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module main (clk, led);
input wire clk;
output wire led;

reg [26:0] cnt=0;
always @(posedge clk) cnt <= cnt + 1;

assign led = cnt[26];
endmodule

Verilog HDL code
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Lecture01: Basic Structure of Computer Systems

Exercise (1):

Lecture02: Hardware Description Language: Combinational Circuit
Lecture03: Hardware Description Language: Sequential Circuit

Exercise (2):

Lecture04: Hardware Description Language: Typical Circuits

Lecture05: VLSI and Reconfigurable Systems

Exercise (3):

Lecture06: Instruction Set Architecture: Data Representation and Addressing
Lecture07: Instruction Set Architecture: Arithmetic and Logic Instructions
Exercise (4):

Lecture08: Instruction Set Architecture: Load/Store and Branch Instructions
Exercise (5):

Lecture09: Design and Implementation of a Single Cycle Processor (1)
Lecturel0Q: Design and Implementation of a Single Cycle Processor (2)
Exercise (6):

Lecturell: Design and Implementation of a Multi-cycle Processor
Lecturel?2: Pipelining and Hazards (1)

Exercise (7):

Lecturel3: Pipelining and Hazards (2)

Lecturel4: Preparing for the design contest (group work)

2023-06-01 (08:50-12:25): Design Contest

2023-06-05 (10:45):
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A4 o070+yY, CPU (Central Processing Unit)
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DRAM (dynamic random access memory)
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Silicon Ingot

Silicon, the most abundant element
on earth except for oxygen, is used because
it is a natural semiconductor.

Wafer
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i Transistor and Gate
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The first commercially available microprocessor

1971 5: 4004 YA 2077019

Tty HETF FSUURRH
4004 1971 2,250

From Wikipedia, IntelSa—J7 A
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Moore’s law

= Moore's law is the observation that the number of
transistors in a dense integrated circuit doubles
approximately every two years.

Computer Logic Design, Department of Computer Science, TOKYO TECH
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Moore’s Law

Moore’s Law

Moore’s Law states that the transistor density on integrated
circuits doubles about every two years. Moore's Law has been
amazingly accurate over time. In 1971, the Intel 4004 processor
held 2,300 tran: - In 2005, the Intel® Itanium® processor
held more than 1 billion transistors. Intel continues to drive
Moore's Law, increasing functionality and performance, and
helping to bring growth to industries worldwide.

1486™ processor
Pentium® processor

8086 processo
8088 processor
286 processor

& I Pentium® Pro processor

1970 1975
Year of Introduction

VISUALIZING PROGRESS

'
I e If the transistors in a microprocessor were represented by people,
the following timeline gives an idea of the pace of Moore’s Law.

@ D iﬂh@ D

2,300 134,000 32 Million 1.3 Billion

Large stadium capacity Population of Tokyo Population of China

\/

Average music hall capacity

1970 1890 2000 2011

Intel 4004 Intel 286 Pentium Il Core i7 Extreme Edition

Now imagine that those 1.3 billion people could fit onstage in the original music hall. That's the scale of Moore’s Law.

Computer Logic Design, Department of Computer Science, TOKYO TECH
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Moore’s Law

Transistors'

In 1965, Gordon Moore
sketched out his
prediction of the pace of
silicon technology.
Decades later,
“Moore’s Law”
remains true, driven
largely by Intel's
unparalleled
silicon expertise.

2,000,000,000

Manium® dual-core processor

1,000,000,000

Moore’s Law

Moore’s Law states that the transistor density on integrated
circuits doubles about every two years. Moore's Law has been
amazingly accurate over time. In 1971, the Intel 4004 processor
held 2,300 transistors. In 2005, the Intel® Itanium® processor
held more than 1 billion transistors. Intel continues to drive
Moore's Law, increasing functionality and performance, and
helping to bring growth to industries worldwide.

Manium® 2 processor

processor
m® 4 processor.
(@on™ processor

® processor

100,000,000

Pentium® Pro processor
Pentium® 11 processor
Celeron® processor

1386™ processor
1486™ processor
Pentium®

8086 processor
8088 processor
286 processor

4004 processor
8008 processor
8080 processor

10,000,000

1970 1975
Year of Introduction
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Moore’s Law
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The experts look ahead

Cramming more components
onto integrated circuits

With unit cost falling as the number of components per
circuit rises, by 1975 economics may dictate squeezing as
many as 65,000 components on a single silicon chip

By Gordon E. Moore

Director, R h and Devall 1t Labor Fairchild Samicond

division of Fairchild Camera and Instrument Corp.

The future of integrated electronics is the future of electron-
ics itself. The advantages of integration will bring about a

proliferation of electronics, pushing this science into many
new areas.

Integrated circuits will lead to such wonders as home
computers—or at least terminals connected to a central com-
puter—automatic controls for automobiles, and personal
portable communications equipment. The electronic wrist-
watch needs only a display to be feasible today.

But the biggest potential lies in the production of large
systems. In telephone communications, integrated circuits
in digital filters will separate channels on multiplex equip-
ment. Integrated circuits will also switch telephone circuits
and perform data processing.

Computers will be more powerful, and will be organized
in completely different ways. For example, memories built
of integrated electronics may be distributed throughout the

The author

Dr. Gordon E. Moore is one of
the new breed of electronic
engineers, schooled in the
physical sciences rather than in
alectronics. He earned a B.S.
degree in chemistry from the
University of California and a
Ph.D. degree in physical
chemistry from the California
Institute of Technelogy. He was
one of the founders of Fairchild
Semiconductor and has been
director of the research and
development laboratories since
1959,

Electronics, Volume 38, Number 8, April 19, 1965

machine instead of being concentrated in a central unit. In
addition, the improved reliability made possible by integrated
circuits will allow the construction of larger processing units.
Machines similar to those in existence today will be built at
lower costs and with faster turn-around.

Present and future

By integrated electronics, 1 mean all the various tech-
nologies which are referred to as microelectronics today as
well as any additional ones that result in electronics funec-
tions supplied to the user as irreducible units. These tech-
nologies were first investigated in the late 1950°s. The ob-
ject was to miniaturize electronics equipment to include in-
creasingly complex electronic functions in limited space with
minimum weight. Several approaches evolved, including
microassembly techniques for individual components, thin-
film structures and semiconductor integrated circuits.

Each approach evolved rapidly and converged so that
each borrowed techniques from another. Many researchers
believe the way of the future to be a combination of the vari-
ous approaches.

The advocates of semiconductor integrated circuitry are
already using the improved characteristics of thin-film resis-
tors by applying such films directly to an active semiconduc-
tor substrate. Those advocating a technology based upon
films are developing sophisticated techniques for the attach-
ment of active semiconductor devices to the passive film ar-
rays.
Both approaches have worked well and are being used
in equipment today.
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Moore’s Law
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Growth in clock rate of microprocessors

10,000
Intel Pentium4 Xeon Intel Nehalem Xeon
3200 MHz in 2003 3330 MHz in 2010
Intel Pentium Il
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1000 - AN A A
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B 1
% Digital Alpha 21064 %lyear
e 150 MHz in 1992
B 100 f i e o
3 MIPS M2000
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10 il svnaseanc
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15%/year
1
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Computer Logic Design, Department of Computer Science, TOKYO TECH



Clock rate is mainly determined by

= Switching speed of gates (transistors)

= The number of levels of gates

= The maximum number of gates cascaded in series

in any combinational logics.
= In this example, the number of levels of gates is 3.

