] [0.009] Result is: 2

test DeviceUnderTest Success: 0 tests passed in 7 cycles
taking 0.021820 seconds

[info] [0.010] RAN 2 CYCLES PASSED

Chiing ta thiy rang 0 AND 1 cho két qua 1a 0; 3 AND 2 cho két qué 1a 2. Bén canh viéc
danh gia cic két qua xuit ra theo cich thi cong, von 12 mot diém khdi dau tuyét voi,
chiing ta ciing c¢6 thé tbiéu dién két quia mong ddi ctia minh trong chinh testbench véi
expect (), c6 cdng ngd ra va gid tri mong ddi dudi dang cac tham s6. Vi du sau trinh bay
viéc ki€m tra v6i expect ():

class Tester(dut: DeviceUnderTest) extends PeekPokeTester (dut) {

poke(dut.io.a, 3.U)
poke(dut.io.b, 1.U)
step (1)
expect(dut.io.out, 1)
poke(dut.io.a, 2.U)
poke(dut.io.b, 0.0U)
step (1)

expect (dut.io.out, 0)
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Thuc thi viéc ki€ém tra nay khong xuét ra bat ky gid tri ndo tif phan ciing, nhung tt ca
bai kiém tra déu dugc PASSED khi tit c4 gid tri mong doi déu ding.

[info] [0.001] SEED 1544208437832

test DeviceUnderTest Success: 2 tests passed in 7 cycles
taking 0.018000 seconds

[info] [0.009] RAN 2 CYCLES PASSED

Kiém tra khong thanh cong, khi DUT hoic testbench c6 161, sé tao ra mot thong bao 15i
mo tA su sai biét giita gia tri ky vong va gia tri thuc té. Trong phan sau, chiing ta thay
ddi testbench dé€ ky vong két qua 1a 4, d6 1a mot 16i:

[info] [0.002] SEED 1544208642263

[info] [0.011] EXPECT AT 2 io_out got 0O expected 4 FAIL
test DeviceUnderTest Success: 1 tests passed in 7 cycles
taking 0.022101 seconds

[info] [0.012] RAN 2 CYCLES FAILED FIRST AT CYCLE 2

Trong phan niy, chiing ta mo ta phuong tién ki€ém tra co ban véi Chisel cho cic kiém
tra don gian. Tuy nhién, trong Chisel, toan bd stic manh ctia Scala c6 sin d€ viét cic
trinh kiém tra.

3.2.2 S&r dung ScalaTest

ScalaTest 12 mdt cong cu kiém tra danh cho Scala (va Java), ma ching ta c6 thé st
dung d€ chay céc chuong trinh kiém tra Chisel. P€ st dung né, bao gobm thu vién trong
build.sbt cla cac ban vGi dong 1énh sau:

libraryDependencies += "org.scalatest" %% "scalatest" % "3.0.5"
% "test"

Céc bai kiém tra thudng dudc tim thiy trong src/test/scala va c6 thé dugc chay béi
1énh:

$ sbt test

Mot kiém tra tdi thiéu (kiém tra Hello World) d€ kiém tra cong s6 nguyén trong Scala:

import org.scalatest._

class ExampleSpec extends FlatSpec with Matchers {
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"Integers" should "add" in {
val 1 = 2
val j = 3
i + j should be (5)
3
}

Mic du kiém tra trén Chisel niing né hon kiém tra don vi ctia cic chuong trinh Scala,
chiing ta c6 thé két hop kiém tra Chisel thanh mot 16p ScalaTest. Ddi v6i Tester dudc
hién thi trudc day la:

class SimpleSpec extends FlatSpec with Matchers {

"Tester" should "pass" in {
chisel3.iotesters.Driver(() => new DeviceUnderTest()) { c =>
new Tester(c)
} should be (true)

Ldi ich chinh ctia bai tap nay 1a c6 thé chay tit ca cac trinh kiém tra v6i mot 1énh sbt
test don gian (thay vi chay main). C4c ban c6 thé chay chi mot trinh kiém tra duy nhét
vGi sbt nhu sau:

$ sbt "testOnly SimpleSpec"

3.2.3 Dang song

Céc chuong trinh kiém tra, nhu da dé cip G trén, lam viéc tot v6i céc thiét ké nho va
ki€m tra don vi, vi n6 phd bién trong phat trién phan mém. Mot tip hop cdc bai kiém tra
don vi ciing c6 thé dung cho kiém tra hdi quy.

Tuy nhién, d€ gd 16i cac thiét ké phiic tap hon, ngudi ta mudn xét nhiéu tin hiéu cuing
lic. Mot cach tiép can ¢ dién dé gd 16i cac thiét ké mach sb 13 hién thi cdc tin hiéu dudi
dang séng. O dang séng, céc tin hiéu dugc hién thi theo thdi gian.

Céc chuong trinh kiém tra c6 thé tao ra mot dang séng bao gdm tit ca cic thanh ghi va
tAt c4 cdc tin hidu vao ra 10. Trong cic vi du sau, chiing ta hién thi chuong trinh kiém tra
dang song cho DeviceUnderTest ti vi du truGe (ham AND 2-bit). Véi vi du sau, ching
ta nhap cac 16p sau:

import chisel3.iotesters.PeekPokeTester
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import chisel3.iotesters.Driver
import org.scalatest._

Chiing ta bat dau véi mot trinh kiém tra don gian, 1y gia tri ctia cac ngd vao va ting
xung clock bang 1énh step. Chiing ta khong doc bit ky ngd ra nao hoic so sanh né véi
két qua mong doi.

class WaveformTester(dut: DeviceUnderTest) extends
PeekPokeTester (dut) {

poke(dut.io.a, 0)
poke(dut.io.b, ©)
step (1)
poke(dut.io.a, 1)
poke(dut.io.b, ©)
step (1)
poke(dut.io.a, 0)
poke(dut.io.b, 1)
step (1)
poke(dut.io.a, 1)
poke(dut.io.b, 1)
step (1)
b

Thay vi chiing ta goi Driver.execute véi cdc tham s6 d€ tao cic tap tin dang séng (tip
tin .vcd).

class WaveformSpec extends FlatSpec with Matchers {
"Waveform" should "pass" in {
Driver.execute(Array("--generate-vcd-output”, "on"), O =>
new DeviceUnderTest()) { c =>
new WaveformTester (c)
} should be (true)

Céc ban c6 thé xem dang séng véi céc cong cu mién phi nhu GTKWave hodc Mod-
elSim. Chay GTKWave va chon File — Open New Window va chuyén dén thu muc ma
trinh ki€m tra Chisel dit tap tin .vcd. Theo mic dinh, cdc tap tin dugc tao ra & trong thu
muc test_run_dir sau d6 tén ctia chuong trinh kiém tra dugc danh thém sb & phia sau.
O trong thu muc nay, cdc ban c6 thé thiy tap tin DeviceUnderTest.ved. Cac ban c6 thé
lua chon céc tin hiéu tif bén trdi va kéo chiing vao ctfa s& chinh. Néu cac ban mudn luu
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cAu hinh ctia c4c tin hiéu, c4c ban thuc hién bing cch vao File — Write Save File va sau
d6 c6 thé mé ching lai bing cach vao File — Read Save File.

Liét ké rd rang tit ca cdc gid tri ngd vao khong chia ty 1&. Do d6, chiing ta st dung
mot s6 mi Scala dé€ diéu khién DUT. Trinh ki€m tra sau liét ké tit ca cac gia tri c6 thé
¢6 cho 2 tin hiéu ngd vao 2-bit.

class WaveformCounterTester (dut: DeviceUnderTest) extends
PeekPokeTester (dut) {

for (a <- O until 4) {
for (b <- O until 4) {
poke(dut.io.a, a)
poke(dut.io.b, b)
step (1)
}

}
Chuing ta thém dc ta ScalaTest cho trinh ki€m tra méi nay

class WaveformCounterSpec extends FlatSpec with Matchers {

"WaveformCounter" should "pass" in {
Driver.execute (Array("--generate-vcd-output”, "on"), (O =>
new DeviceUnderTest()) { c =>
new WaveformCounterTester(c)
} should be (true)

3
va thuc thi véi 1€nh

sbt "testOnly WaveformCounterSpec"

3.2.4 GO 16i vai printf

Mot hinh thifc g6 16i khac 1a cdi goi 1a “gd 16i printf”. Hinh thiic ndy don gidn chi 1a dat
cdc cau lénh printf trong C d€ in ra gid tri cac bién chiing ta quan tdm trong qud trinh
thuc thi chuong trinh. G& 15i printf nay ciing ¢ san trong qua trinh kiém tra cac mach
dién Chisel. Viéc in cdc gid tri x4y ra & canh 1én ctia xung clock. Cau 1énh print £ c6 thé
dugc chén vao bt ky dau trong dinh nghia mo-dun, nhu dudc trinh bay trong phién ban
¢ 18i printf cia DUT.
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class DeviceUnderTestPrintf extends Module {
val io = IO(new Bundle {
val a = Input(UInt(2.W))
val b = Input(UInt(2.W))
val out = Output(UInt(2.W))
b

io.out := io.a & io.b
printf("dut: %d %d %d\n", io.a, io.b, io.out)
}

Khi ki€m tra mo-dun nay véi trinh kiém tra dua trén mach dém, Lip lai trén tt ca cac
gia tri ¢6 thé, chiing ta nhan dudc két qua ngd ra sau, xdc minh rang ham AND la diing:

Circuit state created
[info] [0.001] SEED 1579707298694

dut: 0 0 ®
dut: € 1 0
dut: 0 2 0
dut: 0 3 0
dut: 10 0
dut: 111
dut: 1 2 0
dut: 1 31
dut: 2 0 0
dut: 2 10
dut: 2 2 2
dut: 2 3 2
dut: 300
dut: 311
dut: 3 2 2
dut: 3 3 3

test DeviceUnderTestPrintf Success: 0 tests passed in 21 cycles
taking 0.036380 seconds
[info] [0.024] RAN 16 CYCLES PASSED

Lénh printf Chisel hd tr¢ dinh dang nhu trong C va Scala.
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3.3 BAI TAP

3.3 Bai tap

V6i bai tap phan nay, ching ta sé xem lai bai dén LED nhip nhdy tif chisel-examples va
phdm khd ki€m tra Chisel.

3.3.1 Du an toi thiéu

Dau tién, chiing ta hiy cuing tim hiéu du 4n Chisel t6i thiéu la gi. Khdm ph4 cic tap tin
trong vi du Hello World. Hello.scala la tip tin nguon phan cing duy nhat. N6 chita mo
ta phan cing cta dén LED nhip nhdy (class Hello) va App tao ma Verilog.

MGi tap tin bit dau véi viéc nhap Chisel va cac géi lién quan:

import chisel3._

Sau do theo mo ta phan clng, nhu da trinh bay trong Listing 1.1. P& tao mo ta Verllog,
chiing ta cAn mot ting dung. Mot ddi tugng Scala extends App 12 mot ting dung ngam
tao ham chinh noi ting dung d6 khdi dong. Hanh dong duy nhét cla Gng dung nay 1a
tao ra mot ddi tuong HelloWorld méi va chuyén né vao trinh diéu khién Chisel execute
ham. D6i s6 dau tién 12 mot mang Strings, ndi céc tity chon cho viéc build c6 thé dudc
dat (vi du, thu muc ngo ra). Poan ma sau s€ tao ra tip tin Verilog Hello.v.

object Hello extends App {
(new chisel3.stage.ChiselStage).emitVerilog(new Hello())
}

Chay qua trinh tao vi du theo cach thi cong véi 1énh
$ sbt "runMain Hello"

va kham pha tip tin Hello.v dudc tao ra v4i mot trinh soan thao. Ma Verilog dugc
tao ra c6 thé khong doc dugc nhung ching ta c6 thé tim hiéu mot s6 chi tiét. Tap tin bat
dau v6i mo-dun Hello, c6 ciing tén v6i mo-dun Chisel clia chiing ta. Chiing ta c6 thé
x4c dinh c6ng LED 1a ngd ra output io_led. Tén cdc chan Ia tén Chisel v6i io_ & trudc.
Bén canh chan LED, md-dun con chia cac tin hiéu ngd vao 1a clock va reset. Hai tin
hiéu nay dugc thém vao tu dong bdi Chisel.

Hon nita, ching ta ¢ thé xdc dinh dinh nghia clia hai thanh ghi cntReg va blkReg.
Chiing ta con c6 thé thiy reset va cip nhat cdc thanh ghi ndy & cudi dinh nghia cta
mo-dun. Luu y ring Chisel tao reset dong bd.

D€ sbt c6 thé goi trinh bién dich Scala va thu vién Chisel diing, ching ta cin 1énh
build.sbt sau:
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3 XAY DUNG QUY TRINH VA KIEM TRA

scalaVersion := "2.12.12"
scalacOptions := Seq("-deprecation", "-Xsource:2.11")
resolvers ++= Seq(

Resolver.sonatypeRepo("snapshots"),
Resolver.sonatypeRepo("releases")

)

libraryDependencies += "edu.berkeley.cs" %% '"chisel-iotesters"”
% "1.5.1"

libraryDependencies += "edu.berkeley.cs" %% "chiseltest" %
"0.3.1"

// Chisel 3.4.1 is loaded as a dependency on the testers

Luu y rang trong vi du nay, chiing ta c6 s6 phién ban Chisel cu thé d€ tranh kiém tra
phién ban méi & mdi 1an chay (sé khong thuc hién dudc néu khong c6 két ndi véi Internet,
vi du: khi thiét k& phan ciing trén may bay). Thay d&i cAu hinh build.sbt dé sit dung
phién ban Chisel méi nhit bing cach thay ddi 1énh trong phan thu vién nhu sau

libraryDependencies += "edu.berkeley.cs" %% "chisel3" %
"latest.release"

va chay lai build véi 1énh sbt. Xem c6 phién ban Chisel méi hon khéng va né c6 duge
tai xubng tu dong khong?

Dé thuan tién, thu muc du 4n cling chifa mot tap tin Makefile. Trong tap tin nay chi
c6 1énh sbt, vi vay chiing ta khong can nhé né va c6 thé tao ma Verilog véi 1énh:

make

Bén canh tap tin README, thu muc dy an cling chifa cac tdp tin du an cho bo mach
FPGA khac nhau. Vi du, trong quartus/altde2-115 cdc ban c6 thé thiy hai tap tin du 4n
dé dinh nghia mot dy 4n Quartus cho bo mach DE2-115. Céc dinh nghia chinh (t4p tin
ngudn, thiét bi, gdn chan) c6 thé dugc tim thiy trong tip tin vin ban hello.gsf. Khdm
pha tap tin va xem chan nao dudc ndi véi tin hiéu nao. Néu cac ban can chuyén du an
sang mot bo mach khdc, thi & d6 cac thay ddi dugc cap nhat. Néu ban c6 chuong trinh
Quartus da cai dit, m3 du 4n dé, bién dich v6i nit Play xanh 14, va sau d6 cAu hinh cho
FPGA.

Luu y rang Hello World 1a du 4n Chisel t6i thiéu. Céc du 4n thuc t& hon c6 cic tap tin
ngudn dudc tS chiic thanh cdc géi va chifa cac trinh kiém tra. Bai tap tiép theo sé kham
pha mot du an nhu vy.
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3.3 BAI TAP

3.3.2 Bai tap kiém tra

Trong bai tip ctia chuong trudc, cic ban da mé rong vi du vé den LED nhip nhdy véi
mot s6 ngd vao dé build céng AND va mach da hop, va chay phan ciing nay trén FPGA.
Bay gid chiing ta sé sit dung vi du niy va kiém tra chiic niing bang trinh kiém tra Chisel
d€ tu dong kiém tra va ciing doc 1ap v6i FPGA. St dung thiét ké clia cic ban tir chuong
trudc va thém trinh kiém tra Chisel d€ kiém tra chifc ning. C6 gang liét ké tat ca cac gia
tri ngd vao c6 thé va kiém tra ngd ra bang exception().

Kiém tra trong Chisel c6 thé ting tbc do gd 16i thiét ké ctia cac ban. Tuy nhién, cac ban
nén tong hop thiét ké ctia minh cho FPGA va chay kiém tra véi FPGA. O d6, cic ban c6
thé thuc hién kiém tra thuc té vé kich thudc thiét ké ctia minh (thuong 1a sé lugng LUT
va Flip-flop) va hiéu sut thiét ké ctia ban & tan s6 xung clock toi da. Nhu mot diém dé
tham kh4o, mot bd xt Iy RISC dudng dng theo kiéu sach gido khoa c6 thé chiém khoang
3000 LUT 4-bit va c6 thé hoat dong & khoang tan sé 100 MHz trén FPGA c6 gia thanh
thip (Intel Cyclone hoic Xilinx Spartan).
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4 Cac thanh phan

Mot thiét ké mach s 16n hon dudc cAu triic thanh mét tap hop cic thanh phan, thudng
theo cich phan cip. Mdi thanh phan c6 mot giao tiép vé6i cac day ngd vao va ngo ra,
thudng dudc goi 1a céng. Chiing tuong tu nhu cdc chan ngd vao va ngd ra trén mach
tich hop (IC). Céc thanh phan dugc két nbi véi nhau bang cach nbi diy cic ngd vao va
ngd ra. Cac thanh phan c6 thé chita cdc thanh phan con dé xay dung hé thdng phan cép.
Thanh phan ngoai cling, dugc két ndi véi cac chan vat ly trén chip, dugc goi 1a thanh
phan cAp cao nhit (top-level).

Hinh 4.1 bi€u dién mot thiét k& vi du. Thanh phan C c6 ba c6ng ngd vao va hai cong
ngd ra. Ban than thanh phan nay dudc ghép lai tir hai thanh phan con: B va C, dudc két
nbi véi cic ngd vao va ngd ra ciia C. Mot ngd ra ctia A dudc két nbi véi ngd vio clia B.
Thanh phan D & ciing cAp phan cip vé6i thanh phan C va dugc két ndi véi né.

Trong chuong niy, chiing ta s& gidi thich cach cic thanh phan dudc mb ta trong Chisel
va cung cip cic vi du vé cic thanh phan chuin. Céc thanh phan tiéu chuin dé phuc vu
hai muc dich: (1) chiing cung cip céc vi du vé ma Chisel va (2) ching cung cip mot thu
vién gdm céc thanh phan sin sang dudc st dung lai trong thiét ké ciia cac ban.

4.1 Cac thanh phan trong Chisel 1a mé-dun

Cic thanh phan phan cing dugc goi 1a mo-dun trong Chisel. Mdi méd-dun mé rong 16p
Module va chifa trudng io cho viéc giao tiép. Giao tiép dudc dinh nghia bdi Bundle dudc
g6i thanh mot 1énh goi dén 10(). Bundle chifa cic trudng dé biéu dién cac c6ng ngd vao
va ngd ra ctia md-dun. Chi hudng vao ra dugce dua ra bing cach dua mot trudng vao 1énh
20i Input () hoic Output (). Chi huéng 1a tif géc nhin ctia chinh thanh phan dé.

Listing 4.1 biéu dién dinh nghia ctia hai thanh phan vi du A va B tit Hinh 4.1. Thanh
phan A c6 hai ngd vao, dugc dit tén 13 a va b, va hai ngé ra, dugc dit tén 1a x va y. Véi
nhiing cng ctia thinh phan B chiing ta chon cédc tén 12 in1, in2, va out. Tt ca cic cdng
st dung s6 nguyén khong diu (UInt) v6i do rong bit 1a 8. Vi doan ma vi du nay dé cap
vé két ndi cic thanh phan va xay dung cAu tric phan cp, nén ching ta khong trién khai
bét ky thuc hién nao trong cic thanh phan. Viéc trién khai thanh phan dugc viét & noi
cdc chi thich khai bao “Ham ctia X”. Vi ching ta khong c6 ham nao dudc lién két véi
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A
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CompA
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Hinh 4.1: Mot thiét k& gdm cac thanh phan phan cip.

class CompA extends Module {
val io = I0(new Bundle {

val a = Input(UInt(8.W))

val b = Input(UInt(8.W))

val x = Output(UInt(8.W))

val y = Output(UInt(8.W))
b

// function of A
}

class CompB extends Module {
val io = I0(new Bundle {
val inl = Input(UInt(8.W))
val in2 = Input(UInt(8.W))
val out = Output(UInt(8.W))
b

// function of B
}

Listing 4.1: Dinh nghia ctia thanh phan A va B
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4.1 CAC THANH PHAN TRONG CHISEL LA MO-DUN

class CompC extends Module {

val io = IO0O(new Bundle {
val in_a Input (UInt(8.W))
val in_b = Input(UInt(8.W))
val in_c = Input(UInt(8.W))
val out_x = Output(UInt(8.W))
val out_y = Output(UInt(8.W))

iD)

// create components A and B
val compA = Module(new CompA())
val compB = Module(new CompB())

// connect A

compA.io.a := io.in_a
compA.io.b := io.in_b
io.out_x := compA.io.x

// connect B

compB.io.inl := compA.io.y
compB.io.in2 := io.in_c
io.out_y := compB.io.out

Listing 4.2: Thanh phan C

cdc thanh phan ctia vi du nay, nén chiing ta st dung cic tén cdng chung. V6i mot thiét ké
thuc su, chiing ta st dung cac tén cdng mo ta, chang han nhu data, valid, hoic ready.

Thanh phan C, dudc biéu dién trong Listing 4.2, c6 ba cdng ngd vao va hai ngé ra.
N6 dudc xay dung tif cac thanh phan A va B. Chiing ta chi ra cach A va B dugc két ndi
véi cdc cng ctia C va ciing 12 két ndi gitta cdng ngd ra clia A va cdng ngd vao clia B.

Thanh phan C dudc tao bdi new, vi du: new CompA(), va can dudc géi trong mot 1énh
20i t6i Module (). Tham chiéu dén mo-dun d6 dudc luu trong bién cuc bd, trong vi du
nay la val compA = Module(new CompA(Q)).

V6i tham chiéu nay, chiing ta c6 thé truy cip dén cac cdng IO bing cach x6a tham
chiéu trudng io clia mod-dun va cdc trudng riéng 18 ctia Bundle 0.

Thanh phan don gin nhit trong thiét ké, nhu da biéu dién trong Listing 4.3, chi c6
mot cdng ngd vao, dude dit tén 12 in, va mdt cong ngd ra dudc dit tén 1a out.

Phin con thiéu cubi cling cla thiét ké vi du 1a thanh phan mic cao nhét (top-level),
chinh né dudc ghép ndi tir cac thanh phan C va D, nhu dudc biéu dién trong Listing 4.4.
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class CompD extends Module {
val io = IO(new Bundle {
val in = Input(UInt(8.W))
val out = Output(UInt(8.W))
b

// function of D

Listing 4.3: Thanh phan D

class TopLevel extends Module {
val io = IO(new Bundle {
val in_a = Input(UInt(8.W))
val in_b = Input(UInt(8.W))
val in_c = Input(UInt(8.W))
val out_m Output (UInt (8.W))
val out_n Output (UInt (8.W))
b

// create C and D
val ¢ = Module(new CompCQ))
val d = Module(new CompD())

// connect C

c.io.in_a := io.in_a
c.io.in_b := io.in_b
c.io.in_c := io.in_c
io.out_m := c.io.out_x
// connect D

d.io.in := c.io.out_y
io.out_n := d.io.out

Listing 4.4: Thanh phan cao nhét
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4.2 PoN vi LogIc sO HOC

fn
|
|
\
—A—>»
ALU Y —»
— B —»

Hinh 4.2: Pon vi logic sb hoc, hoic ghi tit 1a ALU.

Thiét ké cdc thanh phan tdt tuong tu nhu viéc thiét ké tot cac ham hoic phuong phap
trong thiét ké phan mém. Mot trong nhiing ciu hdi chinh 1a chiing ta sé dua bao nhiéu
chtic ning vao mot thanh phan vi mot thanh phan phai 16n nhu thé nio. C6 hai thdi cuc:
cac thanh phan nhd chang han nhu mach cong va cdc thanh phan khdng 16 ching han
nhu mot bd vi xit ly day du.

Nhitng ngudi méi bt dau thiét ké phan ciing thuvng bat ddu véi cac thanh phin nhd.
VAn d¢ 12 sich thiét ké mach s6 st dung céc thanh phan nhé d€ biéu dién cic nguyén ly.
Nhung kich thudc ctia cdc vi du (trong nhitng cubn sach dé va ca trong cudn sich nay)
nho dé€ viia v6i mot trang va khong 1am ngudi doc xao nhing bdi qua nhiéu chi tiét.

Véi cdc thanh phan nhd, nhu mach dém, Chisel cung cAp mot cach nhe nhang hon dé
mo t4 chiing nhu cdc ham tra vé& phan cing.

Giao tiép v6i mot thanh phin hoi dai dong mot chiit (véi cic kiéu, tén, huéng, ciu
tric 10). Theo nguyén tic chung, toi dé xuét ring 16i ctia thanh phin, clia ham, it nhat
phai dai bang giao tiép ciia thanh phan.

4.2 Pon vi Logic s6 hoc

Mot trong nhitng thanh phan trung tim ctia mach dién tinh todn, vi du nhu bo vi xir 1y,
1a don vi logic sb hoc, hay ghi tit 13 ALU. Hinh 4.2 biéu dién biéu tugng ctia mot ALU.

ALU c6 hai ngd vao, dat nhan Ia A va B nhu trong hinh, mot ngd vao chiic nang fn, va
mot ngd ra, dit nhin 12 Y. ALU hoat dong dua trén gia tri A va B v dua két qua & ngd
ra. Ngd vao £n chon phép todn cho A va B. Céc phép toan thudng la dang sb hoc, ching
han nhu phép cong va phép trir, va mdt sd phép todn logic nhu and, or, xor. D6 1a 1y do
tai sao né dudc goi la ALU.

Ngo vao chiic ning £n chon phép todn. ALU thudng 1a mach t& hgp khong c6 bat ky
phan ti trang thdi ndo. Mot ALU con c6 thé c6 ngd ra bd sung dé bdo hiéu cic dic tinh
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ctia két qua nhu cd zero, c& dau.
Poan ma sau day bi€u dién mot ALU c6 ngd vdo va ngd ra 16-bit hd trg cic phép
toan: cdng, trit, OR, AND va phép toan khac dugc chon bdi tin hiéu fn 2-bit.

class Alu extends Module {
val io = I0(new Bundle {
val a = Input(UInt(1l6.W))
val b = Input(UInt(16.W))
val fn = Input(UInt(2.W))
val y = Output (UInt(16.W))
b

// some default value is needed
io.y = 0.U

// The ALU selection
switch(io.fn) {

is(0.U) { io.y := io.a + io.b }
is(1.U) { io.y := io.a - io.b }
is(2.U) { io.y := io.a | io.b }
is(3.U) { io.y := io.a & io.b }

3
}

Trong vi du ndy, chiing ta st dung mot cAu tric Chisel méi, cAu triic switch/is, d€ mo
ta bang chon ngd ra ctia ALU. D€ st dung chiic ning tién ich nay, ching ta can nhap
(import) mot goi Chisel khac:

import chisel3.util._

4.3 Cac két noi khoi

D€ két ndi cac thanh phan c6 nhiéu cdng 10, Chisel cung cip todn ti két nbi khoi (bulk
connection) <>. Toan ti nay két nbi cac phan ctia bundle theo ca hai huéng. Chisel st
dung tén clia céc trudng 14 (leaf field) d€ két nbi. Néu thiéu tén, n6 khong dudc két nbi.

Vi du, hiy gi4 st ching ta xdy dung mot bd xi ly dudng dng (pipeline). Giai doan nap
1énh c6 giao tiép sau:

class Fetch extends Module {
val io = I0(new Bundle {
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val instr = Output(UInt(32.W))
val pc = Output(UInt(32.W))

b
// ... Implementation of fetch

Giai doan tiép theo 12 giai doan gidi ma Iénh.

class Decode extends Module {

val io = IO0O(new Bundle {
val instr = Input(UInt(32.W))
val pc = Input(UInt(32.W))
val aluOp = Output(UInt(5.W))
val regA = Output(UInt(32.W))
val regB = Output(UInt(32.W))

b

// ... Implementation of decode

Giai doan cudi cling ctia bd xii 1y don gian clia chiing ta 12 giai doan thuc thi.

class Execute extends Module {
val io = IO(new Bundle {
val aluOp = Input(UInt(5.W))
val regA = Input(UInt(32.W))
val regB = Input(UInt(32.W))
val result = Output(UInt(32.W))
b

// ... Implementation of execute

DE két ndi tit ca ba giai doan, chiing ta can hai todn tif <>. Chiing ta ciing c6 thé két
ndi cdng clia md-dun con v6i mo-dun me.
val fetch = Module(new Fetch())

val decode = Module(new Decode())
val execute = Module(new Execute)

fetch.io <> decode.io

decode.io <> execute.io
io <> execute.io
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4.4 Cac thanh phan nhe dung cac ham

Mo-dun 1a cch tdng quat d€ cAu triic viéc mo ta phan ciing ctia cac ban. Tuy nhién, c6
mot s6 ma code viét sdn khi khai bao mot mo-dun va khi khéi tao va két ndi né. Mot
cach gon nhe d€ cu triic phan ciing ctia cdc ban 12 sit dung cac ham. Cdc ham Scala c6
thé nhan cic tham sb Chisel (va Scala) va trd vé phan cting da dudc tao. V6i mot vi du
don gian, chung ta tao mot mach cong:

def adder (x: UInt, y: UInt) = {
X + vy

}
Chiing ta c6 thé tao hai mach cong bing cach don gian goi ham adder.

val x = adder(a, b)
// another adder
val y = adder(c, d)

Luu y ring day 14 b6 tao phdn ciing. Cac ban khong thuc hién bit ky thao tac thém nao
trong khi build, nhung hiy tao hai mach cong (thuc thé phan cing). Mach cdng 1a mot
vi du nhan tao don gian. Chisel da c6 sin ham tao mach cong, ching han nhu +(that:
UInt).

Cac ham, nhu 12 bd tao phan cting nhe, ciing c6 thé chia trang thai (bao gdm thanh
ghi). Vi du sau trd v& mot phan ti tré mot chu ky dong hd (mdt thanh ghi). Néu mot ham
chi c6 mot cau 1énh duy nhét, thi ching ta c6 thé viét né trong mot dong va bd qua diu
ngodc ().

def delay(x: UInt) = RegNext(x)

Bing cach goi ham véi chinh ham lam tham sd, diéu nay tao ra do tré hai chu ky xung
clock.

val delOut = delay(delay(delIn))

Mot 1an nita, day 1a mot vi du rit ngan nhung hitu ich, vi RegNext () da 1a ham tao thanh
ghi cho d tré.

Cac ham c6 thé dugc khai bdo nhu mot phan clia Module. Tuy nhién, cic ham sé dugc
st dung trong cidc mo-dun khac nhau thi tot hon 1a dudc dit trong mot dbi tuong Scala
dé 1iy cac ham tién ich.
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5 Cac khoi xay dwng mach t6 hop

Trong chuong nay, chiing ta khdm phd cac mach t8 hgp khac nhau, cac khéi xay dung co
ban ma ching ta c6 thé st dung dé xay dung céac hé thdng phiic tap hon. V& nguyén tic,
tAt ca cac mach tS hop c6 thé dugc md ta bang phuong trinh dai s6 Boole. Tuy nhién,
thong thudng, mo ta dudi dang bang sé hiéu qua hon. Chiing ta sé d€ cong cu tdng hop
trich xuét va téi thiéu héa cac phuong trinh dai sb Boole. Hai mach co ban, dugc mo ta
tot nhit dudi dang bang, 1a mach giai ma va mach ma héa.

5.1 Cac mach t6 hop

Trude khi mo td mot sb khéi xay dung mach t8 hop tidu chudn, ching ta s& kham ph4
cich cac mach t6 hop c6 thé dude biéu dién trong Chisel. Dang don gian nhét 1a biéu
thifc dai s6 Boole, c6 thé dugc gan v6i mot tén:

val e = (a & b) | ¢

Biéu thiic dai s6 Boole dudc dit tén (e) bang cich gan né véi mot gi tri Scala. Bidu
thiic c6 thé dugc tai st dung lai trong nhiing biéu thiic khac:

val f = ~e

Mot biéu thiic nhu viy dugc xem nhu 1a c6 dinh. Mot phép gan lai cho e béi = sé dan
dén 16i trinh bién dich Scala: reassignment to val. Chuing ta thit v6i toan i Chisel :=,
dudc biéu dién nhu sau,

e :=c &b

sé ddn dén mot ngoai 1é runtime: Cannot reassign to read-only.

Chisel ciing hd tr¢ m6 ta cic mach t hop véi cac cap nhat c6 diéu kién.

Mot mach dién nhu vdy dugc khai bao la Wire. Sau d6, cac ban st dung céac phép toan
diéu kién, nhu when, d€ mo ta logic ctia mach dién. Poan ma sau khai bao Wire w kiéu
UInt v gdn mot gia tri mic dinh 0. Khoi when kiéu Bool trong Chisel va gén lai gid tri
3 cho w néu gid tri clia cond 1 true.B.
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- Zpuoo -
- puoo - -

Hinh 5.1: Chudi cdc mach da hgp.

val w = Wire(UInt())

w := 0.U

when (cond) {
w := 3.U

}

Logic mach dién 12 mach da hop, véi hai ngd vao la hing sd 0 va 3 va tin hiéu chon diéu
kién cond. Nén nhé ring chiing ta md ta cac mach phin ciing chit khong phai chuong
trinh phin mém dudc thuc thi c6 diéu kién.

CAu tric diéu kién when trong Chisel con c¢6 dang else, né dudc goi 1a otherwise. Véi
viéc gan gia tri trong bat ky diéu kién nao, ching ta c6 thé bé qua viéc gan gia tri mic
dinh:

val w = Wire(UInt(Q))

when (cond) {

w = 1.U
} .otherwise {
w = 2.U

}

Chisel con hd trg chubi cac diéu kién (chudi if/elseif/else) v6i . elsewhen:
val w = Wire(UInt(Q))

when (cond) {

w := 1.U
} .elsewhen (cond2) {
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w := 2.0
} .otherwise {
w := 3.0

}

Chubdi when, .elsewhen, va .otherwise tao thanh chudi cdc mach da hgp. Hinh 5.1 biéu
dién chudi cac mach da hop nay. Chudi dé dua ra miic do uu tién, vi du: khi cond la
ding, céc diéu kién khéc s& khong dudgc danh gia.

Luu y ‘. trong .elsewhen can thiét v6i cic phuong phdp chudi trong Scala. Nhiing
nhénh .elsewhen d6 c6 thé dai ngiu nhién. Tuy nhién, néu chudi diéu kién phu thudc
vao mot tin hiéu duy nhét, thi t6t hon 1a st dung 1énh switch, dugc gidi thiéu trong phan
sau v6i mach giai ma.

Déi véi cac mach t8 hop phiic tap hon, thuc té 1a gan gia tri mic dinh cho Wire. Phép
gan mic dinh c6 thé dugc két hop véi khai bdo di ddy v6i WireDefault.

val w = WireDefault (0.U)

when (cond) {
w := 3.0
}

// ... and some more complex conditional assignments

Ngudi ta c6 thé dit cau héi 1a tai sao lai st dung when, .elsewhen va else khi Scala
c6if, else if vaelse? Céc cau lénh d6 1a dé thuc thi c6 diéu kién ma Scala, khong tao
ra phan cting Chisel (mach da hop). Cic diéu kién Scala d6 c6 cong dung trong Chisel
khi ching ta viét cdc trinh tao mach, 14y cdc tham s6 dé tao cic thuc thé phan cting khdc
mdt cich cé didu kién.

5.2 Mach giai ma

Mach gi4i ma d6i s6 nhi phan # bits thanh tin hiéu m-bit, v6i m < 2". Ngé ra dugc ma
héa one-hot (trong d6 chinh xdc mot bit bang 1).

Hinh 5.2 bi€u dién mach giai ma 2-bit ra 4-bit. Chiing ta c6 thé mo ta chiic ning ciia
mach gidi ma bang bang trang thi, nhu Bang 5.2.

Cau 1énh Chisel switch mo ta logic dudi dang bang trang thdi. Cau 1énh switch khong
phéi 12 mot phan ctia ngon ngit Chisel bt 16i. Vi vay, ching ta cAn dua vao cic thanh
phan ctia g6i chisel.util.

import chisel3.util._
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— b0 —»

— a0 —»| F— b1 —»
Decoder

— al — F— b2 —»

— b3 —»

Hinh 5.2: Mach giai ma 2-bit ra 4-bit.

a b

00 0001
01 0010
10 0100

11 1000
Bang 5.1: Bang trang thai cho mach giai ma 2 ra 4.
DPoan ma sau gidi thiéu 1énh switch ctia Chisel d€ mo td mach gidi ma:

result := 0.U

switch(sel) {

is (0.U) { result := 1.0}
is (1.U) { result := 2.0}
is (2.U) { result := 4.U}
is (3.U) { result := 8.U}

}

Cau 1énh switch & trén liét ké tt c4 gid tri c6 thé c6 clia tin hiéu sel va gin gid tri giai
ma cho tin hiéu result. Luu y ring ngay ca khi ching ta liét ké tit ca cdc gid tri ngod
vao c6 thé c6, Chisel van can chiing ta gan cho mot gid tri mic dinh, gibng nhu chiing ta
thuc hién bang cach gan 0 cho result. Viéc gan nay nay sé khong bao gid kich hoat va
do d6 dugc téi uu héa bdi cong cu diu cudi (backend). N6 nhim tranh cac tinh hudng c6
phép gén chuia hoan tit cho cdc mach t8 hop (trong Chisel 12 Wire) sé din dén cdc mach
chét khong mong mudn trong céc ngdn ngit mo ta phin ciing nhu VHDL va Verilog.
Chisel khong cho phép cac phép gan chua hoan tit.

Trong vi du tru6c, chiing ta da st dung s6 nguyén khong dau cho céc tin hiéu. Mot
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— a0 —»

— al —» — b0 —»
Encoder

— a2 —p F— b1 —»

— a3 —»

Hinh 5.3: Mach ma héa 4-bit thanh 2-bit.

bi€u dién rd rang hon clia mach ma héa st dung ky hiéu nhi phan:

switch (sel) {

is ("b00".U) { result := "b000O1".U}
is ("b01".U) { result := "b0010".U}
is ("b10".U) { result := "b0100".U}
is ("b11".U) { result := "b1000".U}

}

Mot bang cung cAp mot biéu dién rat d& doc cla chic ning giai ma nhung ciing hoi
dai dong. Khi xem bang, chiing ta thdy mot ciu triic thong thuong: gia tri 1 dudc dich
sang trai bdi s6 dudc biéu dién bdi sel. Do d6, chiing ta c6 thé bidu dién mot mach giai
ma bang phép toan dich trong Chisel «.

result := 1.U << sel

Mach giai ma dugc st dung nhu mot khéi xay dung cho mach da hop bing cach st
dung ngd ra 1a tin hiéu diéu khién v6i cdng AND cho ngd vao dit liéu ctia mach da hop.
Tuy nhién, trong Chisel, chiing ta khong can phai xay dung mot mach da hop, vi Mux c6
s&n trong thu vién 16i. Mach gidi mi ciing c6 thé dudc st dung dé gidi ma dia chi va sau
dé6 cac ngd ra duge st dung nhu cac tin hi€u chon, vi du: cic linh kién 10 khac nhau
dugc két ndi véi bo vi xit 1y.

5.3 Mach giai ma
Mach ma héa déi tin hiéu ngd vao one-hot thanh tin hiéu ngé ra dudc ma héa nhi phén.
Mach ma héa hoat dong ngugc lai v6i mach gidi ma.

Hinh 5.3 biéu dién mach ma héa ngd vao 4-bit one-hot thanh ngd ra nhi phéan 2-bit,
va Bang 5.3 biéu dién bang trang thdi chiic ning ma héa. Tuy nhién, mach ma héa chi
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a b
0001 00
0010 01
0100 10
1000 11

777 N

Bang 5.2: Bang trang thai cho mach ma héa 4 thanh 2.

hoat dong nhu mong ddi khi tin hiéu ngd vao dugc ma héa one-hot. Ddi véi tt ca cac
gid tri ngd vao khéc, gid tri ngd ra 1a khong xdc dinh. Vi ching ta khong thé mo td mot
ham c6 ngd ra khong xac dinh, nén chiing ta st dung mot phép gan mic dinh dé bat tit
¢4 cdc mAu ngd vao khdng xic dinh.

Ma Chisel sau gan gia tri mac dinh 1a 00 va sau d6 si dung cau 1énh switch cho cac
gia tri ngd vao hop 1€.

b := "b00".U
switch (a) {

is ("b0001".U) { b := "b00".U}
is ("b0010".U) { b := "b0O1".U}
is ("b0100".U) { b := "b10".U}
is ("b1000".U) { b := "b1l1".U}

5.4 Baitap

M5 ta mach t8 hop dé chuyén d6i ngd vao nhi phan 4-bit thanh gia tri ma héa hién thi
LED 7-doan. Cic ban c6 thé dinh nghia mi cho cdc chit s6 thap phan, day la cach st
dung dé€ khdi tao ban dau cta hién thi LED 7-doan, hoic bd sung thém dinh nghia ma
cho céc bit con lai d€ c6 thé hién thi tit ca 16 gia tri clia chif s6 trong hé thap luc phan.
Néu bo mach FPGA ctia cdc ban c6 LED 7-doan, hiy két ndi ngd vao ctia mach véi 4
cong tic gat hodc nit nhin va n6i ngd ra véi LED 7-doan.
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6 Cac khoi xay dwng mach tuan tu

Mach tuan ty 12 mach dién ma gid tri ngd ra phu thudc vao gid tri ngd vao va gia tri trudc
d6. Vi chiing ta quan tim dén thiét ké dong bd (thiét ké cé xung clock), nén chiing ta
mudn néi dén mach tuan tu dong bd khi chiing ta néi vé mach tuan tu.! D€ xay dung cic
mach tuan ty, chiing ta cAn cac phan ti c6 thé Iuu trif trang thai: dugc goi 1a thanh ghi.

6.1 Cac thanh ghi

Céc thanh phan co ban dé xay dung cac mach tuan tu 12 thanh ghi. Mot thanh ghi Ia tap
hop gdm nhiéu flip-flop D. Mot flip-flop D giit lai gia tri ngd vio ctia né & canh 1én cla
xung clock va luu trit né 6 ngd ra. Ngoai ra, ndi cach khac: thanh ghi cip nhat gia tri
ngo ra cta nd véi gia tri cia ngd vao G canh 1én cia xung clock.

Hinh 6.1 biéu dién biéu tudng trong s dd mach dién ctia thanh ghi. N6 chiia ngd vao
D va ngd ra Q. Mdi thanh ghi con chia tin hiéu ngd vao clock. Vi tin hiéu xung clock
toan cuc nay dudc két ndi véi tit ci cdc thanh ghi trong mach ddng bo, nén né thudng
khong dugc vé trong s dd mach dién. Hinh tam gidc nhé & dudi tuong trung cho ngd
vao xung clock va cho chiing ta biét ring dy 1a mot thanh ghi. Chiing ta bé qua tin hiéu
xung clock trong cic so dd mach dién sau. Viéc bd qua tin hiéu xung clock toan cuc

!Chiing ta ciing c6 thé xy dung cdc mach tuan tu véi logic va hi tiép bat dong bd, nhung day 1a mot chi dé
cu thé va khong thé dién dat bing Chisel.

JAN

— clock J

Hinh 6.1: Thanh ghi dua trén Flip-flop D.
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cling dugc phan anh trong Chisel khi khong can c6 két nbi ré rang tin hiéu véi ngd vao
xung clock cta thanh ghi.
Trong Chisel, mot thanh ghi v6i ngd vao d va ngo ra q dugce dinh nghia bdi:

val g = RegNext(d)

Luu ¥ rang ching ta khong cn két nbi xung clock véi thanh ghi, Chisel da ngam thuc
hién diéu nay. Ngé vao va ngd ra ctia thanh ghi c6 thé 1a céc kiéu phic tap ty y dudc
tao ra tif su két hop clia cdc véc-to va cic bundle.

Mot thanh ghi ciing c6 thé dugc dinh nghia va st dung theo hai buéc:

val delayReg = Reg(UInt(4.W))
delayReg := delayln

PAu tién, chiing ta dinh nghia thanh ghi va cho né mdt ci tén. Thi hai, chiing ta két
ndi tin hidu delayIn véi ngd vao clia thanh ghi. Ciing luu y ring tén ctia thanh ghi chiia
chudi Reg. D€ dé dang phan biét giita mach t6 hop va mach tuan ty, thong thudng chiing
ta st dung nhan Reg nhu mot phin ctia tén. Ngoai ra, luu y riang cdc tén trong Scala (va
do d6 ciing trong Chisel) thudng & 1a CamelCase. Tén bién bat dau bang chit thuvng va
cic 16p bat dau bang chit hoa.

Mot thanh ghi ciing c6 thé dudc khdi tao khi reset. Tin hiéu reset, gidéng nhu tin hiéu
clock, 4n chifa trong Chisel. Chiing ta cung cip gid tri cho reset, vi du 12 0, nhu 1a tham
s6 cho bd tao thanh ghi RegInit. Ngd vao cho thanh ghi dudc két nbi véi mot 1énh gan
trong Chisel.

val valReg = RegInit(0.U(4.W))
valReg := inVal

Viéc thuc hién mic dinh reset trong Chisel 12 reset dong bd?. Véi reset dong bo, khong
cin thay doi trén flip-flop D, chi can thém mach da hop® vao ngd vao dé chon giita gia
tri khdi tao khi reset va gia tri dit liéu.

Hinh 6.2 biéu dién so d6 mach dién cia mot thanh ghi vdi reset dong bo trong do reset
sé diéu khién mach da hgp. Tuy nhién, vi reset ddng bd dudc sit dung kha thudng xuyén,
nén cic flip-flop FPGA hién dai chiia ngd vao reset (va set) ddng bo dé khong lang phi
tai nguyén LUT cho mach da hgp.

2H5 trg cho reset bt déng bd hién dang dugc phat trién
3Cac flip-flop trong FPGA hién tai chita ngd vao reset ddng bd. Do d6, khong cin thém tai nguyén nio cho
mach da hop.
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/@— 19581

— init

- data

A

Hinh 6.2: Thanh ghi dua trén flip-flop D véi reset dong bo.

aock T LT LT LT LT LT LT L

reset [

inval 3 X s X R 74

regVal o X sk R X7
A B C D E F

Hinh 6.3: Dang song ctia thanh ghi véi tin hiéu reset.

Céc mach tuan tu thay ddi gid tri ctia chiing theo thdi gian. Do d6, hanh vi clia chiing
¢6 thé dudc mo ta bang mot bidu dd hién thi cac tin hiéu theo thoi gian. Biéu dd nhu viy
dugc goi 1a dang séng biéu do thai gian.

Hinh 6.3 biéu dién dang s6ng ctia thanh ghi véi tin hiéu reset va mot s dit liéu ngd
vao dudc dp vao né. Thai gian ting dan tir trdi sang phai. O phia trén hinh, chiing ta thiy
xung clock diéu khién mach dién. Trong chu ky xung clock dau tién, trudc khi reset, ndi
dung thanh ghi 12 khong xic dinh. Trong chu ky dong ho thi hai, reset dugc dua 1én &
muc cao va § canh 1én ciia chu ky xung clock nay (dugc gan nhan B), thanh ghi nhén gia
tri ban dau 0. Ngd vao invVal bi b qua. Trong chu ky xung clock tiép theo, reset bang
® va gid tri ctia inVal dudc ghi lai & canh 1én tiép theo (dudc gan nhan C). Tu d6 trd di
reset van gill nguyén gid tri 1a ©, va ngd ra thanh ghi di sau tin hiéu ngd vao véi do tré
mot chu ky xung clock.

Dang séng 1a mot cong cu tuyét vdi dé xdc dinh hanh vi ctia mach biang dd hoa. Pic
biét 1a trong cdc mach phiic tap hon, noi nhiéu phép todn tién hanh song song va dit liéu

No6i dung 53


https://en.wikipedia.org/wiki/Digital_timing_diagram

6 CAC KHOI XAY DUNG MACH TUAN TU

/<4— d|qeus —

- data

Hinh 6.4: Thanh ghi dya trén flip-flop D véi tin hiéu cho phép.

cock T LT LT LT LT LT LT 1L
enable \_I

inVal X 2 X 3 X > X 2 X ’ X 4
regEnable 2 X 3 > 2 X7
A B C D E F

Hinh 6.5: Biéu d6 dang séng ctia thanh ghi véi tin hiéu cho phép.

di chuyén theo dudng 6ng (pipeline) xuyén sudt mach, biéu do thdi gian tré nén thuin
tién. Cac trinh kiém tra Chisel cling c6 thé tao ra cac dang séng trong qud trinh kiém tra,
dang séng c6 thé dugdc hién thi bang cong cu xem dang séng va dudc st dung dé gd 15i.

Mot mau thiét ké tiéu biéu 12 mot thanh ghi c6 tin hiéu cho phép. Chi khi tin hiéu
cho phép 1a true (miic cao), thanh ghi méi gitt lai gi4 tri ngd vao; ngudc lai, né van git
nguyén gid tri ct. Tin hiéu cho phép c6 thé dudc thuc hién, tuong tu nhu tin hiéu reset
ddng bo, v6i mot mach da hop & ngd vao ciia thanh ghi. Mot ngd vao cho mach da hop
12 hdi tiép ngd ra ciia thanh ghi.

Hinh 6.4 biéu dién s d6 mach dién ctia mot thanh ghi ¢6 tin hidu cho phép. Vi day
ciing 12 mdt mau thiét ké phd bién, cac flip-flop trong FPGA hién dai chita ngd vao cho
phép danh riéng va khong cin thém tai nguyén.

Hinh 6.5 biéu dién mot dang séng vi du cho thanh ghi c6 tin hiéu cho phép. Hau hét
thai gian, bét tin hiéu cho phép & mic cao (true) va thanh ghi di sau ngd vao véi do
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tré mot chu ky xung clock. Chi trong chu ky xung clock thd tu, enable & miic thip, va
thanh ghi giif gia tri cia n6 (gia tri bang 5)  canh 1én ctia nhan D.

Thanh ghi véi tin hiéu cho phép c6 thé dugc mo ta trong mot vai dong clia ma Chisel
v6i ban cap nhat c6 diéu kién:

val enableReg = Reg(UInt(4.W))

when (enable) {
enableReg := inVal

3
Thanh ghi vdi tin hiéu cho phép c6 thé dugc reset:
val resetEnableReg = RegInit(0.U(4.W))

when (enable) {
resetEnableReg := inVal

}

Thanh ghi ciing c6 thé 12 mdt phan ctia mot biéu thic. Mach dién sau day do canh 1én
cta tin hiéu bang céch so sanh gia tri hién tai cia né véi gia tri tu chu ky xung clock sau
cung.

val risingEdge = din & !RegNext(din)

Bay gio chiing ta da khdm pha tit ca cdc cach st dung co ban ctia mot thanh ghi,
chiing ta st dung tot cac thanh ghi d6 va xdy dung cac mach tuan tu thd vi hon.

6.2 Mach dém

Mot trong nhitng mach tudn tu co ban nhit 12 mach dém. O dang don gin nhét, mach
dém 12 mot thanh ghi noi ma ngd ra dugc két nbi véi mot mach cong va ngd ra ctia mach
cong dugc két ndi véi ngd vao clia thanh ghi. Hinh 6.6 biéu dién mot mach dém chay tu
do (free-running counter).

Mach dém chay tu do c6 mot thanh ghi 4-bit dém tit 0 dén 15 va sau d6 lai quay vé 0
chay tiép. Mot mach dém ciing phai dudc reset vé mot gia tri da biét.

val cntReg = RegInit(0.U(4.W))

cntReg := cntReg + 1.U
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v

\/

Hinh 6.6: Mach cdng va két qua thanh ghi trong mach dém.
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Hinh 6.7: Céc su kién dém.
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Khi ching ta mudn dém cac su kién, chiing ta st dung mot diéu kién d€ ting gid tri cho
mach dém, nhu trong Hinh 6.7 va trong doan ma sau.

val cntEventsReg = RegInit(0.U(4.W))
when(event) {

cntEventsReg := cntEventsReg + 1.U

}

6.2.1 Dém lén va dém xuong

D& dém 1én mot gia tri va sau d6 khdi dong lai véi gid tri 0, ching ta cn so sanh gid tri
mach dém vé6i mot gid tri hing s6 téi da, vi du: v6i cau 1énh diéu kién when.

val cntReg = RegInit(0.U(8.W))

cntReg := cntReg + 1.U

when(cntReg === N) {
cntReg := 0.0

}

Chiing ta con c6 thé st sung mach da hgp cho mach dém:

val cntReg = RegInit(0.U(8.W))

cntReg := Mux(cntReg === N, 0.U, cntReg + 1.0)

Néu dang & trang thai dém xudng, thi chiing ta bat diu bang cach dit lai thanh ghi mach
dém vdi gia tri cuc dai va reset mach dém vé gia tri d6 khi dat gia tri 0.

val cntReg = RegInit(N)

cntReg := cntReg - 1.U

when(cntReg === 0.0U0) {
cntReg := N

3

Khi chiing ta dang viét ma code va st dung nhiéu mach dém hon, ching ta c6 thé dinh
nghia mot ham v6i mot tham sb dé€ sinh tao mach dém cho chiing ta.

// This function returns a counter
def genCounter(n: Int) = {

val cntReg = RegInit(0.U(8.W))
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cntReg := Mux(cntReg === n.U, 0.U, cntReg + 1.0U)
cntReg
}

// now we can easily create many counters
val countl® = genCounter (10)
val count99 = genCounter (99)

Cau lénh cubi cling ctia ham genCounter 1a gid tri trd vé cda ham, trong vi du nay la
thanh ghi dém cntReg.

Luu y ring trong tit ca cdc vi du, mach dém c6 céc gia tri giita ® va N, bao gdm N.
Néu chiing ta mudn dém 10 chu ky xung clock, chiing ta cin dit N 12 9. it N bing 10 1a
vi du c& dién vé 15i logic off-by-one.

6.2.2 Tao thoi gian véi mach dém

Bén canh viéc dém cic su kién, mach dém thudng dugc st dung d€ tao ra khai niém
vé thoi gian (thdi gian giéng nhu thdi gian trén dong ho treo tuong). Mach dién dong
bd chay véi xung clock dong hd c6 tan sb cd dinh. Mach s& hoat dong trong nhiing thdi
diém ting v6i chu ky xung clock nay. Khong c6 khai niém thdi gian trong mach s6 ngoai
viéc dém céc thoi diém véi xung clock. Néu ching ta biét tin sb xung clock, chiing ta
¢6 thé sinh ra cac mach tao cac su kién dinh thi, chiang han nhu nhap nhay den LED &
mot s tan sd nhu da trinh bay trong vi du “Hello World”.

Mot thuc té phd bién 13 dé€ tao mot chu ky don tick v6i tan sb fi;x ma chiing ta can
né trong mach ctia minh. Tin hiéu tick dé xdy ra sau mdi n chu ky xung clock, trong
d6 n = fiiock/ frick va tick c6 do dai chinh xdc mét chu ky xung clock. Tin hiéu tick nay
khong dudc st dung nhu mot xung clock dude din xuit, nhung 12 mot tin hiéu cho phép
céc thanh ghi trong mach sé hoat dong hop ly & tan sb f;;x. Hinh 6.8 biéu dién mot vi
du vé mot tin hiéu tick dudc tao ra sau mdi 3 chu ky xung clock.

Trong mach dién sau, chiing ta mo6 td4 mot mach dém sé dém tir 0 dén gia tri cuc dai
N - 1. Khi dat dén gid tri cuc dai, tick la true cho mot chu ky don, va mach dém dugc
reset vé 0. Khi ching ta dém tir 0 dén N - 1, ching ta tao mot tick hop 1y méi chu ky
xung clock N.

val tickCounterReg = RegInit(0.U(4.W))

val tick = tickCounterReg === (N-1).U
tickCounterReg := tickCounterReg + 1.U
when (tick) {

tickCounterReg := 0.U
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cock T LI LI LT LT LT LT LT LT LT L

reset ]

.

|
tick \ [ ] \
(o M )2 o 1 2 e )1

counter

Hinh 6.8: So d dang séng dé tao mot tick tan sb cham.

cock T LT LT LT LT LT LfLfLf LT L
reset —] \
tick ) [ R
slow cnt X 0 X 1 X 2

Hinh 6.9: St dung tick tan s6 cham.

}

Thai gian logic clia mot tick v6i mdi # chu ky xung clock sau dé c6 thé dudc st dung dé
cdi tién cic phan khic ctia mach véi xung clock logic chim hon nay. Trong doan ma sau,
chiing ta chi st dung mot mach dém khdc ting dan 1én 1 sau méi n chu ky xung clock.

val lowFrequCntReg = RegInit(0.U(4.W))
when (tick) {

lowFrequCntReg := lowFrequCntReg + 1.U
}

Hinh 6.9 biéu dién dang séng ctia tin hiéu tick va mach dém cham ting 1én mdi tick (n
clock cycles).

Vi du vé viéc sti dung xung clock logic chim hon nay 1a: nhip nhdy dén LED, tao toc
d6 baud (baud rate) cho bus néi tiép, tao tin hiéu cho da hop hién thi LED 7 doan va lay
mAu con céc gia tri ngd vao dé chdng ddi cic niit va cong tic.

Miic du suy luan vé gid tri dd rong sé hinh thanh kich thudc cc thanh ghi, nhung t6t
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hon nén chi dinh 16 rang gi4 tri d6 rong véi ki€u khi dinh nghia thanh ghi hoic véi gid
tri khéi tao. Pinh nghia gia tri d6 rong ro rang c6 thé tranh dugc nhitng bét ngd khi gia
tri reset ctia .U din dén két qua mach dém c6 do rong 1a mot bit.

6.2.3 Mach dém Nerd

Dai khi, nhiéu ngudi trong chiing ta cdm thiy minh giébng nhu mot ngudi chid tim vé mot
vin dé nao d6 (nerd). Vi du: ching ta muén thiét k& mot phién ban t6i uu héa cao cho
viéc tao mach dém/tick. Mot mach dém chudn can cic tai nguyén sau: mot thanh ghi,
mot mach cong (hodc mach trir) va mot mach so sanh. Chiing ta khong thé lam gi nhiéu
vé thanh ghi ho#ic mach cong. Néu dém 1én, chiing ta cin so sanh véi mot s6, d6 1a mot
chudi bit. Mach so sanh c6 thé dudc xay dung tif cic cdng dao cho cic sb 0 trong chudi
bit vd mot céng AND 16n. Khi dém xudng dén 0, mach so sanh 12 mot céng NOR 16n,
c6 thé don gian hon mach so sanh mot chiit véi mot hing s6 trong ASIC. Trong FPGA,
ndi cong logic dugc xiy dung tif cdc bang tra, khong cé su khac biét gitia viéc so sanh
v6i 0 hodc 1. Yéu cau vé tai nguyén 12 nhu nhau d6i v6i mach dém 1én va dém xudng.

Tuy nhién, van con mot meo nita ma mot nha thiét ké phan ciing thong minh c6 thé
thuc hién. Cho dén nay, dém 1én hoidc dém xudng can phéi so sanh véi tit ci céc bit
dém. Piéu gi s& x4y ra néu ching ta dém tir N-2 xubng -1? Mot s6 am c6 bit MSB (Most
Significant Bit) dudc dit thanh 1 va mot sb duong véi bit nay dudc dit thanh 0. Chiing
ta chi can kiém tra bit nay d€ phat hién rang mach dém ctia chiing ta dat dén -1 hay chua.
O day, mach dém dudc tao bi mot nerd:

val MAX = (N - 2).S(8.W)
val cntReg = RegInit (MAX)
io.tick := false.B

cntReg := cntReg - 1.S

when(cntReg (7)) {
cntReg := MAX
io.tick := true.B

6.2.4 B6 dinh thoi

Mot dang dinh thai khdc ma ching ta c6 thé tao, 1a bd dinh thdi one-shot. B6 dinh thdi
one-shot ciing gidng nhu bo dinh thdi trong nha bép: cac ban dit sé phiit va nhin niit bat
dau. Khi hét khoang thai gian dudc chi dinh, am béo sé phat ra. Bo dinh thai k§ thuit s6
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Hinh 6.10: B6 dinh thoi one-shot.

dugc nap véi thoi gian theo chu ky xung clock. Sau d6, né dém xubng cho dén khi dat
dén gia tri 0. (o] gia tri 0, bd dinh thdi xac nhan véi tin hi€u done.