= Wiring delay and fanout

B

Computer Logic Design, Department of Computer Science, TOKYO TECH

OR gate

Register o gm
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Growth in processor performance

= Performance = f x IPC
« f: frequency (clock rate)
= IPC: retired machine Instructions Per Cycle

100,000

Intel Xeon 6 cores, 3,3 GHz (boost 1o 3.6 GHz)
Intel Xecn 4 cores, 3.3 GHz (boost to 3.6 GHz)
Intel Core i7 Extreme 4 cores 3,2 GHz (boost to 3.5 GHz)

10.000 Intel Core 2 Extreme 2 cores, 2.9 GHz

E EERRETIRRES T P e T e PP PP PRI PP PRI PP PPTPERTIP P E PSPPI P EEIR PR AMD Athlon 64, 2.8 GHz
! AMB Athlen, 2.6 GHz .»%
Intel Xeon EE 3.2 GHz
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0
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Code0b7.v

« w_clk [ 100MHz OOy {ES

« 32EVRDLIUREB r_ent &, BYAVIL AV AT S, =120, EAY99,999,999 D
FEICIXOIZRIERIEESNS. (DFY, IMWEICHEAEEN D)

- 100,000,000 42,8, IEVEFDLDRA r_out DIEZRERT 5.

%3 K sk ko sk o ok sk ok ok sk o ok ok sk o o sk o ok sk o ok ok ok o ok ok o K ok o sk ok o ok ok ok ok o Kok o sk ok ok o ok ok o K ok sk ok ok sk ok ok ok ok Kok ok ok K/ module m_main (w_clk, w_led);
/* code@57.v For CSC.T341 CLD Archlab TOKYO TECH */ input wire w_clk;
[ Rk ook ok o ok ok sk ok sk ok sk ok sk ok sk ok sk ok ok ok sk o ok sk o ok sk R sk ok sk R sk o sk o sk K sk sk sk sk sk sk sk sk sk sk ok ok output wire [3:0] w_led;

module m_main (w_clk, w_led);
input wire w_clk; reg r_out = 0;
output wire [3:0] w_led; reg [31:0] r_cnt = 0;
always@(posedge w_clk) begin

reg r_out = 0; r_cnt <= (r_cnt==99999999) ? @ : r_cnt +1;
reg [31:0] r_cnt = 0; r_out <= (r_cnt==0) ? ~r_out : r_out;
always@(posedge w_clk) begin end
r_cnt <= (r_cnt==99999999) ? @ : r_cnt +1; assign w_led[@] = r_out;
r_out <= (r_cnt==0) ? ~r_out : r_out; assign w_led[1] = r_out;
end assign w_led[2] = r_out;
assign w_led = {r_out, r_out, r_out, r_out}; assign w_led[3] = r_out;
// vio @ vio @0(w_clk, w_led[3], w_led[2], w_led[1], w_led[0]); // vio_@ vio_0@(w_clk, w_led[3], w_led[2], w_led[1], w_led[®]);
endmodule endmodule

EvhbE#R { } ZRAWV:=ED3—FE, EVMBICER assign §5HAOI—FIXEHE.

Af_a'
38
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fH 8 : Code057.v x
\

100MHz

100,000,000 /o1 #)IC

« 1IKHz ®-Ovy21{E=(3 1,000 Hz &ELC.
« 1KByte M AE!)[E 1024 Byte &£[FIL.

- IMHz @ R8vy%7{E5(% 1000 x 1000 = 1,000,000 Hz &£[FIC.
« IMByte MAEIE 1024 x 1024 = 1,048,576 Byte &[EIL.

« 100MHz o Bavy2{E5 14 100 x 1000 x 1000 = 100,000,000
Hz &EILC.

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH 39



ACRiI)L—L DY —/\—FtE#

BRVOVDABFmETITA=012, (RETUDBRDEHRFZED2XEMN12~151TFE ALY,

B{AMIZ1F vs001~vs011, vs101~vs111, vs201~vs211, vs301~vs311, vs401~
vs411, vs501~vs511, vs601~vs610 MioES L.

Arty A7-35T x 15

vs001~ vsl0l~ vs201~ vs301~ vs401~ vs501~ vs601~
vs015 vsl15 vs215 vs315 vs415 vs515 vs610

Computer Logic Design, Department of Computer Science, TOKYO TECH
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ACRIIL—LDTEVARL— 3

« Vivado T FPGA 2 74X al—av L TEEEERT 5.

« code057.v & mainll.xdc ZHWT, EEQ) ORVDEBHEP>THS.

Computer Logic Design, Department of Computer Science, TOKYO TECH
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i U2 —SHERE AT

» RYIDES X, 4H13H 8:50F18T9.
8:45F TIZ, =MEFIFEEHRE2—3E [FEITF
RETERE [ZEFH-> TSN,

s F£7- Slack TIEEHRZIRHELET . Slack £;FFHLE
L&D
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Verilog HDL

\

o N—kDx7iREFEE (Hardware Description Language) 2%
- TEEE 1364 L THE#(L

« CERBITEWCEREZZSZEICLTLNG)

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH 44



Sample Verilog HDL code \3\&‘
\

e ACRi Room DY —/N\—[ZYE—rTRIMYTTAT AT B.
« /home/tu_kise/cld/lec2/ IZH2TILDaA—FNHSD T, Ubuntu DF—ZF L TR
DIAXEZEAALT, BADTALIR)IZOE—T 5.

« /home/tu_kise I automount DT 4L IR)EDT, 7OERALGWEI7AMILHRRZ
HUY. tabF—[CKDHEIDFEEMELBZWCENH LD TEET 5.

$ cd
$ mkdir cld

$ cd cld
$ cp /home/tu _kise/cld/lec2/* .

e« codeQ01lvZLIal—ia>d5=0HIZIF.
o JE—FTRIMYTTHELHLIZ Ubuntu DA—3FI)ILTROATVRZEANTS.
« a7k iverilog TaAV/NAILLT, £FEND aout EETT 5.

$ iverilog code@@l.v

$ ./a.out

~ =
< 45
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codeQ0ly ELa1—IILNDEHEEXNFI DR

e ¢c0de00lv & 3aL—23a LT, FORTEERTHIL. X

e EDA—ILDEZEIZTF—T—FmodulehbF —T—KendmoduleE T.
¢ moduleMRIZED1—ILEAZFEL ZOHITIEMainAAED 2—ILA.

« ED2-ILADRDIBFIMNICAHENDInFRZINETSH. CCTRImFIXEAIBEZRLTLD
AN

« EIOOV()T, EDa1—IILALIHFDINEEZRZD.

o F—T—Finitiallc&kV, 2alb—a ik (BFZI0) Mo WEFIGDH LS ETIETET .

«  S$display £=[& $write (FLRATLARIDI1DT, 2yt—%H AT S, $write Tl
FiTSNiEL. EXIECEEDprintf EFEHk.