Hinh 6.10 biéu dién so d6 khdi ctia mot bo dinh thai. Thanh ghi c6 thé dugc nap véi
gia tri din bdi tin hiéu xdc nhan load. Khi tin hi€u load khong dugc xac nhan, viéc
dém xudng dudc Iva chon (biang cach chon cntReg - 1 nhu ngd vao cho thanh ghi). Khi
mach dém dat gia tri 0, tin hiéu done dudc xac nhan va mach dém ditng dém bing cich
chon ngé vao ctia mach da hop cung cép gia tri 0.

Listing 6.1 bi€u dién ma Chisel cho bd dinh thdi. Ching ta sit dung mot thanh ghi
8-bit reg, dugc reset vé 0. Gi4 tri boolean done 14 két qué ctia viéc so sdnh reg vdi 0. Dbi
v6i mach da hop ngd vao, chiing ta dua vao diy ndi trung gian next véi gia tri mic dinh
12 0. Khi when/elsewhen dua vao hai ngd vao khéc véi chiic ning lua chon tin hiéu. Tin
hiéu load c6 mic do uu tién qua do lya chon gidm dan. Dong cudi cuing két néi mach
da hop, dudc biéu dién bdi next, véi ngd vao clia thanh ghi reg.

Néu chiing ta nham dén ma chuong trinh ngan gon hon mat chit, thi chiing ta ¢6 thé
gén truyc tiép cdc gia tri clia mach da hop cho thanh ghi reg, thay vi st dung day trung
gian next.

6.2.5 Diéu bién do réng xung

Diéu bién d6 rong xung (Pulse-width modulation - PWM) Ia tin hiéu c6 chu ky khong
ddi va diéu bién thai gian tin hiéu 12 mifc cao trong chu ky dé.

Hinh 6.11 biéu dién mét tin hiéu PWM. Céac mii tén trd dén diém bét dau cac khoang
thdi gian ctia tin hiéu. Phan trim thi gian tin hiéu & mic cao, con dugc goi 1a chu ky
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val cntReg = RegInit(0.U(8.W))
val done = cntReg === 0.U

val next = WireDefault(0.U)
when (load) {

next := din
} .elsewhen (!done) {
next := cntReg - 1.U
}
cntReg := next
Listing 6.1: B dinh thdi one-shot
PWM

Hinh 6.11: Diéu bién do rong xung.

nhiém vu (duty cycle). Trong hai chu ky dau tién, chu ky nhiém vu 1a 25 %, trong hai
chu ky tiép theo 50 %, va trong hai chu ky cudi 1a 75 %. D6 rong xung dugc diéu bién
gitia 25 % va 75 %.
Thém mdt mach loc thip qua vao tin hiéu PWM sé cho ra mdt b chuyén déi sd sang
tuong tu don gian. Mach loc thip qua c6 thé & dang don gian chi v6i dién trd va tu dién.
Vi du doan ma chuong trinh sau sé tao dang s6ng 3 chu ky xung clock mdc cao mbi
10 chu ky xung clock.

def pwm(nrCycles: Int, din: UInt) = {
val cntReg = RegInit(0.U(CunsignedBitLength(nrCycles-1).W))
cntReg := Mux(cntReg === (nrCycles-1).U, 0.U, cntReg + 1.U)
din > cntReg

}

val din = 3.U
val dout = pwm(10, din)

Chiing ta st dung ham cho bd tao PWM dé€ cung cip mot thanh phan nhe, tdi sit dung
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dugc. Ham c6 hai tham sb: mot sb nguyén Scala ciu hinh PWM véi s6 chu ky xung
clock (nrCycles), va mot diy ndi Chisel (din) d€ cung cip gid tri chu ky nhiém vu
(pulswidth) cho tin hiéu ngd ra PWM. Chung ta si dung mdt mach da hgp trong vi du
nay dé biéu dién mach dém. Dong cubi cuing ctia ham: so sanh gid tri mach dém vdi gid
tri ngd vao din dé tra vé tin hiéu PWM. Biéu thiic cubi cuing trong ham la gi tri tra v&,
trong trudng hop clia ching ta, diy dugc ndi véi ham so sanh.

Chiing ta st dung ham unsignedBitLength(n) dé xdc dinh s bit cho mach dém
cntReg can dé biéu dién cac sb khong diu 1én dén (va bao gdm) n.* Chisel con c6 ham
signedBitLength dé cung cAp sb bit nhim biéu dién cho mot sb c6 dau.

Mot ting dung khdc 1a sit dung PWM dé 1am md dén LED. Trong trudng hop d6, mét
dong vai trd nhu bd loc thong thip. Chiing ta mé rong vi du trén dé hudng qua trinh tao
PWM bing mdt ham tam gidc. Két qua 1a mot dén LED c6 cudng dd sang thay ddi lién
tuc.

val FREQ = 100000000 // a 100 MHz clock input
val MAX = FREQ/16000 // 1 kHz

val modulationReg = RegInit(0.U(32.W))
val upReg = RegInit(true.B)

when (modulationReg < FREQ.U && upReg) {

modulationReg := modulationReg + 1.U

} .elsewhen (modulationReg === FREQ.U && upReg) {
upReg := false.B

} .elsewhen (modulationReg > 0.U && !upReg) {
modulationReg := modulationReg - 1.U

} .otherwise { // ©
upReg := true.B

}

// divide modReg by 1024 (about the 1 kHz)
val sig = pwm(MAX, modulationReg >> 10)

Chiing ta st dung hai thanh ghi cho diéu bién: (1) modulationReg dé dém lén va dém
xubng va (2) upReg nhu cd d€ xac dinh 12 dém 1én hay dém xudng. Chiing ta dém Ién
tan sd ngd vao xung clock (100 MHz trong vi du), cho ra két qua tin hiéu 0.5 Hz. D9 dai
biéu thic when/.elsewhen/.otherwise xit ly viéc dém 1én hay dém xubng va chuyén
huéng.

456 bit dé biéu dién mot s6 khong diu n & dang nhi phan 1a |logz (n) | + 1.
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Hinh 6.12: Thanh ghi dich 4 tang.

Vi PWM chi dém 1én dén phan 1000 ciia tan s6 d€ tao ra tin hiéu 1kHz, chiing ta
cin chia tin hiéu diéu bién cho 1000. Vi phép chia sé thuc rat ton kém trong phan cing,
chiing ta chi don gian dich 10 1an sang phai, diéu niy tuong duong mot phép chia cho
219 = 1024. Vi chiing ta da dinh nghia mach dién PWM nhu mot ham, nén c6 thé don
gian khéi tao mach dién d6 bang cich goi ham. Day nbi sig biéu dién tin hiéu PWM da
dudc diéu bién.

6.3 Thanh ghi dich

Thanh ghi dich 1a tip hop ctia cic flip-flop dugc két ndi thanh mot chudi. Mbi ngd ra
ctia mot thanh ghi (flip-flop) dugc ndi véi ngd vao ctia thanh ghi ké tiép. Hinh 6.12 biéu
dién thanh ghi dich 4 ting. Mach dién dich dit liéu tif trdi sang phai  mdi tick xung
clock. Trong dang don gian nay, mach dién thuc hién do tré 4 1an tir din dén dout.

Ma Chisel cho thanh ghi dich don gian nay thyc hién: (1) tao mot thanh ghi 4-bit
shiftReg, (2) ghép ndi 3-bit thip ctia thanh ghi dich v6i ngd vao din cho ngd vao tiép
theo vao thanh ghi va (3) st dung bit MSB (Most Significant Bit) ctia thanh ghi lam ngd
ra dout.

val shiftReg = Reg(UInt(4.W))
shiftReg := Cat(shiftReg(2, 0), din)
val dout = shiftReg(3)

Thanh ghi dich thuong dugc st dung dé chuyen ddi dit liéu tir nbi tlep sang song song
hoic dit liéu tif song song sang ndi tiép. Phan 11.2 trinh bay c6ng ndi tiép sit dung cic
thanh ghi dich dung cho chiic nang nhén va gti dit liéu.

6.3.1 Thanh ghi dich v@i ngo ra song song

Chu h1nh vao-ndi-tiép ra-song-song clia thanh ghi dich chuyén ddi dong dit heu ngo
vao ndi tiép thanh céc tif song song. Piéu niy c6 thé dugc st dung trong cdng ndi tiép
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Hinh 6.13: Thanh ghi dich 4-bit v6i ngo ra song song.

(UART) cho chiic ning nhén dit liéu. Hinh 6.13 biéu dién thanh ghi dich 4-bit, trong d6
mbi ngd ra flip-flop dudc nbi v6i mot bit ngd ra. Sau 4 chu ky xong clock, mach dién
chuyén mot tir (word) vé6i 4-bit dif liéu ndi tiép thanh mat tir véi 4-bit dif liéu song song
c6 sin trong q. Trong vi du ndy, chiing ta gi st bit 0 (LSB) dugc gti trude va do d6 n6
dén & tang cubi cung khi ching ta mudn doc toan bo tir.

Trong doan ma Chisel sau, chiing ta khéi tao thanh ghi dich outReg véi gid tri 0. Sau
d6 ching ta dich vao tir bit MSB, c6 nghia 1a dich phéi. Két qui song song, g, chi 1a viéc
doc gia tri thanh ghi outReg.

val outReg = RegInit(0.U(4.W))
outReg := Cat(serIn, outReg(3, 1))
val g = outReg

Hinh 6.13 biéu dién thanh ghi dich 4-bit v6i hdm ngd ra song song.

6.3.2 Thanh ghi dich v@i tai song song

CAu hinh vao-song-song ra-ndi-tiép ctia thanh ghi dich chuyén ddi dong dit liéu cac tir
(bytes) ngd vao song song thanh dong dif liéu ngd ra ndi tiép. Pidu nay c6 thé dudgc sir
dung trong c6ng ndi tiép (UART) cho chiic ning gti dit liéu.

Hinh 6.14 biéu dién thanh ghi dich 4-bit véi chic ning tai song song. M6 td Chisel
clia chic ning d6 tuong dbi dé hi€u nhu sau:

val loadReg = RegInit(0.U(4.W))
when (load) {
loadReg := d
} otherwise {
loadReg := C
}

at(0.U, loadReg(3, 1))
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Hinh 6.14: Thanh ghi dich 4-bit véi tai song song.

val serOut = loadReg(0)

Luu y ring bay git ching dang dich sang bén phéi, nén dién vao cédc s6 0 6 MSB.

6.4 Bo nho

Mot bd nhé c6 thé dudc tao ra tir mdt tip hop céc thanh ghi, trong Chisel, mot Reg clia
Vec. Tuy nhién, diéu nay 1a tén kém vé phan cting va céu triic bd nhé 16n hon dudc xay
dung dudi dang SRAM. Déi v6i ASIC, mot trinh bién dich bd nhé dung dé€ xay dung
céc bd nhé. FPGA chifa cac khdi bo nhd trén chip, con dudc goi 1a cac RAM khéi. Cac
khbi bo nhd trén chip d6 c6 thé dude két hop dé tao ra cac bd nhé 16n hon. Céc bo nhé
trong FPGA thudng c6 mot céng doc va mot cdng ghi hoic hai cng c6 thé duge chuyén
ddi gitta doc va ghi trong thdi gian chay.

FPGA (va ca ASIC) thudng hd trg bo nhd dong bd. Bo nhé dong bd c6 cac thanh ghi
& ngd vao (dia chi doc va ghi, di liéu ghi va cho phép ghi). Piéu d6 cé nghia la dit liéu
doc c6 san trong mdt chu ky xung clock sau khi thiét 1ap dia chi.

Hinh 6.15 biéu dién so dd mach ctia mot bd nhé dong bo. Bo nhé c6 hai cong véi
mot cdng doc va mot cong ghi dif lieu. Cng doc c6 mot ngd vao duy nhit, dia chi doc
(rdAddr) va mot ngd ra, dif liéu doc (rdData). C6ng ghi c6 ba ngd vao: dia chi (wraAddr),
dit liéu dudc ghi (wrData), va chin cho phép ghi (wrEna). Luu y rang d6i véi tit ca cac
ngd vao, c6 mot thanh ghi trong bd nhé hién thi hanh vi dong bo.

DE hd trg bd nhé trén chip, Chisel cung cp ham tao bd nhé SyncReadMen. Listing 6.2
bi€u dién mot thanh phan bd nhé thuc thi 1 KiB bd nhé véi di liéu ngd vao va ngd ra
¢6 do rong 1 byte (8-bit) va mot chan cho phép ghi.

Mot cau hdi thi vi 1a gia tri nao dudgc tra vé tif mot 1an doc khi trong ciing mot chu ky
xung clock, mot gia tri méi dude ghi vao 6 cung dia chi duge doc ra. Chung ta quan tim
dén hanh vi doc-trong-qué-trinh-ghi ctia bo nhé. C6 ba kha ning: gi4 tri dudc ghi méi,
gi4 tri cii hodc khong xac dinh (c6 thé 1a su két hop ctia mot s6 bit tir gid tri cii vi mot s6
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Hinh 6.15: B nhé dong bo.
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class Memory() extends Module {
val io = I0(new Bundle {
val rdAddr = Input(UInt(10.W))
val rdData = Output(UInt(8.W))
val wrEna = Input(Bool())
val wrData = Input(UInt(8.W))
val wrAddr = Input(UInt(10.W))
b

val mem = SyncReadMem (1024, UInt(8.W))
io.rdData := mem.read(io.rdAddr)
when(io.wrEna) {

mem.write(io.wrAddr, io.wrData)

}
}

Listing 6.2: 1 KiB b nhé ddng bo.

dit liéu dudc ghi méi). Kha nang nao kha dung trong FPGA phu thudc vao loai FPGA
va d6i khi ¢6 thé dudc xdc dinh. O cdc tai liéu Chisel, dit lidu doc 1a khong xac dinh.

Néu mudn doc ra gia tri dugc ghi méi, chiing ta c6 thé xiy dung mot mach dién chuyén
tiép d€ phat hién ring cic dia chi bang nhau va chuyén tiép dit liéu ghi. Hinh 6.16 biéu
dién bo nhé véi mach chuyén tiép. Pia chi doc va ghi dugc so sdnh va kiém soat véi chan
cho phép ghi d€ chon giita dudng chuyén tiép ctia dit liéu ghi hodc dif lidu doc trong bod
nhd. Dit liéu ghi bi tré mot chu ky xung clock v6i mot thanh ghi.

Listing 6.3 biéu dién ma Chisel cho bo nhé dong bd bao gdm mach dién chuyén tiép.
Chiing ta can luu trit dif liéu ghi vio mot thanh ghi (wrDataReg) kha dung trong chu ky
xung clock tiép theo dé phut hgp v6i bo nhé dong b, thanh ghi d6 ciing sé cung cip gia
tri doc trong chu ky xung clock tiép theo. Chiing ta so sanh hai dia chi ngd vio (wrAddr
va rdAddr) va kiém tra wrEna 12 dding v6i diéu kién chuyén tiép hay khong. Piéu kién
ndy cling bi tré mdt chu ky xung clock. Mach da hop sé lua chon gitta dii liéu (ghi)
chuyén tiép hoic dit liéu doc tit bd nhd.

Chisel con cung cip Mem dé bi€u dién bd nhé véi hoat dong ghi dong bd va doc bat
ddng bo. Vi loai bd nhé nay thudng khong kha dung truc tiép trong FPGA, nén cong cu
tong hop sé xay dung n6 ma khong dung cac flip-flop. Do d6, 18i khuyén la céc ban nén
st dung SyncReadMem.
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Hinh 6.16: Bo nhé dong bd véi chuyén tiép cho mot hanh vi doc-trong-qué-trinh-ghi da

dugc dinh nghia.
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class ForwardingMemory () extends Module {
val io = IO(new Bundle {
val rdAddr = Input(UInt(10.W))
val rdData = Output(UInt(8.W))
val wrEna = Input(Bool())
val wrData = Input(UInt(8.W))
val wrAddr = Input(UInt(10.W))
b

val mem = SyncReadMem (1024, UInt(8.W))
val wrDataReg = RegNext(io.wrData)
val doForwardReg = RegNext(io.wrAddr === io.rdAddr &&
io.wrEna)
val memData = mem.read(io.rdAddr)
when(io.wrEna) {
mem.write(io.wrAddr, io.wrData)

}

io.rdData := Mux(doForwardReg, wrDataReg, memData)

Listing 6.3: Bd nh6 véi mach chuyén tiép.
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6.5 Bai tap

St dung mach ma héa LED 7-doan tit bai tap trudc va thém mach dém 4-bit 1am ngd
vio d€ hién thi 1an lugt tif ® dén F. Khi két ni truc tiép mach dém nay véi tin hidu xung
clock ctia bo mach FPGA, céc ban sé thiy tit ca 16 sb chong 1én nhau (tit ca 7 doan sé
sang 1én). Do d6, ban cn phai 1am chim mach dém lai. Tao mot mach dém khdac c6 thé
tao ra mot tin hiéu tick chu ky don c¢6 chu ky mdi 500 mili-gidy. St dung tin hiéu d6 lam
tin hiéu diéu khién cho mach dém 4-bit.

Xay dung dang song PWM véi ham sinh tao va dat gia tri ngudng v6i ham (ham tam
gidc hodc ham sin). Mot ham tam gidc c6 thé dudc tao ra bang cach dém Ién va dém
xubng. Mot ham sin véi viéc sit dung bang tra ma cdc ban c6 thé tao ra vdi vai dong
mai Scala (xem Phin 10.3). Diéu khién dén LED trén bo mach FPGA véi ham PWM da
dugc diéu bién d6. Tin hiéu PWM clia cdc ban sé 12 tan s6 nao? Bo diéu khién dang chay
véi tan s6 nao?

Cic thiét ké mach s6 thudng dudc phac thio dudi dang mot mach dién trén gidy.
Khong phdi tt ca céc chi tiét cAn phai dugc hién thi. Chiing ta st dung so do khoi,
giébng nhu trong cic hinh trong cudn sach nay. D6 13 mdt k¥ ning quan trong dé c6 thé
dich trdi chay gitta biéu dién so dd ban vé mach dién va mo ta Chisel. V& so dd khdi cho
cac mach sau:

val dout = WireDefault (0.U)

switch(sel) {
is(0.U) { dout := 0.U }

is(1.U) { dout := 11.U }
is(2.U) { dout := 22.U }
is(3.U) { dout := 33.U }
is(4.U) { dout := 44.U }
is(5.U) { dout := 55.U }

}
Pay 1a mot mach phuic tap hon mot chut, chita mot thanh ghi:
val regAcc = RegInit(0.U(8.W))

switch(sel) {
is(0.U) { regAcc
is(1.U) { regAcc
is(2.U) { regAcc
is(3.U) { regAcc

regAcc}

0.U}

regAcc + din}
regAcc - din}
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7 X ly ngo vao

Céc tin hiéu ngd vao tir thé gidi bén ngoai vio mach dong bo thudng khong dong bd véi
xung clock; chiing bit dong bd. Mot tin hiéu ngéd vao c6 thé dén tir modt ngudn khong cé
qua trinh chuyén tiép ro rang tif O sang 1 hodc 1 sang 0. Mot vi du 1a nit bat hoidc cong
tac gat. Tin hiéu ngd vao cé thé bi nhiéu véi cic xung nhon cé thé kich hoat qua trinh
chuyén tiép trong mach dong bo. Chuong niy md ta cac mach dién xi ly cac diéu kién
ngo vao nhu viy.

Hai vén dé sau, cong tic chéng ddi va loc nhiéu, ciing c6 thé dugc giai quyét bdi cac
thanh phan tuong tu, bén ngoai. Tuy nhién, sé hiéu qua hon (chi phi) dé xi ly nhiing vin
dé d6 trong mién k¥ thuat sd.

7.1 Ngo vao bat dong bo

Tin hiéu ngd vao khong dong bd véi xung clock hé thdng dudc goi 1a tin hiéu bat dong
bd. Nhiing tin hiéu d6 c6 thé vi pham thdi gian thiét 1ap (setup time) va luu git (hold
time) ctia ngd vao flip-flop. Vi pham nay c6 thé din dén su bét &n dinh (Metastability)
ctia flip-flop. Su bat &n dinh c6 thé din dén gi4 tri ngd ra tir 0 dén 1 hoic né c6 thé tao
ra dao dong. Tuy nhién, sau mot thdi gian, flip-flop sé 6n dinh & miic 0 hoic 1.

Chiing ta khong thé tranh dudc su bat 6n dinh, nhung ching ta c6 thé ngin chin nhiing
4nh hudng ctia né. Mot gidi phap ¢ dién 1 st dung hai flip-flop & ngd vao. Gia dinh
1a: khi flip-flop dau tién trd nén bat dn dinh, né s& phan giai thanh trang thi 6n dinh
trong chu ky xung clock dé thdi gian thiét 1ap va thdi gian luu giit cta flip-flop thit hai
sé khong bi vi pham.

Hinh 7.1 thé hién ranh gi6i giita mach dong bd va thé gidi bén ngoai. Mach dong bd
héa ngd vio bao gom hai flip-flop. Ma Chisel cho mach dong bd ngéd vao 1a mot dong
duy nhit tao ra hai thanh ghi.

val btnSync = RegNext(RegNext(btn))

Tt ca céc tin hiéu bén ngoai bat ddng bo cAn mot bd dong bo ngd vao.! Chiing ta ciing

I Trudng hop ngoai 16 1a khi tin hiéu ngd vao phu thudc vao tin hiéu ngd ra ddng bo va chiing ta biét do tré
dudng truyén cuc dai. Mot vi du 6 dién 1a giao tiép mot SRAM bét ddng bd véi mot mach dong b, vi
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Synchronous circuit

— btn »

A4
A4

~ btnSync —»

External world

Hinh 7.1: Mach ddng bd ngd vao.

cin dong bo héa mat tin hiéu reset bén ngoai. Tin hiéu reset phéi di qua hai flip-flop
trude khi né duge st dung lam tin hiéu reset cho cac flip-flop khac trong mach. Viéc
hily x4c nhan ctia tin hiéu reset cin dong bd véi xung clock.

7.2 Chong doi

Céc cong tic va niit nhin c6 thé can mot khoang thdi gian dé chuyén doi giita bat va tit.
Trong qua trinh chuyén ddi, cong tic ¢ thé bi doi giita hai trang thai d6. Néu ching ta
st dung mot tin hiéu nhu vy ma khong xi ly thém, chiing ta c6 thé phat hién nhiéu su
kién chuyén tiép hon chiing ta mong muén. Mot giai phdp 1a st dung thdi gian d€ loc
b6 su doi nay. Gid st thdi gian doi tdi da 12 t5p,ce. chiing ta sé ldy mau tin hiéu dau vao
véi khoang thdi gian T > tppunce. Chiing ta sé chi sit dung tin hiéu dudc iy mau thém &
ludng xudng.

Khi 14y mau ngd vao véi khoang thoi gian dai nay, ching ta biét rang, khi chuyén tit
0 sang 1, chi mdt miu c6 thé roi vio viing doi. Miu trudc d6 sé doc an toan 0 va miu
sau ving ddi sé doc an toan 1. MAu trong viing doi sé 14 0 hoidc 1. Tuy nhién, diéu nay
khong quan trong vi sau d6 né thudc vé hoidc van la cidc méu 0 hodc cdc mau 1 ¢6 sin.
Diém mAiu chét 1a ching ta chi c6 mot 1an chuyén ddi tir O sang 1.

Hinh 7.2 biéu dién qua trinh hoat dong liy mau dé chéng doi. Tin hiéu trén cling biéu
dién ngd vao bi doi va cic miii tén bén duéi biéu dién cac diém liy miu. Khoang cich
gitta cac diém 14y miu d6 can phai dai hon thdi gian ddi tdi da. Mau dau tién 1iy mau
an toan 0, va mau sau trong hinh 1dy mau 1. MAu giita rdi vao thdi gian doi. N6 c6 thé 1a
0 hoic 1. Hai két qua c6 thé xay ra dugc hién thi 12 debounce A va debounce B. Ca hai

du: béi bd vi xtt ly.

74 Nb6i dung



7.2 CHONG DOI

bouncing in

I

debounced A

debounced B

Hinh 7.2: Chdng doi tin hiéu ngé vao.

déu c6 mot 1an chuyén ddi duy nhat tir O sang 1. Su khac biét duy nhét gifta hai két qua
ndy 1a qua trinh chuyén d&i trong phién ban B mudn hon mot chu ky mau. Tuy nhién,
day thuong khong phai 1a van dé.

Ma Chisel cho viéc chéng doi dudc phat trién hon mét chiit so véi ma cho mach dong
bd. Chiing ta tao ra thdi gian mau bang mot mach dém cung cip mot tin hiéu chu ky don
tick, nhu ching ta da thuc hién trong Phan 6.2.2.

val FAC = 100000000/100

val btnDebReg = Reg(Bool())

val cntReg = RegInit(0.U(32.W))
val tick = cntReg === (FAC-1).U

cntReg := cntReg + 1.U
when (tick) {
cntReg := 0.0
btnDebReg := btnSync
}

Dau tién, ching ta cin quyét dinh tan s6 1dy mau. Vi du trén gia dinh xung clock
100 MHz va suy ra tan s& ldy mau 1a 100 Hz (gia sit ring thdi gian doi 1a dusi 10 ms).
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Gia tri mach dém cuc dai 12 FAC, hé sb chia. Chiing ta dinh nghia thanh ghi btnDebReg
cho tin hiéu chéng ddi, khong c6 gid tri reset. Thanh ghi cntReg déng vai trd 12 mach
dém, va tin hiéu tick la ding khi mach dém dat dén gia tri 16n nhét. Trong trudng hop
dé, diéu kién when 13 true va (1) mach dém dudc reset vé 0 va (2) thanh ghi chéng doi
luu trit mau ngd vao. Trong vi du, tin hiéu ngd vao dudc dit tén 13 btnSync vi né 1a ngd
ra tif mach dong b ngd vao da dudc trinh bay trong phan trudc.

Mach chéng doi di sau mach dong bo. PAiu tién, chiing ta cin ddng bd héa trong tin
hiéu bt ddng bo, sau d6 chiing ta c6 thé xit Iy thém né trong mién ky thuat sb.

7.3 Loc tin hiéu ngo vao

D6i khi tin hiéu ngd vao c6 thé bi nhiéu, ¢ thé né chia cdc xung nhon ma ching ta cé
thé 1iy mau khong chii y v6i mach dong bd ngd vao va bd chdng doi. Mot tily chon dé
loc cac xung dot bién ngd vao d6 1a sit dung mach biéu quyét da s6. Trong trusng hop
don gian nhit, ching ta 1iy ba mau va thuc hién biéu quyét da s6. Haim da s, c6 lién
quan dén ham trung vi, cho ra gid tri ctia da s6. Trong trudng hop nay, khi chiing ta st
dung ldy miu dé€ chéng ddi, ching ta thuc hién biéu quyét da s6 ddi véi tin hiéu dugc
14y mau. Biéu quyét da s6 ddm bao ring tin hiéu 6n dinh lau hon chu ky liy mau.

Hinh 7.3 biéu dién mach biéu quyét da s6. N6 bao gdm mdt thanh ghi dich 3-bit dugc
diéu khién béi tin hiéu tick ma chiing ta da sit dung dé 1iy mau chdng doi. Ngo ra ctia
ba thanh ghi dugc dua vao mach biéu quyét da s6. Chiic ning biéu quyét da s loc bét
ky su thay ddi tin hiéu nao ngin hon chu ky lay miu.

Ma Chisel sau day trinh bay thanh ghi dich 3-bit, dudc diéu khién bdi tin hiéu tick
va ham biéu quyét, két qua & tin hiéu btnClean.

Luu y ring rat it khi cAn dén bi€u quyét da s6.

val shiftReg = RegInit(0.U(3.W))
when (tick) {
// shift left and input in LSB
shiftReg := Cat(shiftReg(l, ®), btnDebReg)
}
// Majority voiting
val btnClean = (shiftReg(2) & shiftReg(l)) | (shiftReg(2) &
shiftReg(0)) | (shiftReg(l) & shiftReg(0))

Dé€ sit dung dau ra clia tin hiéu dau vao da dugc xi ly cin than, trudc tién chiing ta do
canh 1én b&i thanh phan tri hodn RegNext va sau d6 so sanh tin hiéu nay véi gid tri hién
tai clia btnClean d€ diéu khién mach dém ting 1én.

val risingEdge = btnClean & !RegNext(btnClean)
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- tick

en en en
A b A c

' '

Majority voting

- din

\4

—— o —

dout=(a&b)l(a&c)l(b&c)

dout

\

Hinh 7.3: Bi€u quyét da s6 trén tin hiéu ngd vao 1iy mau.

// Use the rising edge of the debounced and
// filtered button to count up
val reg = RegInit(0.U(8.W))
when (risingEdge) {
reg := reg + 1.0

}

7.4 Két hop x{r ly ngo vao vdi cac ham

D€ tom tat phan xit Iy diu vao, chiing ta biéu dién thém mot s6 ma Chisel. Vi cac mach
dién da dugc trinh bay c6 thé 12 nhd, nhung 1a cac khoi xdy dung c6 thé tdi st dung,
chiing ta géi gon chiing trong cidc ham. Phan 4.4 da chi ra cich chiing ta c6 thé tritu
tugng héa cac khbi xay dung nhé trong cic ham Chisel nhe thay vi diung cic md-dun
day di. Cac ham Chisel d6 tao ra cic thuc thé phan ciing, vi du: ham sync tao hai flip-
flop két n6i véi ngd vao va két nbi v6i nhau. Ham trd vé ngd ra cla flip-flop thit hai.
Néu hitu ich, cdc ham d6 c6 thé dudce nang 1én thanh mot sb dbi tuong 16p tién ich.
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def sync(v: Bool) = RegNext(RegNext(v))
def rising(v: Bool) = v & !RegNext(v)

def tickGen(fac: Int) = {
val reg = RegInit(0.U(log2Up(fac).W))

val tick = reg === (fac-1).U
reg := Mux(tick, 0.U, reg + 1.0U)
tick

}

def filter(v: Bool, t: Bool) = {
val reg = RegInit(0.U(3.W))
when (t) {
reg := Cat(reg(l, 0), v)
}
(reg(2) & reg(1)) | (reg(2) & reg(®)) | (reg(l) & reg(®))
}

val btnSync = sync(btn)

val tick = tickGen(fac)
val btnDeb = Reg(Bool())
when (tick) {

btnDeb := btnSync
}

val btnClean = filter(btnDeb, tick)
val risingEdge = rising(btnClean)

// Use the rising edge of the debounced
// and filtered button for the counter
val reg = RegInit(0.U(8.W))
when (risingEdge) {

reg := reg + 1.0

}

Listing 7.1: Tom tat xit Iy ngd vao véi cac ham.
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7.5 Bai tap

Xay dung mot mach dém duge dém 1én bdi mot nit nhan & ngd vao. Hién thi gia tri ctia
mach dém & dang nhi phan trén céc dén LED ctia bo mach FPGA. Xay dung chudi xt ly
dau vao hoan chinh véi: (1) mach dong bd héa ngd vao, (2) mach chdng déi, (3) mach
bi€u quyét da s6 d€ khi nhiéu, va (4) mach do canh d€ kich hoat ting mach dém.

Vi khong c6 gi ddm béo ring nit nhin hién dai s& ludn bi doi, cac ban c6 thé md
phong d6 ddi va xung nhon bing cach nhén nit theo cach thii cong lién tiép nhanh va st
dung tan sb 14y mau thap. Chon, vi du: mot gidy lam tan sé mau, tdc 1a néu xung clock
ngo vao hoat dong & 100 MHz, thi hay chia n6 cho 100.000.000. M6 phong mdt nit doi
bing cach nhin nhiéu 1an lién tiép trudc khi chuyén sang nhin 6n dinh. Kiém tra mach
clia cdc ban khi khong c6 va khi c6 mach chéng doi iy mau & 1 Hz. Véi biéu quyét da
s6, cdc ban can nhin tir mot dén hai gidy dé€ ddm bao mach dém ting 1én. Ngoai ra, viéc
nha niit nhin dudc tinh 13 biéu quyét da s6. Do d6, mach chi nhan ra viéc nha nit khi n6
dai hon 1-2 giay.
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8 May trang thai hiru han

May trang thai hitu han (Finite-State Machine - FSM) 1a mot khdi xay dung co ban trong
thiét k& mach s6. FSM c6 thé dudc mo ta nhu mot tap hop cdc trang thdi va cac chuyén
tiép trang thdi c6 diéu kién (dugc bao vé) gifta cdc trang thdi. Mot FSM c6 trang thai
ban dau, trang thdi ndy dudc dit khi reset. FSM con dudc goi 1a mach tuan tu dong bd.

Viéc trién khai FSM bao gém ba phan: (1) thanh ghi luu giif trang thai hién tai, (2)
mach logic t& hop tinh toan trang thai ké tiép phu thudc vao trang thai hién tai va ngod
vao, va (3) mach logic t& hop tinh todn ngd ra ctia FSM.

VE nguyén tic, moi mach sb c6 chita mot thanh ghi hoic cac phan ti bd nhd khac dé
luu trif trang thai déu c6 thé dugc mo ta nhu mot FSM don 18. Tuy nhién, diéu nay c6
thé khong thuc té, vi du: hay thit mé ta may tinh xach tay ctia cic ban nhu mot FSM don
18. Trong chuong tiép theo, ching ta sé mo ta cach xay dung cac hé thong 16n hon tir céc
FSM nhd hon bing cach két hop chiing thanh cac FSM giao tiép.

8.1 May trang thai hiru han co ban

Hinh 8.1 biéu dién so d6 mach dién ctia mot FSM. Thanh ghi chiia trang thai hién tai.
Mach logic trang thai ké tiép sé tinh toan gid tri ctia trang thdi ké tiép (next_state) tif
trang thdi hién tai state va ngd vao (in). O chu ky xung clock tiép theo, state trd thanh
next_state. Mach logic ngo ra tinh toan ngd ra (out). Vi ng6 ra chi phu thudc vao trang
thai hién tai nén mdy trang thdi nay dugc goi 1a Mdy trang thdi kiéu Moore.

state
Next Ouput
state |— nextState —p>| > put | out »
. logic
logic
— in
JAN

Hinh 8.1: Mdy trang théi hitu han (ki€u Moore).
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bad event bad event
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Hinh 8.2: Luu do trang thdi ciia mdt FSM bdo dong.

Luu do trang thai mo ta hoat dong cia FSM mot cach truc quan. Trong luu dd trang
thai, cac trang théi riéng 18 dudc mo ta dudi dang cac vong tron dudc gian nhin véi tén
trang thai. Cac chuyén ddi trang thai dugc biéu dién bing cic mii tén giita cic trang
thai. Bao vé (hoic diéu kién), khi chuyén ddi nay dudc thuc hién, dugc vé nhu mot nhin
cho miii tén.

Hinh 8.2 biéu dién luu d6 trang thdi cia mot vi du FSM don gian. FSM c¢6 ba trang
thai: green, orange, and red, chi thi miic do bao dong. FSM bét dau & mic green. Khi c6
mot su kién xdu xay ra mic bao dong dudc chuyén sang orange. Trong su kién xAu thi
hai, miic bdo dong dudc chuyén sang red. Trong trudng hop do, chudng sé reo; ring bell
12 ngd ra duy nhét ctia FSM nay. Ching ta thém ngd ra vao trang thdi red. Bio dong c6
thé dudc reset bdi tin hiéu clear.

Mic di mét Iuu dd trang théi truc quan va chifc ning ctia FSM c6 thé dude nam bét
nhanh chéng, nhung mot bang trang thdi ¢6 thé dude ghi xuéng nhanh hon. Bang 8.1
hién thi bang trang thai cho FSM bdo dong. Ching ta liét ké trang théi hién tai, cdc gid
tri ngd vao, két qua trang théi ké tiép va gia tri ngd ra cho trang thai hién tai. Vé nguyén
tac, ching ta sé can xac dinh tit ca cic ngd vao cé thé c6 cho tit ca cac trang thai c6
thé. Bang nay sé c6 3 x 4 = 12 hang. Chiing ta don gin héa bang bing cach chi ra riang
ngd vao clear 1a tin hiéu don’t care (khong quan tim) khi sy kién xdu xiy ra. Diéu d6
c6 nghia 12 su kién xdu dudc uu tién hon tin hiéu clear. Cot ngd ra c6 mot s 1an Lip lai.
Néu chiing ta c6 FSM 16n hon vi/hoic nhiéu ngd ra hon, thi chiing ta c6 thé chia bang
thanh hai, mot cho logic trang théi ké tiép theo va mot cho logic ngd ra.

Cudi cling, sau khi tit ca thiét k& cia FSM muic bao dong, ching ta sé 1ap trinh né
trong Chisel. Listing 8.1 trinh bay ma Chisel cho FSM bdo dong. Luu y kiéu Bool trong
Chisel cho cdc ngd vao va ngd ra cia FSM. D€ ding Enum va 1énh diéu khién switch,
ching ta can nhap chisel3.util._.

Ma Chisel hoan chinh cho FSM don gian nay nim gon trong mot trang. Chiing ta hay
lu6t qua céc phan riéng 18. FSM c6 hai tin hiéu ngd vao va mot tin hiéu ngd ra, dugc ghi
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import chisel3._
import chisel3.util._

class SimpleFsm extends Module {
val io = IO(new Bundle({
val badEvent = Input(Bool())
val clear = Input(Bool())
val ringBell = Output(Bool())

B

// The three states

val green :: orange :: red :: Nil

// The state register
val stateReg = RegInit(green)

// Next state logic
switch (stateReg) {
is (green) {
when (io.badEvent) {
stateReg := orange
}
}
is (orange) {
when(io.badEvent) {

stateReg := red
} .elsewhen(io.clear) {
stateReg := green
b
}
is (red) {
when (io.clear) {
stateReg := green
b
}

}

// Output logic
io.ringBell := stateReg === red

}

= Enum(3)

Listing 8.1: Ma Chisel cho FSM béo dong.
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Bang 8.1: Bang trang thdi cia FSM bao dong.

Ngo vao

Trang thdi Sukiénxiu Xoa Trang thai ké tiép Chuodng reo

green 0 0 green 0
green 1 - orange 0
orange 0 0 orange 0
orange 1 - red 0
orange 0 1 green 0

red 0 0 red 1

red 0 1 green 1

trong mot Bundle Chisel:

val io = IO(new Bundle{
val badEvent = Input(Bool())
val clear = Input(Bool())
val ringBell = Output(Bool())
b

Kh4 nhiéu cong viéc da dugc danh dé ma héa trang thai t6i wu. Hai tiiy chon phd bién 1a
ma héa nhi phan hodic ma héa one-hot. Tuy nhién, chiing ta dé nhiing quyét dinh mic-
thip d6 cho cong cu téng hop va hudng t6i ma code c6 thé doc dugc.! Do d6, ching ta
st dung kié€u liét ké véi tén tugng trung cho cac trang thai:

val green :: orange :: red :: Nil = Enum(3)

Céc gia tri trang thdi riéng 1é nhu trong danh sich, trong d6 cic phan tif riéng 18 dudgc
ghép ndi bdi todn tii : :; Nil bi€u dién phan két thiic ctia danh sich. Mot thuc thé Enum
dugc gdn cho danh sich cdc trang thai. Thanh ghi git trang thai dugc dinh nghia véi
trang thai green nhu gia tri reset:

val stateReg = RegInit(green)

Phan quan trong ctia FSM 1a & logic trang thai tiép theo. Chiing ta sit dung cong tic
Chisel trén thanh ghi trang thai d€ bao gom tit ca cdc trang thdi. Trong mdi trang thai

ITrong phién ban hién tai cia Chisel, kiéu Enum biéu dién céc trang thai trong ma héa nhi phan. Néu ching
ta mu6n mot dang méa héa khéc, vi du: mi héa one-hot, chiing ta c6 thé dinh nghia hang s6 Chisel cho tén
trang thai.
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1a nhdnh ma ching ta s& 14p trinh cho logic trang thai tiép theo, tlly thudc vao cic ngd
vao, bing cich gan mot gid tri méi cho thanh ghi trang théi:

switch (stateReg) {

is (green) {

when(io.badEvent) {
stateReg := orange

}

}

is (orange) {
when(io.badEvent) {

stateReg := red
} .elsewhen(io.clear) {
stateReg := green
b
}
is (red) {
when (io.clear) {
stateReg := green
B
}

}

Cudi cling, nhung khong phai sau cuing, chiing ta 14p trinh ngd ra ring bell 1a gia tri diing
(true) khi trang thai 1a red.

io.ringBell := stateReg === red

Luu y riang ching ta da khdng dua vao tin hiéu next_state cho ngd vao thanh ghi, vi
day 1a bai thuc hanh phd bién trong Verilog hoic VHDL. Cic thanh ghi trong Verilog
va VHDL dudc m6 ta theo mdt ci phap dic biét va khong thé dudc gan (va khong dudc
gén lai) trong mot khdi mach t8 hgp. Do d6, tin hiéu bd sung, dudc tinh todn trong mot
khéi mach t8 hgp, dugc dua vao va két nbi véi ngd vao thanh ghi. Trong Chisel, mot
thanh ghi 12 mot kiéu co s6 va c6 thé dugc st dung tu do trong mot khdi mach tS hop.

8.2 Ngo ra nhanh hon vdi FSM Mealy

Véi FSM Moore, ngd ra chi phu thudc vao trang thdi hién tai. Piéu d6 c6 nghia l1a su
thay ddi ctia ngd vao c6 thé dudc xem nhu 1a thay d6i clia ngd ra sém nhdt trong chu ky
xung clock tiép theo. Néu ching ta mudn quan sat su thay déi tiic thdi, ching ta cAn mot
dudng dan t& hop tif ngd vao dén ngd ra. Chiing ta hdy cling xem xét mot vi du tdi thiéu,
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Hinh 8.3: Mach do canh 1én (FSM kiéu Mealy).
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Hinh 8.4: Mdy trang théi hitu han ki€u Mealy.

A4

mot mach do canh. Chiing ta da thiy 1énh Chisel theo ki€u mot dong duy nhét nay trudc
day:

val risingEdge = din & !RegNext(din)

Hinh 8.3 biéu dién so dd mach dién ctia mach do canh 1én. Ngo ra trd thanh 1 trong
mdt chu ky xung clock khi gia tri ngd vao hién tai 1a 1 va ngd vao trong chu ky xung
clock cudi cting 14 0. Thanh ghi trang théi chi 12 mot flip-flop D duy nhét trong d6 trang
thai tiép theo chi 12 ngd vao. Chiing ta ciing c6 thé coi day 1a phan tif tré ctia mot chu ky
xong clock. Logic ngo ra so sdnh ngd vao hién tai v6i trang thai hién tai.

Khi ngo ra ciing phu thudc vio ngd vao, tic 13, c6 mot dudng t6 hop gitia ngd vao cla
FSM va ngd ra, diéu ndy dudc goi 1a may Mealy.

Hinh 8.4 biéu dién so d6 mach ctia FSM kiéu Mealy. Tuong t nhu FSM kiéu Moore,
thanh ghi chifa trang thai hién tai va logic trang thai tiép theo tinh toan gid tri trang
thai tiép theo (next_state) tlf trang thai hién tai va ngd vao (in). Vao chu ky xung
clock tiép theo, state trd thanh next_state. Logic ngd ra tinh todn ngd ra (out) tif trang
thai hién tai va ngd vao cho FSM.
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0/0 1/0
11

reset

0/0

Hinh 8.5: Luu d6 trang thdi cia mach do canh 1én trong FSM kiéu Mealy.

Hinh 8.5 biéu dién luu dd trang thdi cia FSM Mealy cho mach do canh. Vi thanh ghi
trang thai chi bao gdm mot flip-flop D duy nhét, nén chi c6 thé c6 hai trang thai dit tén
la zero va one trong vi du nay. Vi ngd ra cia FSM Mealy khong chi phu thudc vao trang
thai ma con phu thudc vao ngd vio, nén chiing ta khong thé mé ta ngd ra nhu mot phan
clia vong tron trang thai. Thay vao dé, cac chuyén doi giita cac trang thai dugc gin nhén
véi gid tri ngd vao (diéu kién) va ngd ra (sau dau gach chéo). Ciing luu y ring, chiing
ta vé cdc trang thdi tu chuyén ddi, vi du: & trang thdi zero khi ngd vao 1a 8, FSM van
& trang théi zero va ngé ra 1a 0. O canh 1én, FSM chi tao ra ngd ra 1 khi chuyén ddi tit
trang thdi zero sang trang thdi one. Trong trang thai one, biéu dién ring ngd vao bay gid
1a 1, ngd ra 12 0. Chiing ta chi mu6n mdt xung (chu ky) duy nhat cho mdi canh lén ctia
ngd vao.

Listing 8.2 trinh bay ma Chisel cho do canh 1én v6i mday Mealy. Nhu 6 vi du trudc,
chiing ta su dung kiéu Bool trong Chisel cho ngd vao va ngd ra don bit. Logic ngd ra bay
gid 12 mot phan cla loglc trang thdi tiép theo; trén chuyén tlep tu zero sang one, ngo ra
dugc dit 12 true.B. Néu khong, gid tri gin mic dinh cho dém ngd ra 1a (false.B).

Ngudi ta c6 thé hdi liéu FSM toan dién c6 phai 1a gidi phap tot nhit cho mach do canh
hay khong, dic biét nhu ching ta da thdy cd phap mot dong 1énh duy nhét trong Chisel
cho cting mdt chifc niing. Viéc tiéu thu phan ciing ciing tuong ty. Ca hai giai phap déu
can mot flip-flop D duy nhét cho trang thdi. Mach logic t& hop cho FSM c6 1& phiic tap
hon mdt chiit, do su thay d6i trang thai phu thudc vao trang thai hién tai va gid tri ngd
vao. V6i chidc niing nay, diéu quan trong 12 kiéu viét mot dong 1énh duy nhat dé viét va
dé doc hon. Do dé, ki€u viét mot dong 1énh duy nhét 12 gidi phdp dudc ua thich hon.

Chiing ta da st dung vi du nay dé biéu dién mot trong nhitng FSM Mealy nhd nhét c6
thé. FSM sé dudc st dung cho cdc mach dién phiic tap hon vdi ba trang thdi tré 1én.
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import chisel3._
import chisel3.util._

class RisingFsm extends Module {
val io = IO(new Bundle{
val din = Input(Bool())
val risingEdge = Output(Bool())
b

// The two states
val zero :: one :: Nil = Enum(2)

// The state register
val stateReg = RegInit(zero)

// default value for output
io.risingEdge := false.B

// Next state and output logic
switch (stateReg) {
is(zero) {
when(io.din) {
stateReg := one
io.risingEdge := true.B
}
3
is(one) {
when(!io.din) {
stateReg := zero
}
3

Listing 8.2: Do canh 1én v6i FSM Mealy.
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reset

Hinh 8.6: Luu do trang thai mach do canh 1én ctia FSM Moore.

cock T LI LT LT LT LT LT L
[T
[

din i \
risingEdge Mealy J \

risingEdge Moore | \ | \

Hinh 8.7: Dang song FSM Moore va Mealy cho do canh 1én.

8.3 So sanh Moore v@i Mealy

DE chi ra sy khac biét giita FSM Moore va Mealy, ching ta thuc hién lai viéc do canh
bing FSM Moore.

Hinh 8.6 biéu dién luu dd trang thdi d& do canh 1én v6i FSM Moore. Diéu dau tién
can chii y 12 FSM Moore can ba trang thdi, so v6i hai trang thai trong FSM Mealy. Trang
thdi puls 1 can thiét d€ tao ra cdc xung chu ky don. FSM trong trang thdi puls chi can
mot chu ky xung clock va sau d6 tiép tuc trd lai trang thai bat diu zero hodc thanh trang
thai one, chd ngd vao tré lai 0 1an nita. Ching ta biéu dién diéu kién ngd vio & trén cac
mii tén chuyén déi trang thdi va ngd ra FSM trong céc vong tron biéu dién trang théi.

Listing 8.3 trinh bay phién ban Moore ctia mach do canh 1én. N6 st dung gip doi sb
flip-flop D so véi phién ban Mealy hoic dudgc 1ap trinh truc tiép. Do d6, két qua logic
trang théi tiép theo cling 16n hon phién ban Mealy hoic dudgc 1ap trinh truc tiép.

Hinh 8.7 biéu dién dang séng clia phién bian Mealy va Moore ctia FSM do canh 1én.
Chiing ta c6 thé thiy ring ngd ra Mealy theo sit canh 1én ngd vao, trong khi ngd ra
Moore ting sau tick xung clock. Ching ta cling c6 thé thiy ring ngd ra Moore c6 do
rong mdt chu ky xung clock, trong khi d6 ngd ra Mealy thuong nhd hon mot chu ky
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import chisel3._
import chisel3.util._

class RisingMooreFsm extends Module {
val io = IO(new Bundle{
val din = Input(Bool())
val risingEdge = Output(Bool())
b

// The three states
val zero :: puls :: one :: Nil = Enum(3)

// The state register
val stateReg = RegInit(zero)

// Next state logic

switch (stateReg) {
is(zero) {

when(io.din) {

stateReg := puls
}
}
is(puls) {
when(io.din) {
stateReg := one
} .otherwise {
stateReg := zero
}
3

is(one) {
when(!io.din) {
stateReg := zero
}
3
}

// Output logic
io.risingEdge := stateReg === puls

}

Listing 8.3: Do canh 1én v6i FSM Moore.
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xung clock.

Tt vi du trén, ngudi ta mudn tim FSM Mealy. FSM 16t hon vi ching can it trang thdi
hon (va dé 1a logic) va dap dng nhanh hon FSM Moore. Tuy nhién, dudng t3 hop bén
trong may Mealy c6 thé gdy ra ric rbi trong cac thiét ké 16n hon. PAu tién, v6i mot chudi
FSM giao tiép (xem chuong tiép theo), dudng t& hdp nay c6 thé trd nén dai. Thi hai,
néu cac FSM giao tiép xay dung mot vong tron, két qua 1a mot vong lip td hop, day 1a
mot 16i trong thiét ké dong bo. Do su diit doan trong dudng t6 hop véi thanh ghi trang
thai trong FSM Moore, nén tit ca cdc vin dé trén khong ton tai ddi véi FSM Moore giao
tiep.

Tém lai, cic FSM Moore két hdp v6i nhau tét hon d€ giao tiép cac mdy trang thai;
ching manh mé hon so véi FSM Mealy. Chi stt dung cac FSM Mealy khi yéu t6 dép ting
trong ciing mot chu ky dugc xem 1a quan trong nhit. Cac mach nhé nhu do canh 1én,
thuc té 12 may Mealy, ciing tot.

8.4 Baitap

Trong chuong ny, cic ban da thay nhiéu vi du vé cac FSM rét nhd. Bay gio da dén lic
viét mot s6 ma FSM thuc siw. Chon mot vi du phiic tap hon mét chit, thuc hién FSM va
viét testbench cho no.

Mot vi du ¢8 dién cho FSM 1a mach diéu khién dén giao thong (xem [3, Phan 14.3]).
Mach diéu khién dén giao thong phai ddm bao rang qua trinh chuyén ddi tit mau dé sang
mau xanh 14 cAy c6 mot pha & giita hai con dudng trong giao 16 déu c6 dén cim di (dd
va cam). D€ 1am cho vi du nay thd vi hon mdt chit, hdy xem xét mot dudng uu tién.
Puong phu c6 hai mach do xe (trén ca hai 16i vao giao 16). Chi chuyén sang mau xanh
cho dudng phu khi phat hién c6 xe va sau d6 chuyén vé mau xanh cho dutng uu tién.
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Mot vin dé thudng qua phic tap d€ mé ta né bang mot FSM duy nhét. Trong trudng hop
d6, vin dé c6 thé dugc chia thanh hai hodc nhiéu FSM nho hon va don gidn hon. Cac
FSM d6 sau dé giao tiép véi céc tin hiéu. Mot ngd ra FSM nay 1a mot ngd vao FSM khac
va FSM theo ddi ngd ra cia FSM khac. Khi ching ta chia mdt FSM 16n thanh nhiing
FSM don gian hon, diéu nay dudc goi 1a cic FSM phan s6. Tuy nhién, thudng cic FSM
giao tiép dugc thiét ké truc tiép tir dic td k¥ thuat, vi thuong mot FSM don 1€ sé khong
kha thi.

9.1 Vi du mach chdp den

Dé thao luan cic FSM giao tiép, chiing ta st dung vi du tir [3, Chuong 17], mach chép
den. Mach chép den c6 mdt ngd vao start va mot ngd ra light. Déc ta cia mach chép
deén nhu sau:

« khi tin hiéu start Ién cao trong mdt chu ky xung clock, quy trinh chép nhdy bat
dau;

* quy trinh nhip nhay ba lan;

o tin hiéu light s& bdt trong 6 chu ky xung clock, va light sé tdt trong 4 chu ky
xung clock gitta nhitng 1an chép;

* sau quy trinh, FSM chuyén tin hiéu light it va chd dgi 1an bat dau ké tiép.

Thuc hién truc tiép FSM! ¢6 27 trang thai: trang thai dau tién chd gid tri ngd vao,
3 x 6 trang thai cho ba trang thai on va 2 x 4 trang thdi cho céc trang thai off. Ma code
cho viéc thyc hién mach den chép sang don gidn nay khong dudc trinh bay.

VAn d c6 thé dudc giai quyét mot cach thanh thoat hon bing cach phan tich FSM 16n
nay thanh hai FSM nhé hon: FSM chii (Master FSM) thuc hién logic nhip nhdy va FSM
dinh thoi (Timer FSM) thuc hién viéc chd. Hinh 9.1 biéu dién thanh phan ctia hai FSM.

FSM dinh thdi dém xudng trong 6 hoic 4 chu ky xung clock d€ tao ra thdi gian mong
mudn. Pic ta k§ thuat bd dinh thdi nhu sau:

"Luu db trang thai dudc biéu dién trong [3, p. 376].
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start light
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Hinh 9.1: Mach chdép dén tach thanh Master FSM va Timer FSM.

* khi timerLoad dugc x4c nhan, bd dinh thdi nap gia tri vao mach dém xubng;

timerSelect chon giita 5 hodc 3 d€ nap;

* timerDone dudc x4c nhin khi mach dém hoan thanh dém xudng va van duy tri
xac nhan;

L]

néu khong, bo dinh thdi dém xubng.

Poan ma sau trinh bay FSM dinh thoi ctia mach chép den:

val timerReg = RegInit(0.U)
timerDone := timerReg === 0.U

// Timer FSM (down counter)
when (! timerDone) {

timerReg := timerReg - 1.U
}
when (timerLoad) {

when (timerSelect) {

timerReg := 5.0
} .otherwise {
timerReg := 3.U

}
}

Listing 9.1 trinh bay Master FSM.
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val off :: flashl :: spacel :: flash2 :: space2 :: flash3
Nil = Enum(6)
val stateReg = RegInit(off)

val light = WireDefault(false.B) // FSM output

// Timer connection

val timerLoad = WireDefault(false.B) // start timer with a
load

val timerSelect = WireDefault(true.B) // select 6 or 4 cycles

val timerDone = Wire(Bool())

timerLoad := timerDone

// Master FSM
switch(stateReg) {

is(off) {

timerLoad := true.B

timerSelect := true.B

when (start) { stateReg := flashl }
}
is (flashl) {

timerSelect := false.B

light := true.B

when (timerDone) { stateReg := spacel }
}
is (spacel) {

when (timerDone) { stateReg := flash2 }
}
is (flash2) {

timerSelect := false.B

light := true.B

when (timerDone) { stateReg := space2 }
}
is (space2) {

when (timerDone) { stateReg := flash3 }
}
is (flash3) {

timerSelect := false.B

light := true.B

when (timerDone) { stateReg := off }
}

Listing 9.1: Master FSM mach chép den.
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start light
Master FSM

- A A

gl 5| ¢ R

2| ¢| &8 S| & 8

g o| & €| € =

= g g o o S

Yy v~© \ A

Timer Counter

Hinh 9.2: Mach chdp dén tach thanh Master FSM, Timer FSM, va Counter FSM.

Gidi phdp nay v6i FSM chii va mot b dinh thdi van c6 sy du thita trong ma cia FSM
chi. Cic trang thdi flash1, flash2 va flash3 déu dang thuc hién ciing mot chiic niing,
cdc trang thdi spacel va space2 ciing vay. Chiing ta c6 thé phan sb 1an chép nhdy con
lai vio mach dém thi hai. Sau dé, FSM chii dugc giam xubng con ba trang thdi: off,
flash va space.

Hinh 9.2 biéu dién thiét k& v6i Master FSM va hai FSM d€ dém: mot FSM dém chu
ky xung clock trong khoang thoi gian on va off; FSM thi hai d€ dém s6 1an chép nhay
con lai.

Poan ma sau trinh bay FSM mach dém xudng:

val cntReg = RegInit(0.U)
cntDone := cntReg === 0.U

// Down counter FSM
when(cntLoad) { cntReg := 2.U }
when(cntDecr) { cntReg := cntReg - 1.U }

Luu y ring bd dém dudc nap véi gia tri 2 cho 3 1an chdp nhdy, vi né dém s6 lan nhip
nhdy con lai va dudc giam dan trong khéng gian trang thai khi bd dinh thai dudc thuc
hién. Listing 9.2 hién thi FSM cht cho mach ch6p nhdy tai chu tric kép.

Bén canh viéc FSM chii dudc giam xudng chi con ba trang thai, gidi phap hién tai ctia
chiing ta cling c6 thé ciu hinh t6t hon. Khong can thay ddi FSM néu chiing ta muén thay
ddi do dai ctia khodng thdi gian on hoic off hoic s 1an chdp nhdy.

Trong phan ndy, chiing ta da tim hiéu cac mach giao tiép, dic biét 1a FSM, chi trao
ddi tin hiéu diéu khién. Tuy nhién, cic mach con c6 thé trao d6i dit liéu. D€ trao ddi dit
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val off :: flash :: space :: Nil = Enum(3)
val stateReg = RegInit(off)

val light = WireDefault(false.B) // FSM output

// Timer connection

val timerLoad = WireDefault(false.B) // start timer with a
load

val timerSelect = WireDefault(true.B) // select 6 or 4 cycles

val timerDone = Wire(Bool())

// Counter connection

val cntLoad = WireDefault(false.B)

val cntDecr = WireDefault(false.B)

val cntDone = Wire(Bool())

timerLoad := timerDone

switch(stateReg) {
is(off) {
timerLoad := true.B
timerSelect := true.B
cntlLoad := true.B
when (start) { stateReg := flash }
}
is (flash) {
timerSelect := false.B
light := true.B
when (timerDone & !cntDone) { stateReg := space }
when (timerDone & cntDone) { stateReg := off }
}
is (space) {
cntDecr := timerDone
when (timerDone) { stateReg := flash }
}
}

Listing 9.2: Master FSM ctia mach chép dén téi ciu tric kép.
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dinValid popCntValid
— > —>
dinReady FSM popCntReady
«——
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din opCnt

—> Datapath L»

Hinh 9.3: Mdy trang théi v6i dudng di lidu.

liéu phdi hop, ching ta sit dung tin hiéu bat tay. Phan tiép theo mo ta giao tiép sdn-sang-
hop-1é d€ kiém soat ludng trao ddi dit liéu mot chiéu.

9.2 May trang thai voi dwong du liéu

Mot vi du tiéu biéu vé mdy trang thai giao tiép 12 may trang thai két hop v6i mot dudng
dit liéu. Su két hop nay thuong dudc goi 1a mdy trang thai hitu han v6i dudng di liéu
(Finite State Machine with Datapath - FSMD). Mdy trang théi ki€ém soat duong dit liéu
va duong du li€u thyc hién tinh toan. Ngo vao FSM 1a ngd vao tir moi trudng va ngd vao
tu dudng du liéu. Du liéu tir mdi trudng dude dua vao duong du liéu va ngd ra di liu
dén tir dudng dit liéu. Hinh 9.3 biéu dién mot vi du vé su két hop ctia FSM véi dudng dit
liéu.

9.2.1 Vi du vé Popcount

FSMD dudc biéu dién trong Hinh 9.3 déng vai trd 12 mét vi du tinh toan Popcount, con
dugc goi 1a trong s6 Hamming. Trong s6 Hamming 13 s6 cdc ky hiéu khéc véi ky hiéu
s6 0. P6i v6i mot chudi nhi phan, day 12 s6 14n ctia s6 “1°.