Verilog HDL code (code@@l.v) Simulation output

module main (); hello, world
initial $display("hello, world");

endmodule

Verilog HDLOOA—KIIFRT, ¥2al—2avDHEAIFERTKRY.

&7 ATARPDFAMLIAE—TF BEELSEMELENZENHAD T, a—FKIE /home/tu_kise/ MHaE—L=2DZEFES L.
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code002.v 7OV IDIBEELEAV /N ILIF—D X

\

e ¢c0de002vZE#IIaL—3 LT, FORTREHERTHIL. \

o 2DMIRTLARYS$displayz HWLNV=HADH]. 2DV AT LARYZTAYIELTEE
HTLS.

. JOvYIEF—T—FbeginTIAEY, ¥—T—KRendTHhH%. CEED { } TR
. c0de002_ngl.viZ2%E B M$displaylinitial IO B FNHENDTIETS—E45,

code002.v
module main (); hello, world
initial begin in Verilog HDL

$display("hello, world");
$display("in Verilog HDL");
end
endmodule

code@02_ng.v

module main ();
initial $display("hello, world");
$display("in Verilog HDL");
endmodule

ﬁ’ ATARPDFAMLIAE—TF BEELSEMELENZENHAD T, a—FKIE /home/tu_kise/ MHaE—L=2DZEFES L.
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code003.v E# Dinitial D F|

e ¢c0deO03.vEIIaAL—a LT, FORTEHE
« EDaA—I)LRNTHEHD initial ZAAWNTERL.

code002.v & code003.v D AIZFEIL.

code002.v

AR HL.

module main ();
initial begin
$display("hello, world");
$display("in Verilog HDL");
end
endmodule

hello, world
in Verilog HDL

code@@3.v

module main ();
initial $display("hello, world");
initial $display("in Verilog HDL");
endmodule

<

hello, world
in Verilog HDL

ASARPDFMNLIAE—F BEELLEELIEWZEAHAD T, O—FKIE /home/tu_kise/ MdIAE—LIE=EtDEFES L.
SC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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code005.v tEELI-FFRIMNER T HAETIHF-EL5mTH

e ¢c0deO0bv #L3aL—a LT, FORTEHERTBHZLE.

« BELE-EENEBETIETHL-ELMTH ZALH.
« #200 [2&Y, SCTEYZaL—arBAE (FFZI0) h 52000 BfE AV B L =B %

20012 hello, world #x&Rr9 5.

\

« #100 I2&Y, CCTIRYEab—avFtak (FFZI0) o100 D ErfE AV#E @ L f= K¢ %100

[Z in Verilog HDL &R 5.
- 1fTBIEaAUk, Verilog HDLO AU MEC, C++ LRIk

e BN EfGLIIE nsec £95. #300 IE 300nsec DEEIREERT.

code05.v

/* sample Verilog code */
module main ();
initial #200 $display("hello, world");
initial #100 $display("in Verilog HDL");
endmodule

in Verilog HDL
hello, world

ﬁ’ ATARPDFAMLIAE—TF BEELSEMELENZENHAD T, a—FKIE /home/tu_kise/ MHaE—L=2DZEFES L.
C

SC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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code006.v £ Dinitialz AL f-a— o & Hl 1E1 9D 451

e code006.vZL3aL—3a3 LT, FORTEERTHIL.
»  $displaylZ&AHHNDIEHFIEESGLHM?

code06.v

module main ();
initial #200 $display("hello, world");
initial begin
#100 $display("in Verilog HDL");
#150 $display("When am I displayed?");
end
endmodule

<

ASARPDFMNLIAE—F BEELLEELIEWZEAHAD T, O—FKIE /home/tu_kise/ MdIAE—LIE=EtDEFES L.
SC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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codeQ07.v o3aL—1 a2 HHDH

3
e ¢c0de007.vZEI3IaL—a LT, FORTEHERTHZ L.
« HWHIFESHEEZMN?

« VivadoZAWL\TY2al—23av 9 51568, TI4/ILEDERE TIEH1000nsL M 2oL —Y
32 L7ELD T Verilog is easy? [&H &gy,

code@07.v

module main ();
initial #200 $display("hello, world");
initial begin
#100 $display("in Verilog HDL");
#150 $display("When am I displayed?");
#1000 $display("Verilog is easy?");
end
endmodule

ﬁw ASARPDFMNLIAE—F BEELLEELIEWZEAHAD T, O—FKIE /home/tu_kise/ MdIAE—LIE=EtDEFES L.
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code008.v VAT LARXI$time

\
« c0de008.v &L Ial—LavlL T, ZORTEERTHL. \
o VATLARTS$timeld, 64AEVRD UL — 3 BERIERT .

« ZOI—FTIE, ZNEND $display NERRTIEZNERTT 5.

o BEHLEEODIIAL—3VTE, EOHEANEDFZIZH hSnf-DOhhHmnY <L
EENHL. TDHEE, COBIDIIICHRNZHNTIHERL.

code@o8.v

module main (); 100 in Verilog HDL
initial #200 $display("%3d hello, world", $time); 200 hello, world
initial begin 250 When am I displayed?

#100 $display("%3d in Verilog HDL", $time);
#150 $display("%3d When am I displayed?", $time);
end
endmodule

ﬁw ASARPDFMNLIAE—F BEELLEELIEWZEAHAD T, O—FKIE /home/tu_kise/ MdIAE—LIE=EtDEFES L.
CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH 52



code009.v L X TLAZRXI$finish

e c0ode009.v &> 3aL—13 LT, FORTEERTHL.
o DATLARY$FinishlE, 2ol —a ERTIES.
o ZOO—KRTIXRZI210TYZaL—avh&T95.

\

e VivadoDTI7A4ILEDERFE TIEXI000ns SaL— 30980, FRLYEVEBROLIA
L—a 0, HAFHTUIAL—La3 a3 R TIERWNERICAWVSERL.

code@9.v

module main ();
initial #200 $display("%3d hello, world", $time);
initial begin
#100 $display("%3d in Verilog HDL", $time);
#150 $display("%3d When am I displayed?", $time);
end
initial #210 $finish;
endmodule

100 in Verilog HDL
200 hello, world

ﬁ’ ATARPDFAMLIAE—TF BEELSEMELENZENHAD T, a—FKIE /home/tu_kise/ MHaE—L=2DZEFES L.
C

SC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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codeOllv ANDY —hrEEELEE R DE DM

« codeOlly Z#2aL—23 LT, EORTEHERTHIL. x

© regMIEFa, bZEETH. reg [ICEEDEMICHET .

« wire2DIEFEEETSH. wireR(IN—FDzT7ERBREFTEICEEFEDNLD.

o MR Aassign [E, wireR DIEBcEa & bIZHERT 5. initial 7 By Ralways@ T v o D4}
ERPUNE B

« & [XFANDODHEEHE T

o always@TOv7(E, @LIRIZENNIZERNRLETLH-VITEYRLETINSD. always@(*) T
(&, FAISADAADNEILE-ERELS.

o initiadlZAYIDHRD <= (F/0TAvFUTRALEEN, regl DIEFTADHKAZERT. a<=0; [
regB DEBalEOEHK AT S. wireRIZ/oT7AvyF TR AIIEZLGL.

code@ll.v Simulation output

module main (); 11: 9 0 -> ©

— wire c; 31: 10 -> 0
b C assign ¢ = a & b; 41: 11 -> 1
AND gate initial
#10 a
#10 a
#10 a
#10 a
end

always@(*) #1 $display("%2d: %d %d -> %d", $time, a, b, c);
ﬁ endmodule
CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH 54
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code012.v ORYS —|, pIEEE ¥, EffiEE T

\
e c0deQl12vZEIIaL—La LT, FORTRZERTHLE. \
° | (jt()FQCZ) JEE/TZJéi:?L

- WMIBEETFICE, BIEEETO ~ (NOT), 2IEJEEFELT & (AND), | (OR),
" (EXOR)D % 5.