Pon vi Popcount chifa ngd vao dif liéu din va ngd ra két qua popCount, ci hai déu
dugc két ni v6i dudng dit liéu. DPdi v6i ngd vao va ngd ra, ching ta st dung mot tin
hiéu bat tay san-sang-hop-1é. Khi dif liéu c6 san, xac nhan hop 1. Khi bd thu c6 thé chip
nhan dit liéu, né xac nhan ring né da sin sang. Khi ca hai tin hiéu dudc xdc nhan, qua
trinh chuyén dit liéu sé dién ra. Cac tin hiéu bét tay dudgc két nbi véi FSM. FSM dudc

98 Nb6i dung


https://en.wikipedia.org/wiki/Hamming_weight
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Valid
Result read

Finished

Hinh 9.4: Luu d6 trang thdi cho FSM Popcount.

két ndi véi dudng dit lidu v6i cic tin hiéu diéu khién hudng t6i dudng dit liéu va véi cac
tin hiéu trang thai tit duong di liéu.

Budc tiép theo, chiing ta c6 thé thiét ké FSM, bat dau véi Iuu dd trang thai, dugc biéu
dién trong Hinh 9.4. Chiing ta bat dau & trang thai Idle, noi FSM chd & ngé vao. Khi dit
lidu dén, dugc bao hiéu bang tin hiéu hgp 1&, FSM sé chuyén sang trang théi Load dé nap
thanh ghi dich. FSM chuyén sang trang thi tiép theo Count, s6 lugng ctia s6 ‘1° dudc
dém tuan ty. Chiing ta sit dung mot thanh ghi dich, mot mach cong, mot thanh ghi tich
lily va mot mach dém xubng dé thuc hién tinh toan. Khi mach dém xudng bing 0, qua
trinh hoan tit va FSM chuyén sang trang thai Done. Tai d6 FSM béo hiéu bang mot tin
hiéu hop 18 rang gid tri Popcount di sin sang dudc sit dung. Khi c6 tin hiéu sin sang tir
bd thu, FSM sé& chuyén trd lai trang thdi Idle, sin sang tinh toan s6 lugng Popcount tiép
theo.

Thanh phan mic cao nhét (top-level), dugc hién thi trong Listing 9.3, khéi tao FSM
va cdc thanh phan ctia dudng dif liéu va két ndi ching bdi cac két ndi khoi.

Hinh 9.5 biéu dién dudng din dif liéu cho mach Popcount. Dit liéu dudc nap vio
thanh ghi shf. Khi nap, thanh ghi cnt ciing dugc reset vé 0. D€ dém sb luong s6 ‘1°,
thanh ghi shf dugc dich sang phai va bit LSB dudc thém vio cnt mbi xung clock. Mach
dém, khong dugc hién thi trong hinh, dém xubng cho dén khi tit ca cac bit dudc dich
chuyén qua bit LSB. Khi mach dém v 0, s6 lugng Popcount da hoan tit. FSM chuyén
sang trang thai Done va bao hiéu két qua bing tin hiéu xac nhan popCntReady. Khi két
qua dugc doc, né dudc bao hiéu bang tin hiéu xac nhan popCntValid, FSM sé chuyén
vé trang théi Idle.

Trén tin hiéu load, thanh ghi regData dudc nap véi gid tri ngd vao, thanh ghi regPopCount
dugc reset vé 0 va gia tri thanh ghi mach dém regCount dugc dit thanh sb 1an dich da
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class Po
val io

val

val

val

val

val

val

»

pCount extends Module {

= IO(new Bundle {

dinValid = Input(Bool())
dinReady = Output(Bool())
din = Input(UInt(8.W))
popCntValid = Output(Bool())
popCntReady = Input(Bool())
popCnt = Output(UInt(4.W))

val fsm = Module(new PopCountFSM)
ta = Module(new PopCountDataPath)

val da

fsm.io

.dinValid := io.dinValid

io.dinReady := fsm.io.dinReady

io.pop
fsm.io

data.i
io.pop
data.i
fsm.io

CntValid := fsm.io.popCntValid
.popCntReady := io.popCntReady

0o.din := io.din

Cnt := data.io.popCnt
o.load := fsm.io.load
.done := data.io.done

Listing 9.3: Miic top-level ctia mach Popcount.

0o —»

din

100

A4

////J shf

-

0 —»

count

cnt

y

Hinh 9.5: Putng du liéu mach Popcount.
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— valid —»]

|4 ready —
Sender y Receiver

— data —»

Hinh 9.6: Diéu khién ludng sin-sang-hgp-1¢.

dudc thuc hién.

Mit khac, thanh ghi regData dugc dich sang phai, bit LSB cua thanh ghi regData sé
dugc thém vao thanh ghi regPopCount va mach dém giam dan cho dén khi n6 bang 0.
Khi mach dém bing 0, ngé ra chifa gi4 tri Popcount. Listing 9.4 trinh bay ma Chisel cho
duong dit liéu cia mach Popcount.

FSM bit dau & trang thai idle. V6i tin hiéu hdp 18 cho dif liéu ngd vao (dinvalid),
n6 sé chuyén sang trang thai count va doi dén khi dudng dit liéu hoan tit viéc dém. Khi
Popcount hop 1&, FSM sé chuyén sang trang thdi done va doi dén khi gia tri Popcount
dudc doc (dudc bdo hiéu bing tin hiéu popCntReady). Listing 9.5 trinh bay ma code clia
FSM.

9.3 Giao tiep san-sang-hop-lé

Giao tiép ctia cdc hé théng con c6 thé dudc khai quat héa thanh chuyén dong cta di liéu
va bt tay d€ diéu khién ludng. Trong vi du vé Popcount, chiing ta da thdy mot giao dién
bat tay cho dif liéu ngd vao va ngd ra sit dung cdc tin hiéu sin sang va hop 1é.

Giao tiép sin-sang-hop-1é [3, p. 480] 12 mot giao tiép diéu khién ludng don gian bao
gdm tin hiéu data va valid & phia ngudi gli (nha san xuét) va tin hiéu ready & phia
ngudi nhan (ngudi tiéu dung). Hinh 9.6 cho thiy két nbi sin-sang-hop-1&. Ngudi giti xac
nhén tin hiéu valid khi data kha dung v ngudi nhin xdc nhén tin hiéu ready khi sin
sang nhan mot word dit liéu. Viéc truyén dif liéu xay ra khi ca hai tin hiéu, valid va
ready, dugc x4c nhan. Néu mot trong hai tin hiéu khong dugc x4c nhan, sé khong c6
qua trinh chuyén dit liéu nao dién ra.

Hinh 9.7 biéu dién so do thdi gian ctia giao dich sin-sang-hgp-1¢ trong d6 bén nhan
bdo hiéu ready (tif chu ky xung clock 1 tré di) trudc khi bén giii c6 dif lidu. Viéc truyén
di liéu xay ra trong chu ky xung clock 3. Tir chu ky xung clock 4 trd di, ca bén gui
khong c6 dit liéu va bén nhan khong sin sang cho 1an truyén tiép theo. Khi bén nhan c6
thé nhan di liéu trong moi chu ky xung clock, né dugc goi 1a giao dién “ludn san sang”
va tin hiéu ready c6 thé dugc lap trinh ¢ dinh thanh true.
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class PopCountDataPath extends Module {
val io = I0(new Bundle {
val din = Input(UInt(8.W))
val load = Input(Bool())
val popCnt = Output(UInt(4.W))
val done = Output(Bool())
bH

val dataReg = RegInit(0.U(8.W))
val popCntReg = RegInit(0.U(8.W))
val counterReg= RegInit(0.U(4.W))

dataReg := 0.U ## dataReg(7, 1)
popCntReg := popCntReg + dataReg(0)
val done = counterReg === 0.0
when (!done) {

counterReg := counterReg - 1.U
3
when(io.load) {

dataReg := io.din

popCntReg := 0.U

counterReg := 8.U

}

// debug output
printf("%x %d\n", dataReg, popCntReg)

io.popCnt := popCntReg
io.done := done

Listing 9.4: Buong dit liéu cia mach Popcount.
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class PopCountFSM extends Module {
val io = IO0O(new Bundle {
val dinValid = Input(Bool())
val dinReady = Output(Bool())

val popCntValid = Output(Bool())
val popCntReady = Input(Bool())

val load = Output(Bool())
val done = Input(Bool())
b

val idle :: count :: done :: Nil
val stateReg = RegInit(idle)

io.load := false.B

io.dinReady := false.B
io.popCntValid := false.B

switch(stateReg) {

is(idle) {
io.dinReady := true.B
when(io.dinValid) {
io.load := true.B
stateReg := count
}
}

is(count) {
when(io.done) {
stateReg := done
}
}
is(done) {
io.popCntValid := true.B
when(io.popCntReady) {
stateReg := idle
}
}

Enum(3)

Listing 9.5: FSM ctia mach Popcount.
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ready _]

cock T LT LI LT LT LT LT L
|
\
X

valid ]
Y D

data

Hinh 9.7: Truyén dif liéu véi giao tiép sin-sang-hgp-1¢, sin sang s6m.

3
cock T LT LT LT LT LILT L
—

ready \
valid _] \
data X D X

Hinh 9.8: Truyén dif liéu véi giao tiép sin-sang-hgp-1¢, sin sang tré.
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0 1 2 3 4 5

aock T LT LT LT LT LT L
\
\
X

1L
ready J /
I—

valid |

Y D2 [\ D3

T

data J_ D1

Hinh 9.9: Chu ky don sin sang/hdp 1¢ va truyén lién tuc (back-to-back).

Hinh 9.8 biéu dién so dd thdi gian ctia giao dich sin sang hop 1é trong d6 bén giii bao
hiéu valid (tif chu ky xung clock 1 trd di) tru6c khi bén nhan sin sang. Viéc truyén dit
liéu xay ra trong chu ky xung clock 3. Tit chu ky xung clock 4 trd di, ca bén gii khong
c6 dif liéu va bén nhan khong sin sang cho 1an truyén tiép theo. Tuong tu nhu giao tiép
“ludn sdn sang”, ching ta c6 thé hinh dung va giao tiép ludn hop 1&. Tuy nhién, trong
trudng hop do, dit lidu c6 thé sé khong thay ddi trén tin hiéu ready va chiing ta sé don
gian bd céc tin hiéu bat tay.

Hinh 9.9 biéu dién cic bién thé khac cta giao tiép sin-sang-hgp-lé. Trong chu ky
xung clock 1, ca hai tin hiéu (ready va valid déu dugc xdc nhan chi trong mét chu ky
xung clock duy nhét va qua trinh truyén dif liéu ctia D1 xay ra. Dit liéu c6 thé dudc truyén
lién tuc (trong moi chu ky dong hd) nhu dudc trinh bay trong chu ky xung clock 4 va 5
véi viéc truyén D2 va D3.

Dé 1am cho giao tiép nay c6 thé soan thdo dudgc, ca tin hiéu ready va valid khong
dugc phép phu thudc vao tS hop ciia tin hiéu khac. Vi giao tiép nay rit phd bién, nén
Chisel dinh nghia DecoupledIO theo Bundle, tuong tu nhu doan ma sau:

class DecoupledIO[T <: Data](gen: T) extends Bundle {
val ready = Input(Bool())
val valid = Output(Bool())
val bits = Output(gen)

}

DecoupledIO theo Bundle dudc tham sb héa véi ki€u cho data. Giao tiép dudc dinh
nghia bdi Chisel st dung truong bit cho dit liéu.

VAan con mot cau hoi 1a néu tin hiéu ready hoic valid c¢6 thé bi hily xdc nhan sau khi
dang hoat dong va khong c6 qua trinh truyén di liéu nao xay ra hay khong. Vi du, mot
lic ndo d6 bén nhan c6 thé sin sang va khong nhan dif liéu, nhung do mot s6 su kién
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khéc c6 thé trd nén khong sin sang. Piéu tuong tu c6 thé dudgce hinh dung véi bén gii,
dit liéu chi c6 gid tri hop 1é trong mdt s6 chu ky xung clock va tré nén khong hop 1& ma
khong c6 truyén dif liéu. Hanh vi ndy c6 dudc phép hay khong thi khong phai 1a mot
phan ciia giao tiép sdn-sang-hop-1é, ma cin dugc dinh nghia bang cach sit dung giao tiép
cu thé.

Chisel khong dt ra yéu cau nao vé tin hiéu ready va valid khi st dung 16p DecoupledIoO.
Tuy nhién, 16p IrrevocableI0 dit ra cic han ché sau dbi véi bén gii:

Mot 16p con cu thé clia ReadyValidIO hifa hen sé khong thay ddi gia tri
cla cac bit sau mdt chu ky, trong d6 tin hiéu valid & miic cao va tin hiéu
ready & miic thAp. Ngoai ra, mot khi tin hiéu valid dudc ning 1én, n6 sé
khong bao gid bi ha xubng cho dén khi tin hiéu ready ciing dudc nang 1én.

Luu y rang, day la quy udc khong thé dudc thuc thi bang cach sit dung 16p Irrevocablelo.

AXI st dung mdt giao tiép sin-sang-hdp-1é cho mot trong céc phan sau ctia bus: doc
dia chi, doc dit liéu, ghi dia chi va ghi dif liéu. AXI han ché giao tiép khi tin hiéu ready
hoic valid dugc xdc nhan, né sé& khong duge phép hiiy x4c nhan cho dén khi qua trinh
truyén dif liéu dién ra.
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Diém manh cia Chisel 14 n6 cho phép chiing ta viét cdi goi 1a bo tao phan ciing. Véi cac
ngoén ngit mo ta phan ciing cii hon, chang han nhu VHDL va Verilog, ching ta thudng
st dung mot ngdn ngit khac, vi du: Java hodc Python, d€ tao phan cting. Tic gia thuong
viét cdc chuong trinh Java nhd d€ tao cic bang VHDL. Trong Chisel, toan bo siic manh
ctia Scala (va cdc thu vién Java) 1a c6 sin khi xay dung phan cting. Vi vay, ching ta c6
thé viét cac bo tao phan ciing clia minh & cing mot ngdn ngit va thuc thi chiing nhu mot
phan clia qua trinh tao mach Chisel.

10.1 M6t chit tan man vé Scala

Muc nay gidi thiéu rit ngan gon vé Scala. N6 sé di dé viét bo tao phan ciing cho Chisel.
Dé& c6 phan gidi thiéu chuyén sau vé Scala, toi gidi thidu sich cia Odersky va cong
su [12].

Scala c6 hai loai bién: val va var. Bién val cung cép tén cho mot biéu thiic va khong
thé gan lai gia tri. Poan ma sau day trinh bay dinh nghia clia mot gi tri s6 nguyén dudc
goi 1a zero. Néu chiing ta cb gang gan lai mot gia tri vé zero, chiing ta sé gip 16i bién
dich.

// A value is a constant

val zero = 0

// No new assignment is possible
// The following will not compile
zero = 3

Trong Chisel, chiing ta chi sit dung val dé dit tén cac thanh phan phin ciing. Luu y ring
toan tir : = 1a toan t& Chisel va khdng phai la toan t Scala.

Scala ciing cung cAp phién ban c& dién hon ctia mot bién nhu var. Doan ma sau dinh
nghia mot bién s6 nguyén va gan lai cho né mot gia tri méi:

// We can change the value of a var variable
var x = 2
X =3

107



10 BO TAO PHAN CUNG

Chiing ta s& cn var trong Scala d€ viét cdc bé tao phan cling, nhung khong bao gid can
diing n6 d€ dit tén cho mot thanh phdn phan cing.

Cic ban c6 thé da tu héi xem céc bién d6 c6 kiéu gi. Nhu ching ta da gdn mot hing
s6 12 s6 nguyén trong vi du trén, kiéu clia bién dugc suy ludn ra; né 1a kiéu Scala Int.
Trong hau hét cic trudng hdp, trinh bién dich Scala c6 thé suy ra kiéu. Tuy nhién, néu
chiing ta mudn 1 rang hon, chiing ta c6 thé khai bao kiéu nhu sau:

val number: Int = 42

Céc vong lip co ban dugc viét nhu sau:

// Loops from 0 to 9
// Automatically creates loop value i
for (i <- 0 until 10) {
println(i)
}

Chiing ta st dung mot vong lip cho bd tao mach. Vong lip sau két nbi céc bit riéng 1&
ctia mot thanh ghi dich.

val shiftReg = RegInit(0.U(8.W))

shiftReg(®) := inVal

for (i <- 1 until 8) {

shiftReg(i) := shiftReg(i-1)
3

Cic lénh diéu kién dugc biéu dién bdi if va else. Luu ¥ rang diéu kién nay dudc danh
gi4 tai thoi gian chay Scala trong qua trinh tao mach. Céu triic niy khdng tao ra mach da
hop.

for (i <- O until 10) {
if (i%2 == 0) {

println(i + " is even"
} else {
println(i + " is odd")

}
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10.2 Cau hinh v&i cac tham so

Céc thanh phan va chiic ning ctia Chisel ¢6 thé dudc ciu hinh véi cac tham sb. Céc tham
s6 c6 thé don gian nhu mot hing sé nguyén, nhung ciing c6 thé 12 mot kiéu phan cing
Chisel.

10.2.1 Cac tham s6 don gian

Cich co ban dé tham s6 héa mot mach 1a dinh nghia d6 rong bit nhu mot tham sb. Cac
tham sb c6 thé dugc truyén dudi dang ddi s6 cho bd tao ciu triic ctia md-dun Chisel.
Vi du sau 12 mot vi du vé modt mo-dun thuc hién mot mach cong véi do rong bit ¢ thé
dudc ciu hinh. Do rong bit n 13 mot tham sb (thudc kiéu Scala Int) clia thanh phan dugc
truyén vao bo tao ciu tric, c6 thé dugc st dung trong géi 10.

class ParamAdder(n: Int) extends Module {
val io = IO(new Bundle{

val a = Input(UInt(n.W))
val b = Input(UInt(n.W))
val ¢ = Output(UInt(n.W))
b
io.c := io.a + io.b

}
Céc phién ban dudc tham sb héa ctia mach cdng c6 thé dudc tao nhu sau:

val add8 = Module(new ParamAdder (8))
val addl6 = Module(new ParamAdder (16))

10.2.2 Cac ham vdi cac tham so kiéu

Do rong bit nhu mot tham sb cau hinh chi 14 di€ém khdi dau cho cic bd tao phan ciing.
Mot cAu hinh rét linh hoat 12 viéc st dung céc kiéu. Tinh ning d6 cho phép Chisel cung
cAp mot mach da hop (Mux) c6 thé chip nhan bit ky kiéu ghép kénh/da hop nao. DE chi
ra cach st dung cac ki€u cho viéc cAu hinh, chiing ta xay dung mot mach da hop chip
nhan cic ki€u tiy y. Ham sau dinh nghia mach da hgp:

def myMux[T <: Data](sel: Bool, tPath: T, fPath: T): T = {

val ret = WireDefault(fPath)
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when (sel) {
ret := tPath
}

ret

}

Chisel cho phép tham s6 héa cdc ham véi cic kiéu, trong trudng hop véi cac kiéu
Chisel. Biéu thic trong diu ngoic vuong [T <: Data] dinh nghia tip hop T, tham s6
kiéu 12 Data ho#ic mot 16p con clia Data. Data la gbc ctia hé théng kiéu Chisel.

Ham da hop clia chiing ta c6 ba tham sd: diéu kién boolean, mét tham sb cho dudng
din ding va mot tham sb cho dudng dan sai. Ca hai tham s dudng din déu la kiéu T,
mot thong tin dugce cung cAp khi goi ham. Ban than ham nay 1a thing tién: chiing ta dinh
nghia mot diy c6 gia tri mic dinh 12 £Path va thay d6i gia tri néu diéu kién ding véi
tPath. Didu kién nay 1a mot ham da hop ¢ dién. O cudi ham, chiing ta tra vé phan cing
ctia mach da hgp.

Ching ta c6 thé sit dung him da hop ctia minh véi céc ki€u don gidn nhu Ulnt:

val resA = myMux(selA, 5.U, 10.0)

Kiéu ctia hai dudng din mach da hop can phai gidng nhau. Viéc st dung sai mach da
hop sau day din dén 13i thdi gian chay:

val resErr = myMux(selA, 5.0, 10.S)
Chung ta dinh nghia ki€u nhu Bundle véi hai truong:

class ComplexIO extends Bundle {
val d = UInt(10.W)
val b = Bool()

}

Chiing ta c¢6 thé dinh nghia c4c hing sd Bundle bing cich tao mot Wire dau tién va sau
d6 thiét 13p cic trudng con. Sau d6, chiing ta c6 thé st dung mach da hgp da dugc tham
s6 héa véi ki€u phic tap nay.

val tVal = Wire(new ComplexIO)
tVal.b := true.B

tVal.d := 42.U

val fVal = Wire(new ComplexIO)
fVal.b := false.B

fval.d := 13.U
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// The mulitplexer with a complex type
val resB = myMux(selB, tVal, fVal)

Trong thiét ké ban dau ctia chiing ta v& ham, chiing ta da st dung WireDefault dé tao
mot day c6 kiéu T véi gia tri mic dinh. Néu chiing ta cin tao mot day chi thudc kiéu
Chisel ma khong st dung gia tri mic dinh, chiing ta c6 thé st dung fPath.cloneType dé
l4y kiéu Chisel. Ham sau déy biéu dién cach thay thé d& 1ap trinh mach da hop.

def myMuxAlt[T <: Data](sel: Bool, tPath: T, fPath: T): T = {

val ret = Wire(fPath.cloneType)

ret := fPath

when (sel) {
ret := tPath

}

ret

10.2.3 Md-dun vdi cac tham sé kiéu

Chiing ta ciing c6 thé tham s6 héa cac mo-dun véi cic kiéu Chisel. Gia st chiing ta mubn
thiét ké mot mang trén chip (network-on-chip) dé di chuyén dif lidu gitta cac 16i xir ly
khdc nhau. Tuy nhién, chiing ta khong mudn lap trinh cing dinh dang dif liéu trong giao
tiép bo dinh tuyén; chiing ta mudn tham sé héa né. Tuong tu nhu tham s6 kiéu cho mot
ham, ching ta thém tham sb ki€u T vao bo tao cAu triic mo-dun. Hon nifa, chiing ta can
c6 mot tham s6 cho b tao ciu triic ctia kiéu d6. Hon nifa, trong vi du nay, chiing ta cling
thuc hién s6 lugng cong bd dinh tuyén c6 thé ciu hinh.

class NocRouter[T <: Data](dt: T, n: Int) extends Module {
val io =I0(new Bundle {
val inPort = Input(Vec(n, dt))
val address = Input(Vec(n, UInt(8.W)))
val outPort = Output(Vec(n, dt))
b

// Route the payload according to the address
//

DE sit dung bo dinh tuyén, dau tién cin dinh nghia kiéu di liéu ma chiing ta mu6n dinh
tuyén, vi du nhu Bundle trong Chisel:
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class Payload extends Bundle {
val data = UInt(16.W)
val flag = Bool()

}

Chiing ta tao mot bo dinh tuyén bang cich chuyén mot thuc thé ciia Bundle do ngudi
diing dinh nghia va s6 lugng cdng cho bd tao kién triic ctia bo dinh tuyén:

val router = Module(new NocRouter (new Payload, 2))

10.2.4 Cac Bundle dwoc tham s6 hoa

Trong vi du vé bd dinh tuyén, ching ta da sif dung hai vecto trusng khac nhau cho ngo
vao ctia b dinh tuyén: mot cho dia chi va mot cho dit liéu, dudc tham s6 héa. Mot giai
phép thanh thodt hon 14 c6 mot Bundle ma ban than né da dudc tham sb héa. Chang han
nhu:

class Port[T <: Data](dt: T) extends Bundle {
val address = UInt(8.W)
val data = dt.cloneType

}

Bundle c6 mot tham sb ki€u T, 12 mot kiéu con ctia kiéu Data trong Chisel. Trong géi,
chiing ta dinh nghia mot trudng dit 1iéu bang cich goi cloneType trén tham s6. Tay
nhién, khi chiing ta sit dung mot tham sb bd tao ciu tric, tham sd ndy sé trd thanh mot
trudng cong khai ctia 16p. Khi Chisel can sao chép kiéu clia Bundle, vi du: khi n6 dugc
st dung trong Vec, trudng cong khai nay sé can trg§ viéc sao chép. Mot giai phap (cach
giai quyét) cho van d& nay 1a dit truong tham sb & ché do riéng tu:

class Port[T <: Data](private val dt: T) extends Bundle {
val address = UInt(8.W)
val data = dt.cloneType

}

Véi Bundle méi d6, chiing ta c6 thé dinh nghia cic cng bd dinh tuyén

class NocRouter2[T <: Data](dt: T, n: Int) extends Module {
val io =IO0O(new Bundle {
val inPort = Input(Vec(n, dt))
val outPort = Output(Vec(n, dt))
b
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// Route the payload according to the address
//

va khéi tao bo dinh tuyén v6i mot Port va 1y Payload lam tham s6:

val router = Module(new NocRouter2(new Port(new Payload), 2))

10.3 Tao mach logic t6 hop

Trong Chisel, ching ta c6 thé dé dang tao mach logic bing cach tao mdt bang logic vé6i
Vec trong Chisel tlf Array trong Scala. Ching ta c6 thé c6 dii liéu trong mot tap tin ma
chiing ta c6 thé doc trong thdi gian tao phan ciing cho bang logic. Listing 10.1 trinh bay
cach sti dung 16p Source tit thu vién chudn Scala d€ doc tap tin “data.txt”, chiia cac hing
s6 nguyén trong biéu dién dang vin ban.

Poan mi c6 thé dudc biéu dién vai dong nhu sau:

val table = VecInit(array.map(_.U(8.W)))

Mot mang Scala Array cé thé dudc chuyén d6i hoan toan thanh mot chudi (Seq), hd trg
ham 4dnh xa map. map goi mot ham trén mdi phan i ctia chudi va tra vé mot chudi gid tri
tra vé cla ham. Ham _.U(8.W) bi€u dién mdi gia tri Int tif mang Scala dudi dang _ va
thuc hién chuyén ddi tit gid tri Int trong Scala thanh chudi ky tu UInt trong Chisel, véi
kich thudc 8-bit. Pbi tugng VecInit trong Chisel tao mot Vec trong Chisel tit mot chudi
Seq cta cac kiéu Chisel.

Chung ta c6 thé sit dung toan bo siic manh ciia Scala d€ tao ra logic (bang). Vi du:
tao mot bang cac hiang sb diém cb dinh d€ bicu dién mot ham lugng gidc, tinh todn cac
hing sb cho cic mach loc s6 hoic viét mot trinh hop ngii nhd trong Scala dé tao ma cho
mdt b vi xit Iy dugc viét bang Chisel. Tt ca cac ham d6 ¢6 cling co sé mi code (cling
ngon ngit) va c6 thé dudc thuc thi trong qua trinh tao phan cting.

Mot vi du c6 dién 1a chuyén d&i mot s6 nhi phan thanh biéu dién s6 BCD (binary-
coded decimal). BCD dudc st dung dé biéu dién mot s6 & dinh dang thap phan st dung
4-bit cho mdi chit s6 thap phan. Vi du: sb thap phan 13 & dang nhi phan 1101 va s6 BCD
dugc ma hoa thanh 1 (hang chuc) va 3 (hang don vi) § dang nhi phan: 00010011. BCD
cho phép hién thi s6 dudi dang thap phan, mot cach biéu dién cdc con s6 than thién véi
ngudi dung hon hé thap luc phan.

Khi sit dung ngon ngit mo ta phan ciing cd dién, ching han nhu Verilog hoic VHDL,
chiing ta s& stt dung script hodc ngdn ngii 1ap trinh khac dé tao mot bang nhu vay. Chiing
ta c6 thé viét mot chuong trinh Java tinh to4n bang dé chuyén d6i s6 nhi phan sang BCD.
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import chisel3._
import scala.io.Source

class FileReader extends Module {
val io = I0(new Bundle {
val address = Input(UInt(8.W))
val data = Output(UInt(8.W))
b

val array new Array[Int](256)

var idx = 0

// read the data into a Scala array
val source = Source.fromFile("data.txt")
for (line <- source.getLines()) {
array(idx) = line.toInt
idx += 1

3

// convert the Scala integer array
// into a vector of Chisel UInt
val table = VecInit(array.map(_.U(8.W)))

// use the table
io.data := table(io.address)

Listing 10.1: Poc mot tip tin viin ban dé tao bang logic.
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import chisel3._

class BcdTable extends Module {
val io = IO(new Bundle {
val address = Input(UInt(8.W))
val data = Output(UInt(8.W))
b

val table = Wire(Vec (100, UInt(8.W)))
// Convert binary to BCD
for (i <- ® until 100) {

table(i) := (((i/10)<<4) + i%10).U
}

io.data := table(io.address)

Listing 10.2: Chuyén ddi hé nhi phan sang BCD.

Chuong trinh Java d6 in ra ma VHDL c6 thé dudc dua vao trong tap tin Project. Chuong
trinh Java c6 khoang 100 dong ma; hau hét 1a cic ma tao chudi VHDL. Phin quan trong
clia viéc chuyén ddi chi c6 hai dong.

Véi Chisel, chiing ta c6 thé tinh bang nay truc tiép nhu mot phan cla viéc tao phan
ciing. Listing 10.2 biéu dién cach tao bang dé chuyén ddi s6 nhi phan sang BCD.

10.4 S dung ke thira

Chisel 12 mot ngdén ngit huéng dbi tugng. Mot thanh phan phan ciing, mé-dun Chisel 12
mot 16p Scala. Do d6, chiing ta c6 thé sit dung tinh ké thita d€ dua mot hanh vi chung
vao mot 16p cha. Chiing ta sé khdm pha céch st dung ké thira v6i mot vi du.

Trong Phan 6.2, chiing ta da khdm pha cdc dang mach dém khdic nhau, c6 thé dudc st
dung dé tao tick tan suét thip. Gia st ching ta mu6n khdm pha cac phién ban khic nhau
d6, vi du: d€ so sanh yéu cau tai nguyén ctia chiing. Chiing ta bat dau véi mot 16p tritu
tugng dé€ dinh nghia giao tiép tick:

abstract class Ticker(n: Int) extends Module {
val io = IO(new Bundle{
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class UpTicker(n: Int) extends Ticker(n) {
val N = (n-1).U
val cntReg = RegInit(0.U(8.W))
cntReg := cntReg + 1.0
when (cntReg === N) {
cntReg := 0.U
3

io.tick := cntReg === N

Listing 10.3: Tao tick v6i mach dém.

val tick = Output(Bool())
1D
}

Listing 10.3 biéu dién 1an thuc hién dau tién cta I6p tritu tugng d6 v6i mot mach dém,
dém 1én, cho viéc tao tick.

Chiing ta c6 thé kiém tra tit ca cac phién ban khac nhau cta logic ticker bang mot
testbench duy nhét. Chiing ta chi can dinh nghia testbench dé chip nhan céc kiéu con
clia Ticker. Listing 10.4 bi€u dién ma Chisel cho trinh ki€m tra. TickerTester c6 nhiéu
tham s6: (1) tham s6 kiéu [T <: Ticker] dé chip nhan mot Ticker hoic bat ky 16p nao
ké thira tif Ticker, (2) thiét ké dang dudc ki€m tra, thuoc ki€u T hoic kiéu con ctia chiing
va (3) sb chu ky xung clock ma chiing ta mong dgi cho méi tick. Trinh kiém tra chd su
xuét hién dau tién cia tick (thdi diém bat dau c6 thé khac dbi véi cac trién khai khac
nhau) va sau d6 ki€m tra xem tick c6 13p lai sau mdi n chu ky xung clock khong.

Véi thuc thi 1an dau tién, d& dang cla ticker, chiing ta c6 thé tu kiém tra trinh kiém
tra, c6 thé bang cach gd 16i véi 1énh println. Khi chiing ta tu tin rang ticker don gian va
trinh kiém tra 1a chinh x4c, chiing ta c6 thé tiép tuc va khdm pha thém hai phién ban khac
ctia ticker. Listing 10.5 biéu dién viéc tao tick v6i mach dém xudng dén 0. Listing 10.6
biéu dién phién ban Nerd dém xudng dén -1 nham st dung it phan ciing hon bang cach
tranh dung mach so sanh.

Chiing ta c6 thé kiém tra tit ca ba phién ban ciia ticker bing cach sit dung céc dic
t4 k¥ thuat ctia ScalaTest, tao cac thuc thé clia cc phién ban khic nhau cda ticker va
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import chisel3.iotesters.PeekPokeTester
import org.scalatest._

class TickerTester[T <: Ticker](dut: T, n: Int) extends
PeekPokeTester(dut: T) {

// -1 is the notion that we have not yet seen the first tick
var count = -1
for (i <- ® ton * 3) {
if (count > 0) {
expect(dut.io.tick, 0)

}

if (count == 0) {
expect(dut.io.tick, 1)

}

val t = peek(dut.io.tick)
// On a tick we reset the tester counter to N-1,
// otherwise we decrement the tester counter
if (vt == 1) {
count = n-1
} else {
count -=1

step (1)

Listing 10.4: Trinh kiém tra cho cdc phién ban khac cua ticker.
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class DownTicker(n: Int) extends Ticker(n) {
val N = (n-1).U

val cntReg = RegInit(N)

cntReg := cntReg - 1.U

when(cntReg === 0.U0) {
cntReg := N

}

io.tick := cntReg === N

Listing 10.5: Tao tick v6i mach dém xudng.

class NerdTicker(n: Int) extends Ticker(n) {
val N = n

val MAX = (N - 2).S(8.W)
val cntReg = RegInit (MAX)
io.tick := false.B

cntReg := cntReg - 1.S

when(cntReg (7)) {
cntReg := MAX
io.tick := true.B

Listing 10.6: Tao tick bang cach dém xudng t6i -1.
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class TickerSpec extends FlatSpec with Matchers {

"UpTicker 5" should "pass" in {
chisel3.iotesters.Driver(() => new UpTicker(5)) { c =>
new TickerTester(c, 5)
} should be (true)
3

"DownTicker 7" should "pass" in {
chisel3.iotesters.Driver(() => new DownTicker (7)) { c =>
new TickerTester(c, 7)
} should be (true)
}

"NerdTicker 11" should "pass" in {
chisel3.iotesters.Driver(() => new NerdTicker(11l)) { c =>
new TickerTester(c, 11)
} should be (true)
}
}

Listing 10.7: Dic ta ScalaTest cho ki€m tra ticker.

chuyén chiing dén testbench chung. Listing 10.7 trinh bay cdc dic ta ky thuat. Ching ta
chi chay cic bai ki€m tra ticker véi 1énh:

sbt "testOnly TickerSpec"

10.5 Tao phan cirng vdi lap trinh ham

Scala hé trg 1ap trinh ham, Chisel ciing vay. Chiing ta c6 thé st dung cac ham dé biéu
dién phan ciing va két hgp cac thanh phan phan cting d6 véi 1ap trinh ham (bang cach st
dung cai goi 12 “ham bic cao”). Chiing ta hdy bat dau véi mot vi du don gian, tdng clia
mot véc-to:

def add(a: UInt, b:UInt) = a + b

val sum = vec.reduce(add)
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Dau tién, ching ta dinh nghia phan ciing cho mach cong trong ham add. Véc-to (kiéu
Vec) trong Chisel nam trong vec. Phudng thifc Scala reduce() két hgp tit ca cac phan
tl ctia mot tp hop véi mot phép todn nhi phan, tao ra mot gid tri duy nhét. Phuong thiic
reduce() gidm tuan tu bat dau tit bén trai. N6 14y hai phan ti dau tién va thuc hién phép
toan. Két qua sau d6 dudc két hop véi phan tii tiép theo, cho dén khi con lai mot két qua
duy nht.

Ham dé két hgp véi cac phan ti dudc cung cip dudi dang tham sb dé rut gon, trong
truong hop nay 1a cong, sé tra vé mdt mach cong. Két qua phan ciing 1a mot chudi cac
mach cong tinh toan téng cic phan ti clia véc-td vec.

Thay vi dinh nghia hAm céng (don gian), ching ta c6 thé dua ra phép cong dudi dang
ham 4n danh va st dung ky tu dai dién Scala “_” d€ biéu dién hai toan hang.

val sum = vec.reduce(_ + _)

Véi cau 1énh mot dong duy nhit nay, chiing ta da tao ra chudi cac mach cong. Déi véi
ham tng, mot chudi khong phai 1a ciu hinh ly tudng, mot cy sé cé do tré t& hgp ngin
hon. Néu chiing ta khong tin tudng vao cong cu tdng hop dé sap xép lai chudi mach
cong, thi ¢6 thé st dung phuong thiic ReduceTree ctia Chisel dé& tao mot cdy céc mach
cong:

val sum = vec.reduceTree(_ + _)

Trong mot vi du chi tiét hon, chung ta xdy dung mot mach dién d€ tim gia tri nho nhét
trong vec. D& bi€u dién mach dién ndy, chiing ta sit dung mot ham 4n danh, dudc goi 1a
function Lite trong Scala. Ct phap cho mot ky tu ham 1a cdc tham sb trong diu ngoic
don, theo sau bdi =>, va theo sau 1a néi dung ham (function body):

(param) => function body

Ky tu ham cho ham t6i thiéu st dung hai tham s6 x va y, va trd vé mot mach da hop
(Mux) d€ so sanh hai tham sb va trd vé gia tri nhd hon.

val min = vec.reduceTree((x, y) => Mux(x < vy, X, y))

Chiing ta hdy ciing mé rong mach dién nay dé tra vé khong chi gid tri tdi thiéu tif vec,
ma con 12 vi tri (chi muc) trong vec. D€ tra vé hai gia tri, ching ta dinh nghia Two kiéu
Bundle dé€ gii gid tri va chi muc. Chiing ta khai bdo vecTwo Vec c6 thé gil cdc bundle
nay va két ndi ching trong mot vong lip véi ngd vao va chi muc gbc trong Vec.

Nhu trude day, khi ching ta st dung mot ky tu ham trong phuong thiic ReduceTree
clia vecTwo, so sanh trudng gid tri trong bundle va trd vé bundle hoan chinh tit mach da
hop. Gid tri res trd dén bundle chiia vi tri va gia tri nhd nhat.
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class Two extends Bundle {
val v = UInt(w.W)
val idx = UInt(8.W)

}

val vecTwo = Wire(Vec(n, new Two()))
for (i <- O until n) {
vecTwo(i).v := vec(i)
vecTwo(i).idx := i.U

}

val res = vecTwo.reduceTree((x, y) => Mux(x.v < y.v, X, y))

Vi 1a mot bién thé cubi cling, chiing ta st dung nhiéu dic trung Scala hon dé tranh
tao bundle d€ tra vé gid tri va chi muc. Scala c6 quan niém vé bo (dit liéu), 1a chudi gia
tri bit bién ctia cac kiéu khac nhau. Poan ma code sau diy cho thiy ting dung ctia mot
chubi céc ham dbi véi tuan tu nguyén gbc. Cac ham chudi 1a mot mau dién hinh trong
lap trinh ham. MAu nay ciing c6 thé dudc xem nhu mot dudng dng clia cac phép todn.

Ham du tién (zipWithIndex) chuyén d6i chudi tuan tu nguyén gbc thanh mot chudi
céc bd dit liéu, & d6 phan t¥ thif hai 14 gia tri chi muc. N6i chung, ham zip hop nhét
hai chudi (nén chiing) thanh mot chudi duy nhét chiia hai phan tif dusi dang bo dit liéu.
Ham tiép theo dnh xa bd déi ctia UInt trong Chisel va Int trong Scala thanh hai UInt
trong Chisel. Him reduce cung cip viéc tao ra két qua tim kiém tdi thiéu. Chiing ta so
sanh phan ti dau tién ctia bo dif liéu trong hai mach da hop va tra vé mot bo dit lidu chia
vi tri va gia tri nho nhét du6i dang cac kiéu UInt trong Chisel.

val resFun = vec.zipWithIndex
.map ((x) => (x._1, x._2.U))
.reduce((x, y) => (Mux(x._1 < vy._1, x._1, y._1), Mux(x._1 <
y._1, x..2, y._2)))

Luu y rang toan bo biéu thifc ham sit dung Vector trong Scala dé gitt cac két qua
trung gian, nhung trd vé phan ciing (cic mach da hop dudc két ndi) chi bao gom cac
kiéu Chisel. Vi chiing ta st dung Vector trong Scala & ddy, nén chiing ta khong thé st
dung ReduceTree, von chi c6 sin trén Vec ctia Chisel.

val scalaVector = vec.zipWithIndex
.map ((x) => MixedVecInit(x._1, x._2.U(8.W)))
val resFun2 = VecInit(scalaVector)
.reduceTree((x, y) => Mux(x(0) < y(®), x, y))
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11 Thiet keé vi du

Trong phan nay, chiing ta kham pha mot sb thiét ké mach sb kich thudc nho, ching han
nhu bd dém FIFO dudc st dung 1am khéi xdy dung cho thiét k& 16n hon. Trong vi du
khéc, chiing ta thiét ké mot giao tiép ndi tiép (con dugc goi 1a UART), ban than UART
nay c6 thé st dung bo dém FIFO.

11.1 Bé dém FIFO

Chiing ta c6 thé tach bén ghi (bén gii) va bén doc (bén nhan) bing mot bo dém giita
bén ghi va bén doc. B6 dém chung 1a bd dém vao trudc, ra trudc (FIFO). Hinh 11.1 biéu
dién bén ghi, FIFO va bén doc. Dii liéu dudc dit vao trong FIFO bdi bén ghi trén din
dua vao FIFO véi tin hiéu write dang hoat dong. D liéu dudc doc tit FIFO bdi bén doc
trén dout Vi tin hiéu read dang hoat dong.

Mot FIFO ban dau thudng tréng dudc bao hiéu béi tin hidu empty. Viéc doc tit FIFO
trong thuong khong dudc xac dinh. Khi dit liéu dudc ghi va khong bao gi dudc doc,
FIFO sé tré nén full (diy). Viéc ghi vao FIFO day thudng bi bd qua va dit liéu bi mt.
N6i cach khac, céc tin hi€u empty va full dong vai tro la céc tin hiéu bit tay.

C6 thé c6 nhiéu thuc hién khic nhau ctia FIFO: Vi du: st dung bd nhé trén chip, cic
con tré doc va ghi, hodic don gian 1a mot chudi cic thanh ghi v6i mot mdy trang thai nho.
Véi cac bd dém nhé (khoang hang chuc phan ti), mot FIFO dudc S chiic véi cac thanh
ghi riéng 1 dudc két ndi thanh mot chudi bd dém 1a mot cach thuc hién don gian véi yéu
cAu tai nguyén thip. Mi code ctia FIFO bubble c6 san trong kho Iuu trif chisel-examples.

— write —p [— read —
la— full —— — empty —»|

Writer FIFO Py Reader
— din —p»] — dout —p»]

Hinh 11.1: Bén ghi, b dém FIFO, va bén doc.
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Chiing ta bat dau bang dinh nghia IO cho bén ghi va bén doc. Kich thudc di lidu c6
thé cAu hinh bdi size. Dit liéu ghi 13 din va mot phép ghi dugc bao hiéu bsi chan write.
Tin hiéu full thyc hién diéu khién ludng & bén ghi.

class WriterIO(size: Int) extends Bundle {
val write = Input(Bool())
val full = Output(Bool())
val din = Input(UInt(size.W))

Bén doc cung cép dif liéu v6i dout va qua trinh doc dudc bat dau véi tin hidu read.
Tin hiéu empty chiu trach nhiém cho viéc diéu khién ludng & bén doc.

class ReaderIO(size: Int) extends Bundle {
val read = Input(Bool())
val empty = Output(Bool())
val dout = Output(UInt(size.W))

Listing 11.1 biéu dién mot bo dém don. Bo dém c6 cong xép hang eng cia kiéu
WriterIO va cOng rdi hang deq clia kiéu ReaderT0. Cic phan tif trang thdi cia bo dém
l1a mot thanh ghi git di liéu (dataReg) va mét thanh ghi trang thai cho FSM don gian
(stateReg). FSM chi c6 hai trang thdi: bd dém empty hodc full. Néu bo dém empty,
phép ghi sé ghi lai dit liéu ngd vao va thay d6i thanh trang thai full. Néu bo dém full,
phép doc sé 14y dit liéu ra va chuyén sang trang thai empty. Cac cng IO full va empty
biéu dién trang thdi bd dém cho bén ghi va bén doc.

Listing 11.2 biéu dién FIFO hoan chinh. FIFO hoan chinh cé giao tiép 10 giébng nhu
céc bd dém FIFO riéng 1. BubbleFifo c6 cic tham s6 1a size cia tif (word) dif lidu va
depth cho s6 ting bo dém. Chiing ta c6 thé xay dung mot FIFO bubble c6 depth tang tit
cic FifoRegister. Ching ta sap xép cic ting bang cach dién chiing vao mot kiéu Array
trong Scala. Mang Scala khong c6 y nghia vé phan ciing, né chi cung cip cho ching ta
mot ving chifa d€ ¢6 cac tham chiéu dén cic bd dém da tao. Trong vong lip for ciia
Scala, chiing ta két nbi cac bo dém riéng 1é. Bén xép hang ctia bd dém dau tién dugc két
nbi v6i 10 xép hang ctia FIFO hoan chinh va bén rdi hang clia bd dém cudi ciing nbi véi
bén roi hang cta FIFO hoan chinh.

Y tudng da trinh bay vé viéc két nbi cac bo dém riéng 1& dé thuc hién mot hang doi
FIFO dudgc goi 1a FIFO bubble, khi dit liéu tha ndi (bubble) qua hang doi. Piéu nay don
gian va 12 mot gidi phdp tot khi téc do dit liéu cham hon ddng k€ so véi toc do xung

'Pé hoan thién, kho luu trit sich Chisel cling chita ban sao cia ma code FIFO.
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11.1 BO pEM FIFO

class FifoRegist
val io = IO(ne
val enqg = ne

val deq = ne

B

val empty
val stateReg =
val dataReg =

full

er(size: Int) extends Module {
w Bundle {

w WriterIO(size)

w ReaderIO(size)

Nil = Enum(2)
RegInit (empty)
RegInit(0.U(size.W))

when(stateReg === empty) {
when(io.enq.write) {
stateReg := full
dataReg := io.enqg.din
}
}.elsewhen(stateReg === full) {
when(io.deq.read) {
stateReg := empty
dataReg := 0.U // just to better see empty slots in the
waveform

}
}.otherwise {
// There sho

}

io.enqg.full :=
io.deq.empty
io.deq.dout :=

uld not be an otherwise state

(stateReg === full)
:= (stateReg === empty)
dataReg

Listing 11.1: Tang don ctia FIFO bubble.
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class BubbleFifo(size: Int, depth: Int) extends Module {
val io = I0(new Bundle {
val enqg = new WriterIO(size)
val deq = new ReaderIO(size)

i)

val buffers = Array.fill(depth) { Module(new
FifoRegister(size)) }

for (i <- O until depth - 1) {
buffers(i + 1).io.enq.din := buffers(i).io.deq.dout
buffers(i + 1).io.enq.write := ~buffers(i).io.deq.empty
buffers(i).io.deq.read := ~buffers(i + 1).io.enq.full

3

io.enqg <> buffers(®).io.enq

io.deq <> buffers(depth - 1).io.deq

Listing 11.2: FIFO gdm mot mang cic tang FIFO bubble.

clock, vi du, nhu mot bo dém tach roi cho céng ndi tiép sé dugc trinh bay trong phin
tiép theo.

Tuy nhién, khi tbc do6 dif liéu tiép can véi tan sd xung clock, FIFO bubble c6 hai han
ché: (1) Vi mdi trang thdi ctia bd dém phai chuyén d6i gitta blank va full, c6 nghia 1a
thong lugng t6i da ctia FIFO 1a 2 chu ky xung clock mdi tif (word). (2) Dii liéu can
bubble thong qua FIFO hoan chinh, vi vy, do tré tif ngd vio dén ngd ra 1a sb bo dém tdi
thiéu. Téi sé trinh bay cac thuc hién kha di khac ctia FIFO trong Phan 11.3.

11.2 Cdng noi tiep

Céng ndi tiép (con dude goi 1a UART hoic RS-232) 1a mot trong nhiing tuy chon dé
dang nhit d€ giao tiép gitta may tinh va bo mach FPGA. Nhu tén cda né, dif liéu dugc
truyén ndi tiép. Mot byte 8-bit dudc truyén nhu sau: mot start bit (0), dit liéu 8-bit, bit
LSB dau tién, va sau d6 1a mot hodc hai stop bit (1). Khi khong c6 dif liéu nao dugc
truyén, ngd ra 1a 1. Hinh 11.2 biéu dién so dd thdi gian ctia mot byte dudc truyén.

Chiing ta thiét ké UART ctia minh theo cidch mo-dun véi chiic ning t6i thiéu trén méi
mod-dun. Chiing ta trinh bay mét bo phat (TX), mdt bo thu (RX), mot bd dém va sau d6
12 c4ch st dung cac thanh phan co s do.

Pau tién, ching ta cAn mot giao tiép, mot dinh nghia cong. Déi véi thiét ké UART,
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11.2 CONG NOI TIEP

) (b0 Y b1 [ b2 Y b3 f ba Y b5 | b6 | b7

Hinh 11.2: Mdt byte dudc truyén béi UART.

chiing ta st dung giao tiép bat tay sin sang/hdp 1¢, v6i huéng (vao/ra) nhu dugc thiy tir
bo phat.

class Channel extends Bundle {
val data = Input(Bits(8.W))
val ready = Output(Bool())
val valid = Input(Bool())

Quy udc clia giao tiép sin sing/hop 1¢ 1a dif lidu dudc truyén khi ca hai tin hiéu ready
va valid dudc xac nhan.

Listing 11.3 bi€u dién mot bd phét nbi tiép co ban nhit (Tx). Céc cng 10 1a cng txd,
noi dit liéu nbi tiép dudc giti va mot cong channel ndi bd phat c6 thé nhan cic ky tu dé
chuyén thanh dang néi tiép va gii. D€ tao ra thai gian chinh xéc, chiing ta tinh todn mot
hing s6 bang cach tinh thi gian theo chu ky xung clock cho mét bit ndi tiép.

Chung ta st dung ba thanh ghi: (1) thanh ghi d€ dich dit liéu (chuyén dif liéu thanh
dang nbi tiép) (shiftReg), (2) mot mach dém dé tao téc do baud chinh xac (cntReg), va
(3) mot mach dém sb bit van can dugc dich ra ngoai. Khong can thanh ghi trang thi
FSM bd sung, tit c4 trang thdi dudc ma héa trong ba thanh ghi dé.

Mach dém cntReg lién tuc chay (dém xubng dén 0 va reset vé gia tri bat dau khi bang
0). Tét ca hoat dong chi dudc thuc hién khi cntReg bing 0. Khi chiing ta xdy dung mot
bd phit tdi thi€u, chiing ta chi c6 thanh ghi dich d€ luu tri¥ dit liéu. Vi vay, kénh chi sin
sang khi cntReg bang 0 va khong con bit nao dé€ dich ra ngoai.

C6ng 10 txd dugc két nbi truc tiép véi bit LSB cta thanh ghi dich.

Khi c6 nhiéu bit hon dé dich ra (bitsReg =/= 0.U), chiing ta dich céc bit sang phéi
va dién bang 1 tif mic trén cung (mifc nhan rdi ctia may phat). Néu khong con bit nao
cin dich ra ngoai, chiing ta kiém tra xem kénh c6 chita dit liéu hay khong (dugc bao hiéu
bing cong valid). Néu vy, chudi bit dudc dich ra ngoai dugc xay dung v4i mot start bit
(0), dit lidu 8-bit va hai stop bit (1). Do d6, s6 bit dém dugc dit thanh 11.

Bo phat rét tbi thi€u nay khong c6 bo dém b sung va chi c6 thé chip nhan mot ky tu
mdi khi thanh ghi dich trng va & chu ky xung clock khi entReg bang 0. Chip nhén di
liéu méi chi khi cntReg bang 0 ciing c6 nghia 1a cd sin sang ciing dudc loai bd xdc nhan
khi c6 chd trong trong thanh ghi dich. Tuy nhién, ching t6i khong mudn thém “do phiic
tap” nay vao bd phat ma chi iy thac nd vao by dém.
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class Tx(frequency: Int, baudRate: Int) extends Module
val io = IO(new Bundle {
val txd = Output(Bits(1l.W))
val channel = new Channel ()

»

val BIT_CNT = ((frequency + baudRate / 2) / baudRate
1) .asUInt ()

val shiftReg = RegInit(0x7£f£f.0U)
val cntReg = RegInit(0.U(20.W))
val bitsReg = RegInit(0.U(4.W))

io.channel.ready := (cntReg === 0.U) && (bitsReg ===
io.txd := shiftReg(0)

when (cntReg === 0.U) {

cntReg := BIT_CNT
when(bitsReg =/= 0.U) {
val shift = shiftReg >> 1
shiftReg := Cat(1.U, shift(9, 0))
bitsReg := bitsReg - 1.U
}.otherwise {
when(io.channel.valid) {
// two stop bits, data, one start bit
shiftReg := Cat(Cat(3.U, io.channel.data), 0.U)
bitsReg := 11.U
}.otherwise {
shiftReg := 0x7£ff.U

}

}.otherwise {
cntReg := cntReg - 1.U
}

Listing 11.3: BO phat cho cdng nbi tiép.
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class Buffer extends Module {
val io = IO0O(new Bundle {
val in = new Channel ()

val out = Flipped(new Channel())

1D)
val empty :: full :: Nil = Enum(2)
val stateReg = RegInit(empty)
val dataReg = RegInit(0.U(8.W))
io.in.ready := stateReg === empty
io.out.valid := stateReg === full
when(stateReg === empty) {
when(io.in.valid) {
dataReg := io.in.data
stateReg := full
}

}.otherwise { // full
when(io.out.ready) {
stateReg := empty
}
}

io.out.data := dataReg

Listing 11.4: Bo dém byte don véi giao tiép san sang/hdp 1¢.
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class BufferedTx(frequency: Int, baudRate: Int) extends Module {
val io = I0(new Bundle {
val txd = Output(Bits(1l.W))
val channel = new Channel ()
b
val tx = Module(new Tx(frequency, baudRate))
val buf = Module(new Buffer())

buf.io.in <> io.channel
tx.io.channel <> buf.io.out
io.txd <> tx.io.txd

Listing 11.5: B9 phét v6i bd dém bé sung.

Listing 11.4 biéu dién bd dém byte don, tuong ty nhu thanh ghi FIFO cho FIFO
bubble. Céng ngd vao la giao tiép Channel va ngd ra la giao tiép Channel véi cic hudng
1at. Bd dém chita may trang thai t6i thi€u dé cho biét FIFO la empty hoic full. Cic tin
hiéu bit tay diéu khién bo dém (in.ready va out.valid phu thudc vao thanh ghi trang
thai.

Khi trang théi la empty va dit liéu trén ngd vao la valid, chiing ta nhén dit liéu va
chuyén sang trang thdi full. Khi trang thai 12 full va bo thu phia duéi 1a ready, qud
trinh truyén dit liéu xudng sé xay ra va chiing chuyén trd lai trang thai empty.

V6i bd dém d6, chiing ta c6 thé mé rong bod phat co ban clia minh. Listing 11.5 biéu
dién sy két hop ctia bd phat Tx v6i mot bd dém don phia trude. Bo dém nay hién giai
quyét van dé rang Tx chi sén sang cho cic chu ky xung clock don 18. Chiing ta da tdy
quyén gidi phdp clia vin dé nay cho mo-dun bo dém. C6 thé dé dang thuc hién viéc mé
rong bd dém tir don thanh FIFO thuc va khong can thay ddi bd phat hoic bo dém byte
don.

Listing 11.6 hién thi ma code cho bd thu (Rx). Bd thu hoi phiic tap mot chiit vi n6 can
phai tdi xay dung lai thdi gian clia dif liéu nbi tiép. BO thu doi cho canh xudng cia start
bit. Tir su kién d6, bd thu doi 1,5 1an bit d€ dinh vi chinh né vao gitta bit 0. Sau d6, né
dich c4c bit mdi thdi gian ctia bit. Cdc ban c6 thé quan sat hai 1an chd nay v6i START_CNT
va BIT_CNT. Péi v6i ca hai 1an, cing mdt mach dém (cntReg) dugc st dung. Sau khi
8-bit dugc dich vao, tin hiéu valReg bdo hiéu mot byte cé sin

Listing 11.7 biéu dién cach st dung bd phat cong nbi tiép bang cach giii mot thong
diép thén thién ra ngoai. Chiing ta dinh nghia thong diép trong mot chudi Scala (msg) va
chuyén d6i né thanh mot Vec trong Chisel ctia UInt. Chudi Scala 14 mét trinh tu hd trg
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class Rx(frequency: Int, baudRate: Int) extends Module {
val io = IO(new Bundle {
val rxd = Input(Bits(1l.W))
val channel = Flipped(new Channel())
iD)

val BIT_CNT = ((frequency + baudRate / 2) / baudRate - 1).U
val START_CNT = ((3 * frequency / 2 + baudRate / 2) /
baudRate - 1).U

// Sync in the asynchronous RX data
// Reset to 1 to not start reading after a reset
val rxReg = RegNext(RegNext(io.rxd, 1.U), 1.U)

val shiftReg = RegInit(’A’.U(8.W))
val cntReg = RegInit(0.U(20.W))
val bitsReg = RegInit(0.U(4.W))
val valReg = RegInit(false.B)

when(cntReg =/= 0.U) {

cntReg := cntReg - 1.U
}.elsewhen(bitsReg =/= 0.0) {
cntReg := BIT_CNT
shiftReg := Cat(rxReg, shiftReg >> 1)
bitsReg := bitsReg - 1.U
// the last shifted in
when(bitsReg === 1.0U) {
valReg := true.B
}
// wait 1.5 bits after falling edge of start
}.elsewhen(rxReg === 0.U) {
cntReg := START_CNT
bitsReg := 8.U
}
when(valReg && io.channel.ready) {
valReg := false.B
}
io.channel.data := shiftReg
io.channel.valid := valReg

Listing 11.6: Bo thu cho mdt cdng nbi tiép.
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class Sender(frequency: Int, baudRate: Int) extends Module {
val io = IO(new Bundle {
val txd = Output(Bits(1.W))
b

val tx = Module(new BufferedTx(frequency, baudRate))
io.txd := tx.io.txd
val msg "Hello World!"

val text = VecInit(msg.map(_.U))
val len = msg.length.U

val cntReg = RegInit(0.U(8.W))

tx.io.channel.data := text(cntReg)
tx.io.channel.valid := cntReg =/= len

when(tx.io.channel.ready && cntReg =/= len) {
cntReg := cntReg + 1.U
}

Listing 11.7: Gti “Hello World!" qua c6ng ndi tiép.
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class Echo(frequency: Int, baudRate: Int) extends Module {
val io = IO0O(new Bundle {
val txd = Output(Bits(l.W))
val rxd = Input(Bits(1l.W))
iD)

val tx = Module(new BufferedTx(frequency, baudRate))
val rx = Module(new Rx(frequency, baudRate))

io.txd := tx.io.txd

rx.io.rxd := io.rxd

tx.io.channel <> rx.io.channel

Listing 11.8: Dif liéu doi lai trén cng ndi tiép.

phuong phdp anh xa. Phuong phdp anh xa nhan dbi s6 1a mot ky tu ctia ham, 4p dung
ham nay cho tiing phan tif va xiy dung mot chudi cic gia tri trd vé ctia ham. Néu ky tu
ctia ham chi c6 mot d6i sb, nhu trong trong trudng hop nay, ddi sb c6 thé dugc biéu dién
bing _. Ky tu ctia ham theo nghia den goi phuong phap Chisel .U d& chuyén ddi Char
trong Scala thanh UInt trong Chisel. Trinh tu sau d6 dudc chuyén t6i VecInit d€ tao
mot Vec trong Chisel. Chiing ta 1ap chi muc thanh véc-td van ban v6i mach dém cntReg
dé€ cung cip cic ky tu riéng 1é cho b phit dudc dém. V6i mdi tin hiéu ready, chiing ta
ting mach dém cho dén khi chudi day di dudc gii di. Bén gtii giii tin hiéu valid dudc
xdc nhan cho dén khi ky tu cubi cing dudc gtii di.

Listing 11.8 biéu dién cich sit dung clia bo thu va b phat bang cach két nbi ching
v6i nhau. Két n6i niy tao ra mot mach Echo trong d6 mdi ky tu nhan dudc sé dudc gti
lai (bi doi lai).