- HIUEEFICE, + (NRF), - (BRE), ™ (FH), / (RE), % FEIR)LHHS.
« IhoDmEBEET, BEMNEEFXCSHELEL.

code@12.v Simulation output
module main (); 11: 6 06 -> ©
5 reg a, b; 21: 01 -> 1
C R e 31: 10 -> 1
b assign ¢ = a | b; 41: 11 -> 1
OR gate initial begin
#10 a <= 0; b <= 0;
#10 a <= 0; b <= 1;
#10 a <= 1; b <= 0;
#10 a <= 1; b <= 1;
end
always@(*) #1 $display("%2d: %d %d -> %d", $time, a, b, c);
endmodule

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH 55



code013.v ORY —k, AEEE/NAAE—F R

e €0deO13.vELZIAL—3>LT, FORTEHERTHI L.
o wire dlZEZITHEHSN TG, OSab—aVERE?

« EEROMYBHIEICIE 0,1, x, 2 HHb. xXFAEEZ, z[ENAAE—F U RERT.

—FDERZRET ERL.
coded13.v Simulation output
—d module main (); 11: @ x -> x z
reg a, b; 21: 01 -> 1 z
d wire c, d; 31: 10 ->1 z
b C assign ¢ = a | b; 41: 11 -> 1 z

OR gate initial begin

#10 a <= 0;
#10 a <= 0
#1090 a <=1
#1090 a <=1
end

)

-
C O O
AN AN A
i mnnu
e oo

RO R
-

e

I

always@(*) #1 $display("%2d: %d %d -> %d %d", $time, a, b, c, d);

. Af_a' endmodule

\

o EZIZHEEHEIN TV L Wire, HAWIBATRBIZNSAUE—F D RIZERE L zwireldzE4 5.
o FHHEIN TG reg2 DEB, FEMBZAVWERERLGE IxELD.
« EBEMIx, zELTWWELDIZX, zhBAH SN DIEE, 3—FICERRIANHEENZ LD T, O
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code0l4.v EHADEFTIR(\R), BIED KR

« code0l4v %L 2aL—avL T, FORREERT L L. x

«  Verilog HDLTIZE, 2ALL EDEEHRDERE/ VX (bus)EHEA.

«  reg®, wireBDEERENRELTEETSICIE, reg, wire D&IZ [3:0] DRRICAEEIRET 5.
B ZIE reg [3:0]a (&, a[3], a[2], a[1], a[O]DAERMN LKL/ NNREEET 5.

« codeQl4.v TlE, 4EYMBED/NREL TregHla, b%, 4EYMBED/NNRELTwireBcEEE T 5.

o HBEZERINTHE=HICIE, U TIWI+r—T—230) KYRIDOEFIAE YMEZRL, 'DEDbH2
HETHDHIEERT (FDIh, 16:E%h, 10::%d, 8#ZoNH D). HIZIE, 4b1010 (L2#% TR
N=4EvrM1010&7%4%. IED KRB TIERXZFE, INXFIXXFIETN L. 4b1010 & 4'B1010 &
4hAlIZEICIEEES.

EvhMEZ AT HEI2E VN LS. BEHFIRTELGEWNEI0E L LA S.
. YRFLARY$displayTlE, 2EETERRTH1=HD %b ERIFATES.

code@l4d.v Simulation output

module main (); 11: 1010 1100 -> 1110
4 reg [3:0] a, b;

d 4 wire [3:0] c;
b 4 C assign c = a | b;

OR gate initial begin
#10 a <= 4°b1010; b <= 4°b1100;

end
always@(*) #1 $display("%2d: %b %b -> %b", $time, a, b, c);
endmodule

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH 57




codeQ1b.v W ILFTL oY

» c0de015v #2aL—2aV LT, TORTEHRTHIL.
*  Multiplexer (% JLFTL %) DVerilog HDLEE B EE Z 5.
c sHNOTHNIE aZHAELT, s BNITHNIE b ZH HETHEER.

2— D__D——c
e B>

<

-
codel>.v Simulation output
module main (); s, a, b c
reg a, b, s; —
wire C; 11: |9||10| 0 -> ©
assign ¢ = (a & ~s) | (s & b); 21: |0||0|1 -> ©
initial begin 31: |9||1] @ -> 1
#10 s <= 0; a <= 0; b <= 0; 41: ol|1l1 -> 1
#10 s <= 0; a <= 0; b <= 1; =
#10 s <= 0; a <= 1; b <= 0; > 00 =26
#10 s <= 0; a <= 1; b <= 1; 61: 11101 -> 1
#10 s <= 1; a <= 9; b <= 0; 71: (11110 -> ©
#10 s <= 1; a <= 0; b <= 1; 81:1)1(1 -> 1
#1090 s <= 1; a <= 1; b <= 0;
#10 s <= 1; a <= 1; b <= 1;
end
always@(*) #1 $display("%2d: %d %d %d -> %b", $time, s, a, b, c);
endmodule

SC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH




codeO16.v SIEHEHFETILFILIY

« codeOl6.v E:/EZLI/_:/HDL—C, %O)iﬂ_‘%ﬁﬁnu?é &.
« TILFTLUYDVerilog HDLEE R EE Z 5.

- 3EERETFOEHEREF(? )’E{Eo'@bﬂuﬁ*%( 5. COERBDALEEZETH
MYBF L,
d
d -
S ——E — C
C
_— bl
code@16.v
module main (); Simulation output
reg a, b, s; s, a, b C
wire c; 5, 4,
assign c = s ? b : a; 11: 9||9|©@ -> ©
initial begin 21: 0llel1 -> ©
#10 s <= 0; a <= 0; b <= 0; 31: |oll1l@ -> 1
#10 s <= 0; a <= 0; b <= 1; . _
#10 s <= 0; a <= 1; b <= 0; 41:211>1
#1090 s <= 0; a <= 1; b <= 1; >1:11j@010/ -> 0
#10 s <= 1; a <= 0; b <= 0; 61: 11|01 -> 1
#10 s <= 1; a <= 0; b <= 1; 71:1(111|0| -> ©
#10 s <= 1; a <= 1; b <= 0; 81: 111111 -> 1
#10 s <= 1; a <=1; b <= 1; -
end
always@(*) #1 $display("%2d: %d %d %d -> %b", $time, s, a, b, c);
endmodule

<

SC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH

59



codeQl17.v £

¢ codeO17.vE#L3aL—23 LT, TDXRTREERTHIL.

© EVA—IWNBREAVAZVAZZERIRLT, AHAIRFRZINET S, JIFEL-EF CTEREN EHTRINDS.

o CEZOBMMEUHLIZEUTWLWS. ZOHITIE m_mux ELVDED2A—ILBDAVRAEZU R m_mux0 4

—ILDARAZ AL

XL, m_topEPa1—ILD q,b,s, cEAVARIVA m_mux0 M a, b, s, c ITHEKELTULNS.

<

code@l7.v

module m_top ();
reg a, b, s;
wire c;
initial begin

#10 s

#10
#10
#10
#10
#10
#10
#10
end
alway

m_mux m_mux@ (a,

endmodu

module m_mux (a,

<=
<=
<=
<=
<=
<=
<=
<=

n n n. nu.nu n n

s@(*)

le

9;

J

e

e \we

e

e \we

PR RPRRPROO®
-

J

#1

AN N A

A A

[« DI« DI« DI « DI« D I <D R <D o)
AN AN
L | | | | | I | A |
P POORFRPRPFRPLOO
-

A

$display("%2d: %d %d %d -> %b", $time, s, a,
b, s, ¢);

e weo

* e

we Wwe we

e

input wire a, b, s;

output wire c;

assign c = s ? b :

endmodu

le

a;

C O OCOCOCOCOCCOC

(1) (2) (3) (4)

b, s, c);

e weo

we Wwe we e \we

P OFRPROFRPRORFRLO
-

e

b, c);
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(1)a -

(2)b -

Simulation output

S (3)

s, a, b C
11: [e][e] @ -> ©
21: (0||0|1 -> o
31: [0(|1|0 -> 1
41: |ol|1|1 -> 1
51: (1] @ [0] -> ©
61: 1| 01| -> 1
71: 1|1 (0| -> @
81:(1/1(1 -> 1

\
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EOA—ILDAAZ AL DHEE

o EVAINWABEAVARAVAZZFEBLT, AMNIRFREINETS. 5']"55szllﬁﬁﬁﬁﬂ%ﬁh“?ﬁﬁéhé.\
o ZOHITIE m_mux ELVIEDI—ILBADAVRAZVA m_mux0 ZER/L, m_topEPa—ILD a,b,s, ¢

EAVARZIA M_mMuxO D w a,w b w s w cllBEITEGELTWLS.

o AVARRAVARILTEAEDA—ILDALENIHFRETNZFIHTHIED 12— ILDEIRDAFII—FHLLELT

HRL.

module m_top ();
reg a, b, s;

wire c;

initial begin
#10 s <= 0; a
#10 s <= 0; a
#10 s <= 0; a
#10 s <= 0; a
#10 s <= 1; a
#10 s <= 1; a
#10 s <= 1; a
#10 s <= 1; a

end

m_mux m_mux@ (a,
endmodule
(1)
module m mux (w_a,
input wire w_a,
output wire w_c;

endmodule

assign w.c =w_s ? w_b

e
e

e
e

e \we
e v

VAN
P RPOOREFLPOO
“e Le Le Lo W
C O OCOCOCOCOCOC
A
|
P OFRPROCFROFRLO®
“e Le Le Lo W

always@(*) #1 $display("%2d: %d %d %d -> %b", $time, s, a, b, c);

b, s, ¢);
(2) @3) 4
Wb, ws, wc);

w b, w_s;

T w._aj
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S (3)

(1) d =
C (4)
(2)b -

Simulation output

s, a, b C
11: [e][e] @ -> ©
21: (0||0|1 -> o
31: [0(|1|0 -> 1
41: |ol|1|1 -> 1
51: (1] @ [0] -> ©
61: 1| 01| -> 1
71: 1|1 (0| -> @
81:(1/1(1 -> 1
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ACRi)L—LTHIAT HFPGAR—L Digilent Arty A7-35T
T — — ————— — —_— \

Arty A7

The Arty A7, formerly known as the Arty, is a ready-to-use development platform designed

around the Artix-7™ Field Programmable Gate Array (FPGA) from Xilinx. It was designed
specifically for use as a MicroBlaze 5oft Processing System. When used in this context, the

Arty A7 becomes the most flexible processing platform you could hope to add to vour

collection, capable of adapting to whatever your project requires. Unlike other 5ingle Board

Computers, the Arty A7 isn't bound to a single set of processing peripherals: One moment Arty A7
it's a communication powerhouse chack-full of UARTs, 5Pls, IICs, and an Ethernet MAC, and Artix-7 FPGA Development Board
the next it's a meticulous timekeeper with a dozen 32-bit timers. P

* Programmable over JTAG and Quad-5PI
Flash
= On-chip analog-to-digital converter

<_FPGA Part # AC7A35TICSG324-1L >

(KC7ATO0TCSG324-1%)

Logic Slices 5,20010(15,850%)

Block RAM 1,800 Khits (4,8600* Kbits)
DSF Slices 90 (240%)

DDR3 256 MR @ 667 Hz

Internal clock 450 MHz+

Quad-5PI Flash 16 VB

Ethernet 10/100 Mbps

ﬁ https://reference.digilentinc.com/reference/programmable-logic/arty-a7/start
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ASEM1-100.000MHZ-LC-T 100MHz Firzs
T ——— e — — ——

. FPGA R—FIZRESN T HRIEHA 100MHz O
OD‘\J71§%€$E‘ZL, %hh§ FPGA 0) E3 &L“B%ﬁﬁ i e 1 TR A
DEVIZEHEENSD. (FPGA DANIESELS. ) EEEEEEEE

LR N A[LiNX.EL,,«,

B

L3
(3
L3
L3
e

LUk

.8

%

Clé3w~

858

- e

e

g cz g

T

:@o Me We MWMe
[ @ ) ® g

1Q
EEEEEEEE AR iDL ip4
O WD)
ceTTYYYYYD)
N ettt ettt
O O ORI

c15 C13 c19
a1 QR NEES G2 B
& =88z 88 OO (887
o VCC3V3
J_ IC2
Cl4 4 3 GCLK100
100nF VDD ouT
GND 1 STBY GND 2 GND

ASEM1-100.000MHZ-LC-T
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« mainll.xdc DHNZBE% Ubuntu DF—3FI)LH BN Vivado THEET HZ L.

o ILERFAHY xdc DITFAILIE, Hl#I (constraint) 52 51=HIZFIFAT 5.

e HIFIT7AIL mainll.xdec D1IFTEHTIE, w_clk ELVSIEEZE E3 £ULVWSEY (100MHzZD -
OvO{ES) ICEY Y TAHAHNZEEMT 5.

w_clk [FFREBERD=HDMYTED2—)L m_main &L TVerilog HDLEE R THIZELI-EE 4

« EBEFEVEFIHYLHTAHHNUNENGS, TDES(EVivadolZL>TEHEIMIZEYGLE
[CEYHTONS.

« 2fTEHT. AHAE> w_clk A%, 10.00ns (100MH2)D - Oy o THBZEFIBET .