11.3 Cac bién thé thiét ke FIFO

Trong phan niy, chiing ta sé thuc hién cic bién thé khac nhau ctia hang dgi FIFO. D&
1am cho céc thuc hién nay c6 thé hoan déi cho nhau, chiing ta sé st dung tinh niing thira
ké, nhu da gi6i thiéu trong Phan 10.4
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11.3.1 Tham so hoa cac FIFO

Chiing ta dinh nghia mét 16p FIFO abstract véi kiéu Chisel lam tham s6 dé c6 thé dém
bét ky kiéu dit liu Chisel ndo. Trong 16p tritu tugng, ching ta ciing kiém tra xem tham
s6 depth c6 gid tri hitu ich hay khong.

abstract class Fifo[T <: Data](gen: T, depth: Int) extends
Module {
val io = IO(new FifoIO(gen))

assert(depth > 0, "Number of buffer elements needs to be
larger than 0")

Trong Phan 11.1, ching ta da dinh nghia cdc kiéu riéng cho giao tiép véi cdc tén
chung cho céc tin hiéu, chfmg han nhu write, full, din, read, empty va dout. Ngd vao
va ngd ra clia bo dém nhu vdy bao gdm dit liéu va hai tin hiéu dé bat tay (vi du: chiing
ta ghi vao FIFO qua tin hiéu write khi né khong bi diy, bdo hiéu bdi tin hiéu full.

Tuy nhién, chiing ta c6 thé khai quat héa su bat tay nay thanh giao tiép dudc goi la
san-sang-hop-1é. Vi du: chiing ta c6 thé xép hang mot phan tit (ghi vao FIFO) khi FIFO
san sang vdi ready. Ching ta bao hiéu diéu niy & bén bo ghi véi tin hiéu valid. Vi giao
tiép san-sang-hop-1é nay rat phd bién, nén Chisel dua ra dinh nghia vé giao tiép nay
trong DecoupledIO nhu sau:>

class DecoupledIO[T <: Data](gen: T) extends Bundle {
val ready = Input(Bool())
val valid = Output(Bool())
val bits = Output(gen)

}

V6i giao tiép DecoupledI0, ching ta dinh nghia giao tiép cho FIFO: tin hiéu FifoI0 vé6i
cong xép hang enq va cdng 1i hing deq bao gdm cic giao tiép sdn-sang-hop-1é. Giao
tiép DecoupledIO dudc dinh nghia tif quan diém ctia bén ghi (bén san xut). Vi vay, cdng
xép hang ctia FIFO can 1at c4c hudng tin hiéu.

class FifoIO[T <: Data](private val gen: T) extends Bundle {
val enq = Flipped(new DecoupledIO(gen))
val deq = new DecoupledIO(gen)

h

2Pay la mot su don gian héa, vi DecoupledIO thuc sy md rong mot 16p tritu tugng.
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Véi 16p co sé tritu tugng va mot giao tiép, chiing ta c6 thé chuyén biét hoa cac thuc
hién FIFO khac nhau dudc t6i uu héa cho cac tham s6 khac nhau (toc do, dién tich, cong
suit hoic chi 1a su don gian).

11.3.2 Thiét ke lai FIFO Bubble

Chiing ta c6 thé dinh nghia lai FIFO bubble tit Phan 11.1 bang céch sit dung céc giao
tiép san-sang-hop-1é tiéu chudn va c6 thé dugce tham s6 héa véi kiéu di liéu Chisel.

Listing 11.9 biéu dién FIFO bubble di dudc céu tric lai véi giao tiép sin-sang-hdp-
1¢. Luu ¥ nhiing gi chiing ta dit thanh phan Buffer bén trong tif BubbleFifo nhu 12 16p
riéng. Lép trg gitip nay chi can thiét cho thanh phan nay va do d6 chiing ta 4n né di va
tranh 1am 6 nhiém khong gian tén. Lép dém cling da dugc don gian héa. Thay vi FSM,
chiing ta chi sit dung mdt bit duy nhit, fullReg, d€ ghi nhé trang thai ctia bd dém: day
hoic tréng.

FIFO bubble don gian, dé hiéu va sit dung tai nguyén tdi thiéu. Tuy nhién, vi mdi ting
bd dém phai chuyén ddi giita tréng va day, bing thong tbi da ctia FIFO nay 1a hai chu ky
xung clock cho mbi word.

Ngudi ta c6 thé can nhic xem xét ca hai: bén giao tiép trong bo dém dé c6 thé chip
nhan mot tif méi khi nha san xuét hop 1& (va11d) va ngu’(n tiéu ding sin sang (ready).
Tuy nhién, diéu nay dua ra mot dudng dan t6 hop tir bt tay clia IlgLIOl tiéu dung dén bat
tay ctia nha san xuét, diéu nay vi pham ngit nghia ctia giao tiép sin-sang-hgp-1¢.

11.3.3 FIFO bo dém kep

Mot giai phap 1a giii trang thai ready ngay ca khi thanh ghi bo dém néu diy. D& c6 thé
chip nhan mat ti di lidu tif nha san xuét, khi ngudi tiéu diung khong ready, ching ta
cin mot bo dém thit hai, goi né 1a thanh ghi bubble. Khi bo dém day, dit liéu méi dudgc
luu tri trong thanh ghi bubble va tin hiéu ready bi hiy xac nhan. Khi ngudi ti€u dung
tré lai ready, dif liéu dudc truyén tir thanh ghi dit liéu dén ngudi tiéu ding va tir thanh
ghi bubble vao thanh ghi dit liéu.

class DoubleBufferFifo[T <: Data]l(gen: T, depth: Int) extends
Fifo(gen: T, depth: Int) {

private class DoubleBuffer[T <: Data](gen: T) extends Module {
val io = IO(new FifoIO(gen))

val empty :: one :: two :: Nil = Enum(3)

val stateReg = RegInit(empty)
val dataReg = Reg(gen)
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class BubbleFifo[T <: Data](gen: T, depth: Int) extends
Fifo(gen: T, depth: Int) {

private class Buffer() extends Module {
val io = IO(new FifoIO(gen))

val fullReg RegInit(false.B)
val dataReg = Reg(gen)

when (fullReg) {
when (io.deq.ready) {
fullReg := false.B
}
} .otherwise {
when (io.enq.valid) {

fullReg := true.B
dataReg := io.enq.bits
}
3
io.enqg.ready := !fullReg
io.deq.valid := fullReg
io.deq.bits := dataReg

}

private val buffers = Array.fill(depth) { Module(new
Buffer()) 1}
for (i <- O until depth - 1) {
buffers(i + 1).io.enq <> buffers(i).io.deq

}

io.enqg <> buffers(0).io.enqg
io.deq <> buffers(depth - 1).io.deq

Listing 11.9: FIFO bubble véi giao tiép s&n-sang-hgp-1¢.
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}

val shadowReg = Reg(gen)

switch(stateReg) {
is (empty) {
when (io.eng.valid) {
stateReg := one
dataReg := io.enq.bits
}
b
is (one) {
when (io.deq.ready && !io.enq.valid) {

stateReg := empty

}

when (io.deq.ready && io.enq.valid) {
stateReg := one
dataReg := io.enq.bits

}

when (!io.deq.ready && io.enq.valid) {
stateReg := two
shadowReg := io.enqg.bits

3

}
is (two) {
when (io.deq.ready) {

dataReg := shadowReg
stateReg := one
3
b

}
io.enqg.ready := (stateReg === empty || stateReg === one)
io.deqg.valid := (stateReg === one || stateReg === two)
io.deqg.bits := dataReg

private val buffers = Array.fill((depth+1)/2) { Module(new

DoubleBuffer(gen)) }

for (i <- ® until (depth+1)/2 - 1) {

}

buffers(i + 1).io.enq <> buffers(i).io.deq
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io.enq <> buffers(0).io.enq
io.deq <> buffers((depth+1)/2 - 1).io.deq
b

Listing 11.10: FIFO véi cac thanh phan bd dém kép.

Listing 11.10 biéu dién bd dém kép. Mdi thanh phan bd dém c6 thé luu trii hai 16i vao,
chiing ta chi cAn mot nifa thanh phan bd dém (depth/2). DoubleBuffer chia hai thanh
ghi, dataReg va shadowReg. Ngudi tiéu dung luén dugc phuc vu tif shadowReg. Bo dém
kép c6 ba trang thai: empty, one, va two, bao hiéu miic 1ip day ctia bd dém kép. Bo dém
ready dé chip nhan dit liéu méi khi n6 & trang thdi empty hoic one. Dif liéu hop 1é khi
nd § trang thai one hodc two.

Néu chiing ta chay FIFO & téc do toi da va ngudi tiéu dung ludn ready thi trang thai
&n dinh ctia bd dém kép 12 one. Chi khi ngudi tiéu ding hiiy x4c nhan ready, hang doi
sé 1ip day va bo dém nhap trang thai two. Tuy nhién, so v6i FIFO bubble don, viéc khdi
dong lai hang dgi chi mét mot nita sé chu ky xung clock cho cling dung lugng bd dém.
Tuong tu, do tré ctia FIFO bubble giam xuéng mot nia.

11.3.4 FIFO v@i b6 nho thanh ghi

Khi céc ban c6 nén tang tit ky thuat phan mém, cic ban c6 thé tu hdi rang ching ta da
xdy dung hang dgi phan cing tif nhiéu phan ti b dém nho riéng 18, tit ca déu thuc thi
song song va bt tay véi cac phan ti ludng 1én (upstream) va ludng xubng (downstream).
Déi véi cac ving dém nho, day c6 18 1a cach thuc hién hiéu qué nhét.

Hang ddi trong phin mém thudng dudc st dung bdi mot ma tuan ty trong mot ludng
duy nhéat. Hoic nhu mot hang doi d€ tich nha san xuit va ngudi tiéu dung. Trong cai
dit nay, hang dgi FIFO c6 kich thude cb dinh thuong dudc thuc hién dusi dang bo dém
vong. Hai con tro trd vao vi tri doc va ghi trong tap bd nhé riéng cho hang dgi. Khi cac
con trd dén cudi bo nhd, con trd dudc dit trd lai diém bét dau cia bd nhd d6. Su khic
biét gitta hai con trd 12 s6 phan tii trong hang dgi. Khi hai con tré tré dén cling mot dia
chi, hang dgi trong hoiic diy. D€ phan biét giita trong va day, ching ta can mot c& khac.

Chiing ta cling c6 thé thuc hién hang dgi FIFO dua trén bd nhé trén phan cing. Dbi
v6i cdc hang dgi nhd, ching ta ¢ thé sit dung tip tin thanh ghi (tic 1a Reg(Vec())).
Listing 11.11 biéu dién mot hang doi FIFO dudc thuc hién v6i bo nhé va céac con trd doc
va ghi.

class RegFifo[T <: Data](gen: T, depth: Int) extends Fifo(gen:
T, depth: Int) {

def counter(depth: Int, incr: Bool): (UInt, UInt) = {
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val cntReg = RegInit(0.U(log2Ceil(depth).W))
val nextVal = Mux(cntReg === (depth-1).U, 0.U, cntReg + 1.0)
when (incr) {
cntReg := nextVal
}
(cntReg, nextVal)
}

// the register based memory
val memReg = Reg(Vec(depth, gen))

val incrRead = WireDefault(false.B)

val incrWrite = WireDefault(false.B)

val (readPtr, nextRead) = counter(depth, incrRead)
val (writePtr, nextWrite) = counter(depth, incrWrite)

val emptyReg = RegInit(true.B)
val fullReg = RegInit(false.B)

when (io.enqg.valid && !'fullReg) {

memReg(writePtr) := io.enq.bits
emptyReg := false.B

fullReg := nextWrite === readPtr
incrWirite := true.B

}

when (io.deq.ready && !emptyReg) {
fullReg := false.B

emptyReg := nextRead === writePtr
incrRead := true.B
}
io.deq.bits := memReg(readPtr)
io.enqg.ready := !fullReg
io.deqg.valid := !emptyReg

Listing 11.11: FIFO v&i bd nhé dya trén thanh ghi.

Vi ¢6 hai con tré hoat dong giéng nhau, gia tri dudc ting 1én trén mot hoat dong va
dugc bao quanh & cubi bd dém, nén chiing ta dinh nghia mot him counter thuc hién cic
mach dém géi d6. V6i 1log2Ceil(depth) . W, ching ta tinh toan d6 dai bit ctia mach dém.
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Gia trj tiép theo dudgc ting I1én 1 hodc bao quanh 0. Mach dém chi dugc ting 1én khi ngd
vao incr la true.B.

Hon nifa, vi chiing ta ciing can gia tri tiép theo c6 thé c6 (ting 1én hoic quanh 0), nén
chiing ta ciing tra vé gi4 tri ndy tif ham counter. Trong Scala, chiing ta c6 thé tra vé cai
20i 12 bo gid tri, don gidn 12 mot ving chida d€ gilt nhiéu hon mot gia tri. Cd phap dé
tao mot bo gia tri nhu vy chi don gian 1a géi cac gia tri dudc phan tich bang diu phay
trong d4u ngoic don:

val t = (vl1, v2)

Chiing ta c6 thé gidi cAu triic mot bd nhu vay bang cach st dung ky hiéu ddu ngoic don
& phia bén trdi cia phép gan:

val (x1, x2) =t

Déi v6i bo nhd, ching ta st dung mot thanh ghi véc-to (Reg(Vec(depth, gen)) clia
ki€u di liéu Chisel gen. Chiing ta dinh nghia hai tin hiéu d€ ting con trd doc va ghi, va
tao ra cac con trd doc va ghi bang ham counter. Khi ca hai con trd bing nhau, ving
dém tréng hodc day. Chiing ta dinh nghia hai cd cho khai niém trong va day.

Khi nha san xuét xc nhan valid va FIFO khong diy, chiing ta: (1) ghi vao bo dém,
(2) ddm bao blankReg bi hiiy xdc nhan, (3) danh diu by dém day néu con tré ghi bt kip
véi con tré doc trong chu ky xung clock tiép theo (so sanh con tré doc hién tai véi con
tré ghi tiép theo) va (4) bao hiéu mach dém ghi ting lén.

Khi ngudi tiéu diing ready va FIFO khong trdng, chiing ta: (1) ddm bao riang fullReg
bi hity xdc nhan, (2) danh ddu bo dém tréng néu con tré doc bat kip véi con trd ghi trong
chu ky xung clock tiép theo va (3) bdo hiéu cho mach dém doc ting Ién.

Ngb ra ctia FIFO 1a phan tif bo nhd tai dia chi con trd doc. Cac ¢ sin sang va hop 1&
chi don gian 1a bat ngudn tir céc cd diy va trong.

11.3.5 FIFO v@i bo nhd trén chip

Phién ban cubi ciing ctia FIFO st dung céc tip tin thanh ghi d€ biéu dién bo nhé, day 1a
mot gidi phap tot cho mot FIFO nho. Véi FIFO 16n hon, tét hon 1a st dung bo nhé trén
chip. Listing 11.12 biéu dién mot FIFO st dung bo nhé dong bo dé luu tri.

class MemFifo[T <: Data](gen: T, depth: Int) extends Fifo(gen:
T, depth: Int) {

def counter(depth: Int, incr: Bool): (UInt, UInt) = {

val cntReg = RegInit(0.U(log2Ceil (depth).W))
val nextVal = Mux(cntReg === (depth-1).U, 0.U, cntReg + 1.U)

140 Nb6i dung



11.3 CAc BIEN THE THIET KE FIFO

when (incr) {
cntReg := nextVal
}
(cntReg, nextVal)
}

val mem = SyncReadMem(depth, gen)

val incrRead = WireDefault(false.B)

val incrWrite = WireDefault(false.B)

val (readPtr, nextRead) = counter(depth, incrRead)
val (writePtr, nextWrite) = counter(depth, incrWrite)

val emptyReg = RegInit(true.B)
val fullReg = RegInit(false.B)

val idle :: valid :: full :: Nil = Enum(3)
val stateReg = RegInit(idle)
val shadowReg = Reg(gen)

when (io.enqg.valid && !'fullReg) {
mem.write(writePtr, io.enqg.bits)

emptyReg := false.B
fullReg := nextWrite === readPtr
incrWirite := true.B

3
val data = mem.read(readPtr)
// Handling of the one cycle memory latency

// with an additional output register
switch(stateReg) {

is(idle) {
when (!emptyReg) {
stateReg := valid
fullReg := false.B
emptyReg := nextRead === writePtr
incrRead := true.B
b
}

is(valid) {
when(io.deq.ready) {
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when (! emptyReg) {

stateReg := valid
fullReg := false.B
emptyReg := nextRead === writePtr
incrRead := true.B
} otherwise {
stateReg := idle
}

} otherwise {
shadowReg := data
stateReg := full

}

3
is(full) {

when(io.deq.ready) {
when (! emptyReg) {

stateReg := valid
fullReg := false.B
emptyReg := nextRead === writePtr
incrRead := true.B
} otherwise {
stateReg := idle
}
}
}
}
io.deq.bits := Mux(stateReg === valid, data, shadowReg)
io.enqg.ready := !fullReg
io.deq.valid := stateReg === valid || stateReg === full

Listing 11.12: FIFO v6i bd nhd trén chip.

Viéc xt 1y con tré doc va ghi gibng nhu FIFO bo nhé thanh ghi. Tuy nhién, mot b
nhé trén chip ddng bo dua ra két qua clia viéc doc trong chu ky xung clock tiép theo, noi
viéc doc tap tin thanh ghi ¢6 sin trong cling chu k¥ xung clock.

Do d6, chiing ta can mot s6 FSM bd sung va mot thanh ghi bubble dé xit ly do tré nay.
Chiing ta doc bd nhé ra va cung clp gid tri ctia du hang dgi cho cdng ngd ra. Néu gid
tri d6 khong dugc sit dung, ching ta can luu trit né trong thanh ghi bubble shadowReg
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class CombFifo[T <: Data](gen: T, depth: Int) extends Fifo(gen:
T, depth: Int) {

val memFifo = Module(new MemFifo(gen, depth))

val bufferFIFO = Module(new DoubleBufferFifo(gen, 2))
io.enq <> memFifo.io.enq

memFifo.io.deq <> bufferFIFO.io.enq
bufferFIFO.io.deq <> io.deq

Listing 11.13: Két hop bo nhé dua trén FIFO véi tAng bo dém kép.

trong khi doc gid tri tiép theo tif bd nhé. My trang thii bao gdm ba trang thai dé biéu
dién: (1) FIFO tréng, (2) dit liéu hop 1é dudc doc ra tit bd nhd va (3) dau hang dgi trong
thanh ghi bubble va dii liéu hop 1& (phan ti tiép theo) tit bd nhd.

FIFO dua trén bo nhé c6 thé gili mot cach hiéu qué luong dit liéu 16n hon trong hang
doi va c6 do tré giam nhanh. Trong thiét ké cubi cling, ngd ra ctia FIFO c6 thé dén truc
tiép tir viéc doc bd nhd. Néu duong dan dit liéu nay nam trong dudng din gidi han cia
thiét ké, chiing ta c6 thé dé dang thuc hién ky thuat dudng 6ng thiét ké ctia minh bang
cich két hop hai FIFO. Listing 11.13 biéu dién mét sy két hop nhu vay. O ngo ra ciia
FIFO dua trén bo nhd, chiing ta thém mot FIFO bo dém kép mot tang dé tach dudng doc
b6 nhé khoi ngd ra.

11.4 Bai tap

Phan bai tap nay dai hon mot chut vi né bao gdm hai bai tap: (1) kham pha FIFO bubble
va thuc hién mot thiét ké FIFO khdc; va (2) khdm pha UART va mé rong né. Ma ngudn
cho cd hai bai tip dugc chita trong kho luu trit chisel-examples.

11.4.1 Kham pha FIFO Bubble

Ngudn FIFO ciing bao gdm mat trinh kiém tra kich hoat hanh vi doc va ghi khac nhau va
tao ra mot dang séng & dang VCD (Value Change Dump). Tap tin VCD c6 thé dudc xem
bdi mot chuong trinh xem dang séng, chang han nhu GTKWave. Kham pha FifoTester
trong kho luu trit FifoTester. Kho luu trit chifa tip tin Makefile dé chay cac vi du, véi vi
du FIFO, chi can gb:

$ make fifo
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Lénh make ndy sé bién dich FIFO, chay kiém tra va khéi dong GTKWave dé xem dang
séng. Kham pha trinh kiém tra va dang séng da dudc tao ra.

Trong cdc chu ky dau tién, trinh ki€m tra viét mot tif don. Ching ta c6 thé quan st
dusi dang séng 1am thé nao mdt word dudc tha ndi (bubble) qua FIFO, do d6 c6 tén 1a
FIFO bubble. Viéc tha ndi nay ciing c6 nghia 1a do tré ctia mot word dif liéu qua FIFO
bing véi d6 siu ctia FIFO.

Bai kiém tra tiép theo 14p dit liéu vao FIFO dén khi n6 diy. Sau d6 1a tién hanh doc
don. Luu y cich cac word tréng bubble tif phia bén doc ctia FIFO sang phia bén ghi. Khi
FIFO bubble day, né sé& 1y do tré ctia do sau bd dém dé doc 1am anh hudng dén phia
bén ghi.

Phan cubi ctia bai kiém tra chita mot vong lip nhim nd luc ghi va doc & tée do t6i da.
Chiing ta c6 thé thiy FIFO bubble chay & bing thong t6i da, 12 hai chu ky ddng hd cho
mbi word. TAng dém luon ddi trang thai gitta trong va diy cho mot 1an chuyén mot word
don.

FIFO bubble don gian va dbi v6i cac bd dém nhd c6 yéu cau tai nguyén thip. Han ché
chinh ctia FIFO bubble # tang la: (1) thong lugng t6i da 1a mdt word sau mdi hai chu ky
xung clock, (2) mot word dit liéu phai di chuyén n chu ky xung clock tir cudi bén ghi
dén dau bén doc, va (3) FIFO day di can n chu ky xung clock dé khéi dong lai.

Nhitng han ché nay c6 thé dugc giai quyét bang cach thuc hién FIFO véi bo dém
vong. B6 dém vong c6 thé dugc thuc hién véi mot bd nhé va cac con trd doc va ghi.
Thuc hién mot FIFO dudi dang bd dém vong c6 bdn phan ti, st dung cting mot giao
tiép va kham pha cac hanh vi khac nhau véi trinh kiém tra. V6i thuc hién ban dau ctia viéc
sit dung bd dém vong, nhu mot 16i tit, ding mot véc-td clia cac thanh ghi (Reg(Vec (4,
UInt(size.W)))).

11.4.2 UART

V6i vi du UART, c4c ban can mot bo mach FPGA c6 cong ndi tiép va cdng nbi tiép cho
may tlnh clia ban (thudng qua két ndi USB). Két nbi cdp nbi tiép giita bo mach FPGA va
cong ndi tiép trén mdy tinh clia cac ban. Chay chuong trinh terminal, vi du: Hyperterm
trén Windows hoac gtkterm trén Linux:

§ gtkterm &

CAu hinh c6ng d€ st dung ding thiét bi, véi UART USB, cdng nay thudng 12 /dev/ttyUSB.
Dit tde do baud 14 115200 va khong c6 bit chin 1é (parity) hodc didu khién ludng (bat
tay). V6i 1énh sau, cac ban c6 thé tao ma Verilog cho UART:

$ make uart
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Sau d6, st dung cong cu tdng hgp mach dé tong hop thiét ké. Kho luu trit chita mot
du 4n Quartus cho bo mach DE2-115 FPGA. Véi Quartus, st dung niit Play dé téng hop
thiét ké va sau d6 cAu hinh FPGA. Sau khi c4u hinh, cic ban sé thly mot thong bdo chiic
mung thanh cong trong terminal.

M3 rong vi du vé dén LED nhép nhdy biang UART, va ghi 0 va 1 vao dong ndi tiép
khi den LED tit va bat. St dung BufferedTx, nhu trong vi du Sender.

V6i ngd ra chim cda cdc ky tu (hai ky tu mdi gidy), cdc ban c6 thé ghi dit lidu vao
thanh ghi truyén UART va c6 thé bd qua bat tay doc/hdp 1&. M rong vi du bang cach
viét cdc sb ldp lai tir 0-9 nhanh nhu tdc do baud cho phép. Trong trudng hop nay, cic
ban phéi md rong may trang thai clia minh dé€ thim do trang thai UART dé ki€m tra xem
bd dém truyén c6 tréng hay khong.

Ma code vi du chi chita mot bd dém don cho Tx. Vui long thém FIFO ma cac ban da
thuc hién dé€ thém bd dém cho bd phat va bd thu.

11.4.3 Kham pha FIFO

Viét mot FIFO don gian v6i 4 phan ti bd dém trong céc thanh ghi chuyén dung. Sit dung
cdc mach dém doc va ghi 2-bit, ¢6 thé chi 1am tran. D€ don gian héa hon nita, hay xem
xét tinh hudng khi cic con trd doc va ghi bang véi FIFO trong. Piéu nay c6 nghia la cic
ban c¢6 thé luu trit t6i da 3 phan td. Viéc don gidn héa nay sé tranh dung ham mach dém
trong vi du & Listing 11.11 va x{ ly trang thdi tréng hodc day vé6i cling gid tri con tré.
Chiing ta khong can ¢ bdo tréng hoic cd bao dy, vi diéu nay c6 thé dudc din xuit tir
cdc gia tri con trd mdt minh. Thiét ké nay don gian hon bao nhiéu?

Cic thiét k& FIFO khac nhau da dudc trinh bay c6 su can bang thiét ké khic nhau
lién quan dén céc thudc tinh sau: (1) thong lugng tdi da, (2) gidm do tré, (3) yéu ciu
tai nguyén va (4) tan s6 xung clock cuc dai. Kham ph4 tit ca cic bién thé FIFO & cic
kich thudc khac nhau bang cich tdng hop chiing cho mot FPGA; ma ngudn c6 sin tai
chisel-examples. Pau 1a dic diém cia cac FIFO c6 4-word, 16-word va 256-word?
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12 Thiét ke bo x{r ly

La mot trong nhitng chuong cudi ctia cudn sich nay, ching toi trinh bay mot du 4n ¢
trung binh: thiét ké, mo phéng va kiém tra mot bo vi xii ly. D€ quan 1y du 4n niy, chiing
ta thiét k& mot bo tich liy don gian. Bo xi 1y c¢6 tén 1a Leros [8] va c6 sin & dang ma
ngudn md tai https://github.com/leros-dev/leros. Ching t6i mudn dé cap day
12 mot vi du nang cao va can c6 mot sd kién thiic vé kién tric may tinh d€ lam theo céc
vi du ma code da trinh bay.

Leros dudc thiét ké don gian, nhung van 12 muc tiéu tdt cho trinh bién dich C. M6 ta
clia tip 1énh nam gon trong mot trang, xem Bang 12.1. Trong bang d6 A biéu dién cho
bd tich liy, PC 12 bd dém chuong trinh, i 1a gid tri tic thoi (0 dén 255), thanh ghi Rn (véi
n tif 0 dén 255), o 1a d6 1éch nhanh tuong ddi so v6i PC va thanh ghi dia chi AR d€ truy
cap bo nhd.

12.1 Bat dau véi ALU

Thanh phan trung tim ctia mot bd xit ly 1a don vi logic s6 hoc, hay ghi tat 1a ALU (Arith-
metic Logic Unit). Vi vy, chiing ta bat dAu véi viéc lap trinh cho ALU va testbench. Pau
tién, chiing ta dinh nghia Enum dé biéu dién cic phép todn khic nhau ctia ALU:

object Types {
val nop :: add :: sub :: and :: or :: xor :: 1ld :: shr :: Nil
= Enum(8)
3

Mot ALU ludn c¢6 hai todn hang ngd vao (goi 1a a va b), ngd vao op (hoidc opcode) dé
chon chiic nang (phép toan) va mot ngd ra y. Listing 12.1 trinh bay mot ALU.

Pau tién chiing ta dinh nghia tén ngin hon cho ba ngd vao. Cau lénh switch dinh
nghia logic dé€ tinh todn res. Vi vdy, né dudc gan mic dinh 1a 0. Cau 1énh switch liét ké
tit ca cdc phép toan va gan biéu thiic cho phii hgp. Tét ca cac hoat dong dnh xa truc tiép
dén mot biéu thic Chisel. Cudi ciing, chiing ta gan két qua res cho ngd ra y ctia ALU.

D€ kiém tra, chiing ta viét ham ALU & dang Scala don gian, nhu trinh bay trong
Listing 12.2.
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Ma 1énh Chuc nang Mo ta

add A=A+Rn Cong thanh ghi Rn va A

addi A=A+i Cong gia tri tic thdiiva A

sub A=A-Rn Tru thanh ghi Rn v6i A

subi A=A-i Trur gid tri tc thoi i v6i A

shr A=A>>>1 Dich phai (logic) A

load A =Rn Nap thanh ghi Rn vao A

loadi A=i Nap gié tri tic thdi i vao A

and A=A and Rn AND thanh ghi Rn v6i A

andi A=Aandi AND gia tri tifc thdi i véi A

or A=AorRn OR thanh ghi Rn v6i A

ori A=Aori OR gia tri tuc thoi i v6i A

XOr A=A xorRn XOR thanh ghi Rn v6i A

xori A=Axori XOR gia tri tic thoi i v6i A
loadhi Ajs_g=1 Nap tic thoi vao byte thit hai
loadh2i Axz_16=1 Nap tuc thdi vao byte thi ba
loadh3i Azj_og =1 Nap tiic thoi vao byte thi tu
store Rn=A Luu A vao thanh ghi Rn

jal PC=A,Rn=PC+2 Nhéy t6i A va luu dia chi tra vé trong Rn
ldaddr AR=A Nap thanh ghi dia chi AR véi A
loadind A =mem[AR+(i << 2)] Nap mot word tif bd nhé vao A
loadindbu A = mem[AR+i]7_o Nap mdt byte khong diu tif bd nhé vao A
storeind mem[AR+({1 << 2)]=A Luu A vao bd nhé

storeindb  mem[AR+i]7;_g= A Luu mot byte vao bd nhé

br PC=PC+o0

brz if A==0PC=PC+o0
brnz if Al=0PC=PC+o0

brp ifA>=0PC=PC+o
brn if A<OPC=PC+o

scall scall A

Ré nhanh

Ré nhanh néu A bing zero

Ré nhanh néu A khéc zero

Ré nhanh néu A la s6 duong
Ré nhanh néu A 12 s6 4m

Goi hé théng (simulation hook)

Bang 12.1: Tap 1énh cua Leros.
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class Alu(size: Int) extends Module {
val io = IO0O(new Bundle {
val op = Input(UInt(3.W))
val a = Input(SInt(size.W))
val b = Input(SInt(size.W))
val y = Output(SInt(size.W))
b

val op = io.op

val a = io.a

val b = io.b

val res = WireDefault(®.S(size.W))

switch(op) {

is(add) {
res := a + b
}
is(sub) {
res := a - b
}
is(and) {
res := a &b
}
is(Cor) {
res :=a | b
}
is(xor) {
res := a * b
}
is (shr) {
// the following does NOT result in an unsigned shift
// res := (a.asUInt >> 1).asSInt
// work around
res := (a >> 1) & Ox7fffffff.S
}
is(ld) {
res := b
}
}
io.y := res

Listing 12.1: ALU cta Leros.
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def alu(a: Int, b: Int, op: Int): Int = {

op match {

case 1 => a + b

case 2 =>a - b

case 3 => a & b

case 4 =>a | b

case 5 =>a * b

case 6 => b

case 7 => a >>> 1

case _ => -123 // This shall not happen

Listing 12.2: Ham ALU Leros dudc viét bing Scala.