« ZMET% LVCMOS33 (low voltage CMOS 3.3V) &9 5%lIZBMLTULVS. CDHFl#Y
[2DWWT, REE CIXEFHZIEE T DDLELGL.

mainll.xdcDExXFD21T

set_property -dict { PACKAGE_PIN E3 IOSTANDARD LVCMOS33} [get_ports { w_clk }];
create_clock -add -name sys clk -period 10.00 [get ports {w_clk}];

\

FPGA constraint file, XDC (Xilinx Design Constraints) 2%
\

N\
module m_main (Qlclk);
input wire w_clk;
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FPGA constraint file, XDC (Xilinx Design Constraints)

«  mainll.xdc M21TB LLETIE, w_led[0] DIEEE HS OEVIZEIY LB TAHHIFNZEMT 5.
BI#R(Z, w_led[1], w_led[2], w_led[3]IZ, JB, T9, TI0 MELZEIYHTS.

mainll.xdc | set_property -dict { PACKAGE_PIN E3 IOSTANDARD LVCMO0S33} [get_ports { w_clk }1;
create_clock -add -name sys clk -period 10.00 [get ports {w_clk}];

set_property -dict { PACKAGE_PIN/H5 \ IOSTANDARD LVCMOS33} [get ports { w_led[©O] }];
set_property -dict { PACKAGE_PIN J5 |IOSTANDARD LVCMOS33} [get ports { w_led[1] }];
set_property -dict { PACKAGE_PIN T9 TANDARD LVCMOS33} [get_ports { w_led[2] }];
set_property -dict { PACKAGE_PIN\T10/IOST RD LVCMOS33} [get _ports { w_led[3] }];

NS
16. 3.3v 7
BTNO b9 ES £
N o J5 05—y Leos
g , o Buttons | BTN1 o T9 —LD—s—b}—ww_ub
': ij” % M M $ BTNZ - Bg T1 0 _LD_M%
4 68050 ¢ eeiss) . useeed) fim (— ] w— B8 2
SR g = ’ T L2 BTN3 z3 3
E ; . LDO L. LD1
E:(> E: s IS9P Tri-Color
- ' $333 LEDs
BEEEEEEE BEEHERAE L — L L
ARTYIN]  *  ADIGILENT i <— 0 = LR JGO
= 1o A =1 AA '
= % E1 -wv {80
| 3V
=] ) GSQ T2 A G3 —-w LR1 x
B SWO —o—— A8 é’j 4':':' \G“ -
& 7T ) [SWito—m— G114 33331 . [
5 Slide
. 3888 sansil Switches . SW2O c10 -~
[SWaro—w— A10 £ 2. 102 Jufegs LD3
b J3 —W\'——{:sz T
3.3V J2 -w 1 G2
H4 —ww f.82
K1 -w KRS
HB —w {.G3
R““WCK_RST c2 K2 —w LT T 'ﬁ‘ ,‘]ea

at  Description Callout  Description Callout  Description S35
Artix-7 =33
FPGA programming DONE | ED 8 User RGB LEDs 15 chipKIT processor rese t $
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ACRI JL—LTHEIEFHED/ART—FK

* ACRI L—LICETHFHHER(FAQ)
« https://gw.acri.c.titech.ac.jp/wp/manual/faq

. BEDACRIIL—LTIE, ROBHEDTHY U +ERNTER
[1] ACRIIL—LDWeb EDFHL AT LDTHH R
[2] ACRIJL—LDLinuxY—/AI=AF 42T BF=0DFH9 Uk

BELZEITAHT=OIZ, [1]1 &£ [2] DINRT—FZRICEDIZHETET HERL.

NRAD—kEENTULEVELE.

FHIZ AT D)\ RAD— PaEn/ZHBacEk. OJ4 >V EED [J\AD—REHSENTT
M2 | DU INSEREITOFREaiTo C<ICE0),

H—){—D)\AD— RESNIZBE&(C(E. acri-room at acri dot c.titech.ac.jp (at, dot (&
EYCESRR) FTHLADE TR &0,
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Sample Verilog HDL code \3\&‘
\

« ACRi Room DY —/\—[ZYE—rTRObYyTTAT AT 5.
« /home/tu_kise/cld/lec3/ IZH2TILDaA—FNHSD T, Ubuntu DF—ZF )L TR
DIAXEZEAALT, BADOTALOR)IZOE—T 5.

« /home/tu_kise I automount D T4LIR)EDT, TIERALLGEWEI7AMILHBRZ
LY. tabF—[C K DI DFEEMELBZWCENH LD TEET 5.

cd
mkdir cld

cd cld
cp /home/tu_kise/cld/lec3/* .

e c0deQl10.v Z2al—2ardB1-0IZIE.
e JE—FTRIMYTTESHLI- Ubuntu DA—3SFILTROATREANTS.
« a7k iverilog TaAV/NAILLT, £EENS aout EETT 5.

$ iverilog code@10.v

$ ./a.out

~ ==
.QJQ 68
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code010.v CEEETELVE=MBLNGLNO—FK

\
e c0de010.v #2aL—3 LT, ZORTREERTHE Pe———— \
o EHMintegersfor)l—TZ#AW-REE#HTOS 7A0)1§'J.

o BHIDfahr, celsiusEE

ﬁﬁ%@’l‘%lwﬁﬁ?ﬁliﬁzf&lﬂ fahr++ ELVSEERIETS—ELELDTIEE.

code@10.v . g
module main (); 20 -6
integer fahr, celsius; 40 4
initial begin gg ;Z
for (fahr = @; fahr <= 300; fahr = fahr + 20) begin 100 37
celsius = 5*(fahr-32) / 9; 120 48
$display("%3d %6d", fahr, celsius); 140 60

end 160 71
end Fis fesiel (18 180 82
sieadile e 200 93
220 104

(i 240 115

260 126

“dg,g‘ 280 137

300 148

&7 ATARPDFMLIAE—TF BEELSEMELENZENHAD T, a—FKIE /home/tu_kise/ MHaAE—L=2DZEFES L.
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Some rules for following lectures and exercises

\
o EDa-IILOZHEINIIE m_ MOIEFELHBRIZED. wire2DESDARTIZIE w_ b\%&é‘i\
BAREED. regBDARINZIL r_ MNBIBFEDIRRIZEED.
o DEalL—2avOiLEDEDA—IL(IMYTED2—IL)ITIE m_top ELVSABRIZRED.
« $display GED VAT LARYIE m_top DHFTULMALTIELLMFZARLY.
« WMEAROMTED—ILIZIE m_main ELVSEZFTERES.
« NamebW\SRRIDED2A—ILDAVRAVRALIZIE Namel 23 FZEFmL-&ai&EfES.

JL—ILEEALT=Verilog HDLEZ DI

module m_top ();

reg r_a, r_b, r_s;

wire w_c;

initial begin
#10 r_s <= 0,
#10 r_s <= 0

end

always@(*) #1 $display("%2d: %d %d %d -> %b", $time, r_s, r_a, r_b, w c);

m_mux m_mux® (r_a, r_ b, r.s, wc);

0; 9;
0 1

r_a< r b <
; r_a < rb <

)

.
J J

endmodule
module m_mux (w_a, w b, w s, w c);
input wire w_a, w_b, w_s;

output wire w_c;
assigh w. c = w_s ? wb : w_a;

ﬁj endmodule
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codeQ18.v caseX %

LN =LEDTO—4

« code018v #1322l —2aV LT, ZORTREHRTHIL.
« 0~9%FKRY D seven-segment LED decoder DHIERT .

o BENITOWNIEBFEERTH-HD caseX HidH 5.

eIt (X CE FE LRIk

« EVa—)lm_7segledTIld, ASDEIZLY, RATESELHLEDDEYE1LET S.
« r_led ® MSBH5, LEDDabcdefgD &y AU REEIY HTS.

module m_7segled (w_in, r_led);
input wire [3:0] w_in;
output reg [6:0] r_led;
always @(*) begin
case (w_in)
4'de : r_led <= 7'bl1111110;
4'd1 : r_led <= 7'b0110000;
4'd2 : r_led <= 7'bl101101;
4'd3 : r_led <= 7'blllle01;
4'd4 : r_led <= 7'b0110011;
4'd5s : r_led <= 7'blo11011;
4'd6 : r_led <= 7'bl011111;
4'd7 : r_led <= 7'b1110000;
4'd8 : r_led <= 7'b1111111;
4'do : r_led <= 7'bl111011;
default: r_led <= 7'b0000000O;
endcase
end
endmodule

module m top ();
reg [3:0] r_in;
wire [6:0] w_led;

integer i;
initial

for (i=@; i<=15; i=i+1l) begin r_in <= i; #10; end
initial $display (" abcdefg");

always@(*) #1 $display(" %x -> %b", r_in, w_led);

m_7segled m_7segled® (r_in, w_led);

endmodule

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH

codedl18.v

: 1 1
" oo
; o
¢ OO
: N

| T

-~ QN VW VoONOTUDWNEDOO

abcdefg
1111110
0110000
1101101
1111001
0110011
1011011
1011111
1110000
1111111
1111011
0000000
0000000
0000000
0000000
0000000
0000000
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code019.v 3IEEE ¥ %

« codeQ19.v #2322l —3 LT, TORTREHERTHIL.
« Seven-segment LED decoder DRI DHIZETRT .

JLN=LEDTO—4

o BABREEFE)ETFELOLEICUbIERY, ZF5TRITAIELIDOELLS.
* code019.v Tldreg® [EE>TLVELY. CDT=6, m_7segled Mo (FHEEEBENERINS.

*  co0de018.v M m_7segled Ao, HEEEBENERINLH ? [EFEERAEHINDLH ?

<

¢ regBlDIEEAEIILTRACERENDEVSRTIFALN,

code@19.v (m_topMitikidcodel8.vEEIL)

module m_7segled
input wire [3:
output wire [6:

assign w_led =

endmodule

(w_in, w_led);

0] w_in;
0] w_led;

(w_in==4
(w_in==
(w_in==
(w_in==
(w_in==
(w_in==
(w_in==
(w_in==
(w_in==
(w_in==

'de)
"d1)
'd2)
*d3)
'd4)
*ds)
*d6)
*d7)
*d8)
*d9)

7 'b0000000;

U Y Y Y Y Y A SV ARV
NN N NN NN NN

'bl111110 :
'b0110000 :
'bliellel :
'bli111e01 :
'b0110011 :
'ble11011 :
'bl1011111 :
'bl1110000 :
'b1111111 :
'b1111011 :

SC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH

-~ QN L VWoONOOTUA,WNEO®

abcdefg
1111110
0110000
1101101
1111001
0110011
1011011
1011111
1110000
1111111
1111011
0000000
0000000
0000000
0000000
0000000
0000000

SCE SO
] ="

Pyeag
MJM

g

i

¥

I

!" I .

! |
”“.I-}
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code020.v caseX TCIFIT RTOANEZTEET S

e c0de020.v & 2aL—3 LT, TORTEHERTHIL.

« Seven-segment LED decoder D RIDHIZERT .

«  c0de020.v ® m_7segled Mo, HEEEBENERENLIN? IEFEBNEHRINDGH?
e w_in A 4ha DEFIZ, £S5LT 7'b1111011 AHAZNhEDM?

codedl18.v

code020.v

output reg

4'doe
4'dl

4'd9

endcase
end
endmodule

module m_7segled (w_in, r_led);
input wire [3:0] w_in;

[6:0] r_led;

always @(*) begin
case (w_in)
: r_led
: r_led
: r_led
: r_led
:r_led
: r_led
: r_led
:r_led
:r_led
:r_led
default: r_led

7'b1111110;
7'b0110000;
7'bl101101;
7'b1111001;
7'b0110011;
7'b1011011;
7'b1011111;
7'b1110000;
7'b1111111;
7'b1111011;
7 'b0000000;

[SU S I i o)

I

-+~ D QN0 TV OO0 NOUV

abcdefg
1111110
0110000
1101101
1111001
0110011
1011011
1011111
1110000
1111111
1111011
0000000
0000000
0000000
0000000
0000000
0000000

module m_7segled (w_in, r_led);
input wire [3:0] w_in;

[6:0] r_led;

always @(*) begin
case (w_in)

output reg

4'doe
4'dl

endcase
end
endmodule

: r_led
: r_led
: r_led
: r_led
: r_led
: r_led
: r_led
: r_led
: r_led
: r_led

7'b1111110;
7'b0110000;
7'bl1e1101;
7'b1111001;
7'b0110011;
7'b1011011;
7'b1011111;
7'b1110000;
7'b1111111;
7'b1111011;

W NEREOe

N

-~ D QO N LW Vo0 NOU

abcdefg
1111110
0110000
1101101
1111001
0110011
1011011
1011111
1110000
1111111
1111011
1111011
1111011
1111011
1111011
1111011
1111011

Agezﬂ
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code021.v if XZERAL=LEDTO3—4

e code02lv %I 2aL—13 LT, TORTEHERTHL.

+ Seven-segment LED decoder DRI DHIZETRT .

o caseX TIF%L, i3 (if else) #ANTiEib 3521 TES.
« codel8.v & code2lv [IRLCH A ELS.

code@18.v code@2l.v
module m_7segled (w_in, r_led); module m_7segled (w_in, r_led);

input wire [3:0] w_in; input wire [3:0] w_in;

output reg [6:0] r_led; output reg [6:0] r_led;

always @(*) begin always @(*) begin

case (w_in) if (w_in==4'd@) r_led <= 7'bl111110;
4'de : r_led <= 7'b1111110; else if (w_in==4"'dl) r_led <= 7'b0110000;
4'dl : r_led <= 7'b0110000; else if (w_in==4'd2) r_led <= 7'bl101101;
4'd2 : r_led <= 7'bl101101; else if (w_in==4"'d3) r_led <= 7'bl111001;
4'd3 : r_led <= 7'b1111001; else if (w_in==4"'d4) r_led <= 7'b0110011;
4'd4 : r_led <= 7'b0110011; else if (w_in==4"'d5) r_led <= 7'bl011011;
4'd5 : r_led <= 7'bl1011011; else if (w_in==4"'d6) r_led <= 7'b1011111;
4'd6 : r_led <= 7'b1011111; else if (w_in==4"'d7) r_led <= 7'b1110000;
4'd7 : r_led <= 7'b1110000; else if (w_in==4"'d8) r_led <= 7'b1111111;
4'd8 : r_led <= 7'b1111111; else if (w_in==4"'d9) r_led <= 7'bl111011;
4'd9 : r_led <= 7'bl111011; else r_led <= 7'b0000000;
default: r_led <= 7'b0000000O; end
endcase endmodule
end
. ;gggar endmodule
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code022.v EvkEIR

e c0de022v &I 3IaL—a LT, FORTEHERTHIL.