Di1 ban sao phan ciing nay, dudc viét bang Chisel bdi mot trién khai Scala, khong phat
hién ra 16i trong dic td; nhung it nhat mot sé kiém tra diing dan can thuc hién. Ching ta
st dung mot s6 gia tri géc 1am véc-to kiém tra (test vector):

// Some interesting corner cases
val interesting = Array(l, 2, 4, 123, 0, -1, -2, 0x80000000,
Ox7fffffff)

Chiing ta ki€m tra tit ca céc chifc ning véi cdc gid tri & ¢4 hai ngd vao:

def test(values: Seq[Int]) = {
for (fun <- add to shr) {
for (a <- values) {
for (b <- values) {

poke(dut.io.op, fun)
poke(dut.io.a, a)
poke(dut.io.b, b)
step (1)
expect(dut.io.y, alu(a, b, fun.toInt))
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Viéc khong thé kiém tra toan bd, day di dbi v6i cac dbi s6 32-bit 1a 1y do chiing toi chon
mot sb trudng hop gid tri géc 1am gid tri ngd vao. Bén canh viéc kiém tra cic trudng hop
gdc, viéc kiém tra cdc ngd vao ngiu nhién ciing rt hitu ich:

val randArgs = Seq.fill(100) (scala.util.Random.nextInt)
test (randArgs)

Céc ban c6 thé chay cic bai kiém tra trong du 4n Leros véi 1énh:
$ sbt "test:runMain leros.AluTester"
va sé tao ra mot thong bao thanh cong tuong ty nhu sau:

[info] [0.001] SEED 1544507337402

test Alu Success: 70567 tests passed in 70572 cycles taking
3.845715 seconds

[info] [3.825] RAN 70567 CYCLES PASSED

12.2 Giai ma lénh

Tir ALU, ching ta lam ngudc lai va thuc hién bd giai ma 1énh. Tuy nhién, dau tién, ching
ta dinh nghia ma héa 1énh trong 16p Scala ciia riéng né va géi chia sé. Chiing ta mudn
chia sé c4c hing s6 ma hoa giita viéc trién khai phan ciing ctia Leros, mot trinh hgp dich
cho Leros va mot trinh m6 phong tip 1€nh cla Leros.

package leros.shared {

object Constants {
val NOP = 0x00
val ADD = 0x08
val ADDI = 0x09
val SUB = 0x0c
val SUBI = 0x0d
val SHR = 0x10
val LD = 0x20
val LDI 0x21
val AND 0x22
val ANDI = 0x23
val OR = 0x24
val ORI = 0x25
val XOR = 0x26
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val XORI 0x27
val LDHI = 0x29
val LDH2I = 0x2a
val LDH3I = 0x2b
val ST = 0x30

//

Déi vé6i thanh phan giai ma, ching ta dinh nghia mot Bundle cho ngd ra, sau nay dudc
dua mot phan vao ALU.

class DecodeOut extends Bundle {
val ena = Bool()
val func = UInt(Q)
val exit = Bool()

}

Giai mi lay ngd vao 1a ma 1énh 8-bit va chuyén cic tin hidu da giai ma dudi dang ngd
ra. C4c tin hiéu diéu khién d6 dugc gan mot gid tri mic dinh v6i WireDefault.

class Decode() extends Module {
val io = IO(new Bundle {
val din = Input(UInt(8.W))
val dout = Output(new DecodeOut)
b

val f = WireDefault (nop)
val imm = WireDefault(false.B)
val ena = WireDefault(false.B)

io.dout.exit := false.B

Ban than viéc giai ma chi 1 ding cti phap switch trén mot phan ctia 1énh nhim biéu dién
ma lénh (trong Leros, hau hét cc 1énh 1a 8-bit trén.)

switch(io.din) {

is(ADD.U) {
f := add
ena := true.B
}
is(ADDI.U) {
f := add
imm := true.B
ena := true.B
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}
is(SUB.U) {
f := sub
ena := true.B
}
is(SUBI.U) {
f := sub
imm := true.B
ena := true.B
}
is(SHR.U) {
f := shr
ena := true.B
}
//

12.3 Lénh hop ngw

D& viét chuong trinh cho Leros, chiing ta cAn mot trinh hop dich. Tuy nhién, déi véi thi
nghiém dau tién, chiing ta c6 thé viét ma cing mot vai 1énh va dit ching vio mot mang
Scala, mang ma chiing ta st dung dé khéi tao bd nhé 1énh.

val prog = Array[Int](
0x0903, // addi 0x3
0x09ff, // -1
0x0d02, // subi 2
0x21lab, // 1di Oxab
0x230f, // and 0x0f
0x25c3, // or 0xc3
0x0000

)

def getProgramFix() = prog

Tuy nhién, day 12 mot céch tiép can rat kém hiéu qua dé kiém tra mot bo xi ly. Viét mot
trinh hop dich v6i ngdn ngit bi€u dién nhu Scala khong phéi 1a mot du 4n 16n. Do dé,
chiing ta viét mot trinh hgp ngit don gian cho Leros, ¢6 thé trong khoang 100 dong ma.
Chiing ta dinh nghia mot ham getProgram goi trinh hop dich. D6i véi cic diém dich ré
nhanh, ching ta cAn mot bang ky hiéu, bing nay chiing ta thu thap trong mot Map. Mot
trinh hop dich & dién chay hai 1an: (1) thu thap cac gid tri cho bang ky hiéu va (2) rap
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chuong trinh vé6i cic ky hiéu dudc thu thap trong 1an chay dau tién. Do d6, chiing ta goi
ham assemble hai 1n véi mot tham s6 dé cho biét d6 1a 1an chay nao.

def getProgram(prog: String) = {
assemble (prog)

}

// collect destination addresses in first pass
val symbols = collection.mutable.Map[String, Int](Q)

def assemble(prog: String): Array[Int] = {
assemble(prog, false)
assemble (prog, true)

}

Ham assemble bat dau véi viéc doc trong tip tin ngudn' va dinh nghia hai ham trg
gitip d€ phén tich cii phap hai toan hang c6 thé gdm: (1) mot hing s6 nguyén (cho phép
ky hiéu thap phan hoic thap luc phan) va (2) d€ doc s6 thanh ghi.

def assemble(prog: String, pass2: Boolean): Array[Int] = {

val source = Source.fromFile(prog)
var program = List[Int]()
var pc = 0

def toInt(s: String): Int = {
if (s.startsWith("0x")) {
Integer.parselInt(s.substring(2), 16)
} else {
Integer.parselnt(s)
}
}

def regNumber(s: String): Int = {
assert(s.startsWith("r"), "Register numbers shall start
with \'r\’")
s.substring (1) .toInt
3

Listing 12.3 trinh bay 13i cda trinh hgp dich cho Leros. Bi€u thiic matchtrong Scala

"Ham nay khong thuc su doc tap tin ngudn, nhung dbi véi cude thao luin nay, ching ta cé thé coi né 1a ham
doc.
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bao ham 16i ciia ham hgp nga.

12.4 Bai tap

Bai tap nay thudc mot trong nhitng chuong cubi cling & dang rit tu do. Cac ban da két
thiic chuyén tham quan hoc hdi ctia minh thong qua Chisel va sn sang gidi quyét cic
vén dé thiét ké ma ban thiy hing thi.

Mot tity chon la doc lai chuong nay va doc cuing véi tit ca ma nguodn trong kho luu
trit Leros, chay cac truong hdp kiém tra, voc v6i mé code bing cach ngiing né va thiy
rang cdc bai kiém tra khong chay.

Mot tity chon khéc 1a viét chuong trinh thuc hién Leros clia cdc ban. Viéc thuc hién
trong kho Iuu trit chi 12 mdt phuong 4n t6 chiic dudng dng kha di. Cac ban c6 thé viét
mot phién ban md phong Chisel ctia Leros chi v6i mot ting dudng 6ng duy nhit, hoic
Leros siéu duong 6ng dé c6 tan suit xung clock cao nhét c6 thé.

Tuy chon thi ba 1a thiét ké bo xit 1y cdia cac ban ngay tit dau. C6 thé phan trinh dién
vé cach xdy dung bo xit 1y Leros va cdc cong cu can thiét da thuyét phuc cic ban ring
thiét k& va thuc hién bd x{ 1y khong phai 1 trd 4o thuat, ma 1 k§ thuat c6 thé mang lai
nhiéu sy hing thu.
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for (line <- source.getLines()) {
if (!pass2) println(line)
val tokens = line.trim.split(" ")
val Pattern = "(.*:)".r
val instr = tokens(®) match {
case "//" => // comment
case Pattern(l) => if (!pass2) symbols +=
(l.substring(®, l.length - 1) -> pc)
case "add" => (ADD << 8) + regNumber (tokens (1))
case "sub" => (SUB << 8) + regNumber (tokens (1))
case "and" => (AND << 8) + regNumber (tokens (1))
case "or" => (OR << 8) + regNumber(tokens(1l))
case "xor" => (XOR << 8) + regNumber (tokens (1))
case "load" => (LD << 8) + regNumber (tokens (1))
case "addi" => (ADDI << 8) + toInt(tokens(l))
case "subi" => (SUBI << 8) + toInt(tokens(l))
case "andi" => (ANDI << 8) + toInt(tokens(1l))
case "ori" => (ORI << 8) + toInt(tokens(1l))
case "xori" => (XORI << 8) + toInt(tokens(l))
case "shr" => (SHR << 8)
case "loadi" => (LDI << 8) + toInt(tokens(l))
case "loadhi" => (LDHI << 8) + toInt(tokens(1l))
case "loadh2i"™ => (LDH2I << 8) + toInt(tokens(1l))
case "loadh3i" => (LDH3I << 8) + toInt(tokens(l))
case "store" => (ST << 8) + regNumber(tokens (1))
case "ldaddr" => (LDADDR << 8)
case "ldind" => (LDIND << 8) + toInt(tokens(l))
case "ldindbu" => (LDINDBU << 8) + toInt(tokens(1l))
case "stind" => (STIND << 8) + toInt(tokens (1))
case "stindb" => (STINDB << 8) + toInt(tokens(l))
case "br" => (BR << 8) + (if (pass2) symbols(tokens (1))
else 0)
case "brz" => (BRZ << 8) + (if (pass2)
symbols (tokens (1)) else 0)
case "brnz" => (BRNZ << 8) + (if (pass2)
symbols (tokens (1)) else 0)
case "brp" => (BRP << 8) + (if (pass2)
symbols (tokens (1)) else 0)
case "brn" => (BRN << 8) + (if (pass2)
symbols (tokens (1)) else 0)
case "in" => (IN << 8) + toInt(tokens(1l))
case "out" => (OUT << 8) + toInt(tokens(l))
case "scall" => (SCALL << 8) + toInt(tokens(l))

/7

case "" => // println("Empty line")
case t: String => throfi d¥R€Exception("Assembler error:
unknown instruction: " + t)

case => throw new FEFxcention('"As<sembler error")



13 Pong gop cho Chisel

Chisel 1a mot dy an ma nguon mé dang dugc phit trién va cai tién lién tuc. Do d6, céc
ban ciing c6 thé déng gép cho du 4n. O day chiing t6i md ta cach thiét 1ap mdi trudng dé
phat trién thu vién Chisel va cach déng gép cho Chisel.

13.1 Thiét Iap moi trwong phat trién

Chisel bao gdm nhiéu kho chifa khdc nhau; tit ca dugc Iuu triY tai du 4n chip mién phi
trén GitHub.

Phan nhdnh kho luu trit ma céc ban mudn déng gép vao tai khoin GitHub ci nhan
ctia ban. Céc ban c6 thé phan nhanh kho Iuu trit biang cich nhin nit Fork trén giao dién
web GitHub. Sau do, tit phan nhanh d6, hay sao chép phan nhanh cua céc ban trong kho
luu trii!. Trong vi du, chiing ta thay ddi chisel3, va Iénh sao chép cho phan nhanh cuc
bo nhu sau:

$ git clone git@github.com:schoeberl/chisel3.git
P& bién dich Chisel 3 va xuit ban (publish) dudi dang thuc thi thu vién cuc bo:

$ cd chisel3
sbt compile
$ sbt publishLocal

A

Chi y trong khi xut ban, 1énh cuc bd cho chudi phién ban cta thu vién da xuit ban,
chifa chubi SNAPSHOT. Néu céc ban sif dung trinh kiém tra va phién ban da dudc xuit ban
khong tuong thich v6i SNAPSHOT cuia Chisel, hay phan nhanh va sao chép kho chira
chisel-tester va xuét ban né cuc bd.

D€ ki€m tra nhiing thay ddi ctia minh trong Chisel, cic ban c6 thé cling mubn thiét
1ap du 4n Chisel, vi du: bang cach phan nhanh/sao chép mot du 4n Chisel trong, di tén
nd, va xoa thu muc .git khoi nd.

Thay ddi build.sbt dé tham chiéu dén phién ban Chisel dudc xuét ban cuc bo. Hon
nita, tai thoi diém viét bai nay, ngudi ding du ma ngudn Chisel sit dung Scala phién

"Luu ¥ ring dbi v6i mot s thay d6i trong firrtl/Chisel, cac ban ciing cAn phéi phan nhéanh va sao chép firrtl
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13 DONG GOP CHO CHISEL

ban 2.12, nhung Scala 2.12 giip su ¢b véi cac géi an danh. Do d6, cic ban can thém tly
chon Scala sau: "- Xsource: 2.11".build.sbt sé€ trong tuong ty nhu sau:

scalaVersion := "2.12.6"
scalacOptions := Seq("-Xsource:2.11")

resolvers ++= Seq(
Resolver.sonatypeRepo("snapshots"),
Resolver.sonatypeRepo("releases")

)

libraryDependencies +=

"edu.berkeley.cs" %% "chisel3" % "3.2-SNAPSHOT"
libraryDependencies +=

"edu.berkeley.cs" %% "chisel-iotesters" % "1.3-SNAPSHOT"

Bién dich ting dung kiém tra Chisel ctia c4c ban v xem xét k§ néu né chon phién ban
dugc xuit ban cuc bo cia thu vién Chisel hay khong (ciing c¢6 phién ban SNAPSHOT
dugc xuét ban, vi vay, néu phién ban Scala khic biét giita thu vién Chisel va ma tng
dung cia céc ban, thi né chon phién ban SNAPSHOT tit mdy chu thay vi thu vién da
dudc xuit ban cuc bd clia cdc ban.)

Xem thém mdt s6 ghi chii tai kho chita Chisel.

13.2 Kiém tra

Khi cac ban thay ddi thu vién Chisel, cdc ban nén chay cic bai ki€ém tra Chisel. Trong
du an dua trén sbt, né thuong dugc chay véi 1énh sau:

$ sbt test

Hon nita, néu cdc ban thém chifc ning vao, thi cdc ban ciing nén cung cip cic bai
kiém tra cho cac dic diém méi.
13.3 Pong gop vai Pull Request

Trong du 4n Chisel, khong c6 nha phat trién nao cam két déng gop truc tiép dén kho
luu trit chinh. Péng gép dudc t& chiic thong qua pull request (yéu cau kéo vé) tir mot
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13.4 BAITAP

nhanh trong phién ban phan nhanh clia thu vién. DE biét thém thong tin, xem thém tai
lidu trén GitHub tai muc dong gép véi pull requests. Nhém Chisel bat dau viét tai liu
cac nguyén tic déng gop.

13.4 Bai tap

Phat minh mot toan tif méi cho ki€u Ulnt, trién khai n6 trong thu vién Chisel va viét
mot s& ma st dung/kiém tra &€ kham pha todn tii. N6 khong can phai 1a mot toan i hitu
ich; chi can bt cif thif gi sé tdt, vi du: a ? todn tif chuyén cho phia bén trai néu né khac
0, néu ngugc lai 12 bing 0 thi cho phia bén phéi. Nghe giéng nhu mot mach da hgp, phai
khong? Ban can thém bao nhiéu dong ma?>

Don gidn nhu vdy nhung vui 1ong khéng mao hiém phan nhanh dy 4n Chisel va thém
cdc tién ich md rong nho ciia cac ban. Céc thay d6i va mé rong sé dudc phdi hop véi cac
nha phét trién chinh. Bai tap nay chi 12 mot bai tip don gian dé cac ban bat dau.

Néu céc ban tdo bao hon, cdc ban c6 thé chon mét trong cac van dé mé va cd gang
giai quyét né. Sau d6, déng gép biang mdt pull request t6i Chisel. Tuy nhién, c6 1& trudc
tién hiy theo doi phong cach phat trién trong Chisel bang cach theo déi cac kho luu trit
GitHub, xem cach cic thay ddi va cac pull request dugc x 1y trong du 4n ma ngudn mé
Chisel.

2Viéc trién khai nhanh chéng va d& hiéu chi cin hai dong mé Scala.
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14 Tom lwvoc

Cudn sach nay trinh bay nhap mon thiét ké mach s sit dung ngdn ngit xay dung phan
cting Chisel. Chiing ta da thiy mot s6 mach s6 don gian dén ¢d trung binh dugc mo ta
trong Chisel. Chisel dugc nhiing trong Scala va do d6 ké thita tinh triiu tugng manh mé
ctia Scala. Vi cudn sach nay nham muc dich gi6i thiéu, nén ching t6i da gidi han cac vi
du véi céc cach st dung don gidn ctia Scala. Budc hop ly tiép theo 1a tim hiéu mét vai
diéu co ban vé Scala va dp dung chiing vao du 4n Chisel ctia ban.

Téi rat vui khi nhan dudc phan hdi vé cubn sach, toi sé cai thién né hon nita va sé xuét
ban céc 4n ban mdi. Ban c6 thé lién hé véi t6i tai mailto:masca@dtu.dk hodc yéu ciu
vé vAn dé trén hé thdng kho luu trit GitHub. Toi ciing vui vé chip nhan cic yéu cu kéo
vé tif kho Iuu trit sach nham cai tién va stta bt ky 16i nao.

Truy cap nguon tai nguyén

Cudn sich nay c6 sin ¢ dang ma ngudn md. Kho luu trif ciing chifa céc trang trinh bay
vé khoa hoc Chisel va tit ca cac vi du vé& Chisel: https://github.com/schoeberl/
chisel-book

Mot tip hop cic vi du cd vira, hau hét dugc tham khao trong cubn séch, ciing c6
san & dang ma ngudn md. Bo tip hop vi du nay ciing chida céc tap tin dang du 4n
cho cic bo mach FPGA phd bién khac nhau: https://github.com/schoeberl/
chisel-examples
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A Cac dv an Chisel

Chisel khong (chua) dugc st dung trong nhiéu dy an. Do d6, viéc dung ma nguon mé
Chisel d€ hoc ngdn ngit va cach lap trinh 1a rit hiém. O day, ching toi liét ké mot vai du
4n ma chiing t6i biét dang sit dung Chisel va c6 ma ngudn md.

Rocket Chip 1a RISC-V [13] Risc 1a mot bd tao phiic hgp bo xi 1y bao gom vi kién
triic Rocket bd tao két néi TileLink. Ban diu dugc phat trién tai UC Berkeley nhu
1a du 4n Chisel quy mé chip dau tién [1], Rocket Chip hién tai dudc hd trg thucng
mai héa béi SiFive.

Sodor 1a mot tap hop céc trién khai RISC-V danh cho muc dich gido duc. N6 chifa 1,
2,3 va 5 tang dudng ong (pipeline). TAt ¢4 cac bo xit 1y déu sit dung mot bd nhé
viing tam don gian dudc chia sé bing cach nap 1énh, truy cap di lidu va tai chuong
trinh thong qua mot cdng gd 16i. Sodor chi yéu dudc st dung trong mo phong.

Patmos thuc hién bo xtt ly dudc ti uu héa cho céc hé thong thdi gian thuc [10]. Kho
Iuu trit Patmos bao gdm nhiéu kién triic giao tiép da 16i, chang han nhu trinh phan
Xt bo nhé c6 thé du doan thdi gian [7], mang trén chip [9], bd nhé viing tam chia
sé c6 quyén s6 hitu [11]. Vao thai diém viét bai nay, Patmos vin dudc md ta trong
Chisel 2.

FlexPRET 13 mot trién khai ctia kién tric dinh thoi chinh xac [14]. FlexPRET trién
khai tap 1énh RISC-V va da dudc cap nhét 1én Chisel 3.1.

Lipsi 12 mot b xi Iy nhé danh cho céc chic niing tién ich trén hé thdng trén chip (SoC)
[6]. Vi co s& ma ctia Lipsi rat nhd, né c6 thé 1a diém khéi dau dé dang cho viéc
thiét ké bo xt ly trong Chisel. Lipsi ciing trung bay vé niing suét ctia Chisel/Scala.
Toi da méit 14 gio d€ md ta phan cing trong Chisel va chay né trén FPGA, viét
trinh hop dich (assembler) trong Scala, viét trinh mo phong tap I1énh Lipsi trong
Scala d€ dong mo phéng va viét mot vai trusng hop thi nghiém trong trinh hop
dich Lipsi.

OpenSoC Fabric 1a mot trinh tao NoC ma ngudn md dugc viét bang Chisel [5]. Muc
dich nham cung cip mot hé thong trén chip dé kham pha thiét ké quy mo 16n. Ban
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A CAC DU AN CHISEL

than NoC 1a mot thiét ké hién dai v6i dinh tuyén 16 sau, tin dung (credits) dé ki€ém
soat ludng va cic kénh 40. OpenSoC Fabric van dang st dung Chisel 2.

DANA 13 mot bo ting tbc mang nd-ron, tich hop vé6i bd xi Iy RISC-V Rocket diing giao
tiép Rocket Custom Coprocessor (RoCC) [4]. DANA hd trg suy luin va hoc hdi.

Chiselwatt 1a mot trién khai cia POWER Open ISA. N6 bao gdm tap Iénh d€ chay
Micropython.

Néu cic ban biét mot du 4n ngudn mé st dung Chisel, vui long giii cho t6i mot ghi
chii d€ toi c6 thé dua né vao 4n ban clia cudn sich trong tuong lai.
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B Chisel 2

Cubdn sich nay bao gdm phién ban 3 ctia Chisel. Hon nita, Chisel 3 dugc khuyén ding
cho céc thiét ké méi. Tuy nhién, vin con ma code ctia Chisel 2 chua dudc chuyén ddi
sang Chisel 3. C6 san tai liéu vé& cach chuyén ddi tap tin du 4n Chisel 2 thanh Chisel 3:

¢ Chisel2 so vdi Chisel3 va
* Huéng téi Chisel 3

Tuy nhién, cdc ban c6 thé tham gia vao mot du 4n van sit dung Chisel 2, vi du: bd xit
ly Patmos [10]. Vi vay, chiing tdi cung cip & day mot s6 thong tin vé ma Chisel 2 cho
nhitng ngudi da bat dau véi Chisel 3.

DAu tién, tit ca tai liéu vé Chisel 2 di bi x6a khoi cic trang web ctia Chisel. Chiing
toi da 14y lai cdc tai liéu PDF d6 va dua chiing 1én GitHub tai https://github.com/
schoeberl/chisel2-doc. Cic ban c6 thé sit dung hudéng din Chisel 2 bing cach
chuyén sang nhanh Chisel 2:

$ git clone https://github.com/ucb-bar/chisel-tutorial.git
$ cd chisel-tutorial
$ git checkout chisel2

Su khdc biét chinh c6 thé nhin thiy giita Chisel 3 va 2 1a c4c dinh nghia vé hing sb,
céc bundle cho IO, diy din, bd nhé va c6 thé 12 cdc dang dinh nghia thanh ghi cii hon.

O mot mide do nao d6, cac chu triic Chisel 2 ¢6 thé dugc st dung trong di 4n Chisel
3 bing céch st dung 16p tuong thich ding dudi dang goi Chisel thay vi chisel3. Tuy
nhién, viéc st dung 16p tuong thich nay chi nén dugc st dung trong giai doan chuyén
tiép. Do d6, chiing toi khong trinh bay & day.

O day 1a hai vi du v& cdc thanh phan cd béan, gibng nhu da dudc trinh bay cho Chisel
3. M6t mo-dun chita logic t8 hop:

import Chisel._
class Logic extends Module {

val io = new Bundle {
val a = UInt(INPUT, 1)
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B CHISEL 2

val b = UInt(INPUT, 1)

val ¢ = UInt(INPUT, 1)

val out = UInt (OUTPUT, 1)
}

io.out := io.a & io.b | io.c

Luu y riang Bundle cho dinh nghia 10 khéng dudc boc trong 16p 10(). Hon nita, huéng
ctia cic cdng 10 khac nhau dudc dinh nghia nhu 13 mot phan ctia dinh nghia kiéu, trong
vi du nay 12 INPUT va OUTPUT nhu 12 mot phan ctia UInt. D6 rong dugc cho 1a tham s6
thd hai.

Vi du thanh ghi 8-bit trong Chisel 2:

import Chisel._

class Register extends Module {
val io = new Bundle {
val in = UInt (INPUT, 8)
val out = UInt(OUTPUT, 8)

3

val reg = Reg(init = UInt(®, 8))
reg := io.in

io.out := reg

}

O day, cic ban thiy dinh nghia thanh ghi tiéu biéu véi gia tri reset dugc dira vao dudi
kiéu UInt cho tham sb c6 tén init. Dang nay van ding trong Chisel 3, nhung viéc st
dung RegInit va RegNext dudc khuyén dung cho cac thiét ké Chisel 3 méi. Ciing luu y
¢ day 1a dinh nghia hing s6 ctia 0 c6 do rong 8 bit 1a UInt (0, 8).

Kiém tra ma C++ va ma Verilog dua trén Chisel dudc tao ra bang cach goi chiselMainTest
va chiselMain. C4 hai hAim “main” déu liy mot méng String cho cic tham s khéc.

import Chisel._
class LogicTester(c: Logic) extends Tester(c) {
poke(c.io.a, 1)

poke(c.io.b, ®)
poke(c.io.c, 1)
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step (1)
expect(c.io.out, 1)

}

object LogicTester {
def main(args: Array[String]): Unit = {

chiselMainTest (Array("--genHarness", "--test",
"--backend", "c",
"--compile", "--targetDir", "generated"),

() => Module(new Logic())) {
c => new LogicTester(c)

}

import Chisel._

object LogicHardware {
def main(args: Array[String]): Unit = {

chiselMain(Array("--backend", "v"), () => Module(new

Logic()))

B6 nhé véi cic cdng doc va ghi thanh ghi tuan ty dude dinh nghia trong Chisel 2 1a:

val mem = Mem(UInt(width = 8), 256, seqRead = true)

val rdData = mem(Reg(next = rdAddr))
when (wrEna) {
mem(wrAddr) := wrData

}
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C Cac tu vieét tat

C\éc nha thiét ké phan ciing va k§ su mdy tinh thich sit dung cic tir viét tit. Tuy nhién,
can thb,i gian, dé ,lém quen v6i cl}ling. Duéi day 1a danh sach céc thuét ngit phd bién lién
quan den thiét ké mach so va kién tric may tinh.

ADC analog-to-digital converter

ALU arithmetic and logic unit

ASIC application-specific integrated circuit

CFG control flow graph

Chisel constructing hardware in a Scala embedded language

CISC complex instruction set computer

CPI clock cycles per instruction

CRC cyclic redundancy check

DAC digital-to-analog converter

DFF D flip-flop, data flip-flop

DMA direct memory access

DRAM dynamic random access memory

EMC celectromagnetic compatibility

ESD celectrostatic discharge

FF flip-flop

FIFO first-in, first-out

FPGA field-programmable gate array
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C CAC TU VIET TAT

HDL hardware description language

HLS high-level synthesis

IC instruction count

IDE integrated development environment
ILP instruction level parallelism

10 input/output

ISA instruction set architecture

JDK Java development kit

JIT just-Tin-time

JVM Java virtual machine

LC logic cell

LRU least-recently used

MMIO memory-mapped IO

MUX multiplexer

OO object oriented

00O out-of order

OS operating system

RISC reduced instruction set computer
SDRAM synchronous DRAM

SRAM static random access memory
TOS top-of stack

UART universal asynchronous receiver/transmitter
VHDL VHSIC hardware description language
VHSIC very high speed integrated circuit
WCET Worst-Case Execution Time
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Chuyén tiép dif liéu, 68
Chéng doi, 74
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Céc thanh phan ham, 44
CAu tric, 16

Céng, 37

Céng ndi tiép, 126

DecoupledlO, 134
Do canh, 76

elsewhen, 46

FIFO, 123

FIFO bubble, 124
FIFO b6 dém kép, 135
Flip-flop, 51

FSM, 81

FSMD, 98

Giao tiép 10, 37
Giao tiép san-sang-hop-1¢, 101, 134

Huéng dbi tugng, 115
if/elseif/else, 46

Khéi tao, 52
Kiém tra, 24
Ké thira, 115
Két nbi khéi, 42
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Leros, 147 tin hiéu cho phép, 54
Luu dd trang thai, 82 Thanh phﬁn, 37
Lap trinh ham, 119 Tick, 59
) Toan ti, 12

Mady trang théi giao tiep, 93 Trinh hgp dich, 153
May trang thai htru han, 81 Trudng bit
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Moore, 81 rat trich, 12
May trang thai véi dudng di liéu, 98 Trang thai bt 6n dinh, 73
Mb-dun, 37 Tao bang logic, 113
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Mach tuan tu dong bo, 81 Tao thai gian, 58
Mach t6 hop, 45 Tap hop, 16
Mach da hop, 12 T6 chiic ngudn, 21
Mach dém, 55
Ming, 16 UART, 126
Ngb vao bat dong bo, 73 Véc-to, 16
otherwise, 46 when, 46
Phép todn logic, 11 Xung clock, 51
Phép todn sb hoc, 11 Xung clock logic, 59
RAM, 66 buong dit liéu, 99
Reset, 52 bém, 16
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switch, 48
S6 nguyén
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Thanh ghi, 14, 51
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