o EVMERDHIZTRT. NRAFZEVLDERTREFEINADT, NAMLEIRT HEVFDE
EZiEE T S. RISC-V7— #T’J?Jv(l)#%m#ﬁ%fﬁ%b\bhél?ﬁftd)ﬁi b\b%?»r L
F‘é E*Rj—é{gu 25 24 20 19 15 14 12 11 76

| funet7 | rs2 | rsl | funct3 | rd | opcode | R-type

module m_top ();
reg [31:0] r_ir = 32°h12345678;
wire [6:0] w_fct7, w_op;
wire [4:0] w_rs2, w rsl, w_rd;
wire [2:0] w_fct3;
initial begin #1

$display (" %x -> %x %x %x %x %x %x", r_ir, w_fct7, w _rs2, w rsl, w fct3, w_rd, w op);
$display (" %x -> %d %d %d %d %d %d", r_ir, w fct7, w rs2, w rsl, w_fct3, w_rd, w op);
end
m_decode m do (r_ir, w_fct7, w rs2, w rsl, w fct3, w rd, w op);
endmodule

module m_decode (w_ir, w_fct7, w_rs2, w rsl, w fct3, w rd, w op);
input wire [31:0] w_ir;
output wire [6:0] w_fct7, w_op;
output wire [4:0] w_rs2, w _rsl, w_rd;
output wire [2:0] w_fct3; 12345678 -> 09 03 08 5 Oc 78
assign w_fct7 = w_ir[31:25]; 12345678 -> 9 3 8 5 12 120
assign w_rs2 w_ir[24:20];
assign w_rsil w_ir[19:15];
assign w fct3 = w ir[14:12];
assign w_rd w ir[11:7];
assign w_op w_ir[6:0];

ﬁ’-’ endmodule Simulation output
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code023.v EvrDEfELE R

e c0de023.v&IZal—avl T, TDRTEHERTHL. \
. t‘“‘JF@L"f‘* (concatenation) MHIZTRT .

o EFEEHETF ({}, KIE curly brackets) I&, #OHNDESEEHELTEVFRDKRENVI DD/ARIC
'C%%) 4EYLDIES w_a, w_b ZEFETSHIZIE {w_a, w_b} itk T 5. 4dEVFDIES w_a, w_b,
w_c ZE#ETBIZIE (w_a, w_b,w_c} LBk T B.

- HIEBEERLTEYMROXZNMN DDNRIZTES. A 4AEVFDIES w_a Z3EERLTE
#£95121F {(3{w_a}} &3tk 3 5. BIRIE, {4{w_a}} &E{w_a, w_a,w_a, w_a} [FRILEYRAIELES.

c BREBEOHITRLETREVYFOMSBEHEERLTEME YNEHIET HIBEL, 2OMBTREIN-FE
FEDBHEFESIRTAEICALLONS. BROERTHRINRNT S.

code@23.v Simulation output
module m_top (); 10010101
reg [3:0] r_a = 4'ble01; 100101011111
o ) e
reg [3:0] r c = ;
initial #1 begin 1oelieeileel
$display("%b", {r_a, r b}); 1001100110011001
$display("%b", {r_a, r b, r c}); 11111001
$display("%b", {2{r_al}}); 00000101

$display("%b"

$display("%b"

$display("%b"

$display("%b"
end

‘$ — w_bOD{EEH & THIALL-.
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13{r_a}});
{4{r_a}});
{{4{r_a[3]}}, r_a});
{({4{r_b[3]}}, r_b});

- - - - - - -




code024.v BREEF

\
code024.v &2 2aL—3 LT, TORTEHERETHL. \
o BREETF (,<, =, <=, =5, ) OBETRT.

o PBIRIE w_a>>w_b (X w_a DEHA w_b DELULETHNIX I'bl, Z5THEMFHNIL 1'b0 &45.

- CEELRER.

o J0T7BYFVITRADEET <= £ BREET <= [XRILERBIZA, XEMICKRITES.

COEETIX (w_a>= w_b) D%k, BREFFOLEEROEIRIC () Z:EMLTHRMICKRT
B.

code@24.v Simulation output

module m_top ();
reg [3:0] r_a
reg [3:0] r_b
initial #1 begin

P ORFRPRORLRLRO

$display("%b", (r_a> r_b));
$display("%b", (r_a< r_b));
$display("%b", (r_a>=r_b));
$display("%b", (r_a<=r_b));
$display("%b", (r_a==r_b));
$display("%b", (r_al=r_b));
end
endmodule
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code025.v BB INEE

\
e c0de02bvEIIAL—3 LT, FORTREHERTHIL. \
o WIEVINEE (>, «) OBlERT.

« CEELREIH.

« BIZIE, w a« 3l w aDEZEIZIEVREEISE, FRODO3IEVYMNE0ELD. R
(2, w_b> 2 Tl&, w bOEZHRIZ2E YR EEISE, EAD2E vHI0ELS.

- WMEUINMNEETIE VIMSELIEVMIELTITAVEDOLORFBDESTALTE

ENAY
code@25.v Simulation output
module m_top (); 11110101
reg %;g% r.a = 5:3;1110101; 01111010
reg [2:0] r_s = R
initial #1 begin 11lelele
$display("%b", (r_a>>0)); 00011110
$display("%b", (r_a>>1)); 10101000

$display("%b", (r_a<<1l));
$display("%b", (r_a>>r_s));
$display("%b", (r_a<<r_s));
end
endmodule
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code026.v )X UL a3 EEF

e co0de026.vEIIaL—a LT, FORTEHERTHIL.

o NEOLAVEEF(&, |, ) DAl
BIZIE " [INZADETHOEYFDHEMBIGRIENEGD. OAVESHE.

codeB26.v

module m_top ();
reg [4:0] r_btn;
wire [2:0] w_led;
initial begin
#10 r_btn <= 5°bo0000;
#10 r_btn <= 5’b11111;
#10 r_btn <= 5°bo0010;
end
always@(*) #1 $display(" %b -> %b", r_btn, w_led);
m_main m_main® (r_btn, w_led);
endmodule

module m_main (w_btn, w_led);
input wire [4:0] w_btn;
output wire [2:0] w_led;
assign w_led[9] &w_btn; // same as w_btn[@] & w_btn[1l] & w_btn[2] & w_btn[3] & w_btn[4]
assign w_led[1] |w_btn; // same as w_btn[@] | w_btn[1] | w_btn[2] | w_btn[3] | w_btn[4]
assign w_led[2] “w_btn; // same as w_btn[@] ~ w_btn[1] ~ w_btn[2] ~ w_btn[3] * w_btn[4]
endmodule
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code071.v default_nettype M3EN T ) s

« c0de071.v & code072.v % iverilog TAV/N\AILTHTE. b :>_C

« ANEZAT, EBELTLEWMEE M_sZRALTWLS. EXLTUWVELMESZEESL, IEVbDwire
ELTHRONS. EELTWREWMETDEAZIS—ICTBICEY—RO—FDRAIC
" default_nettype none #EMTNILRL.

«  c0de072.v TIEITF—(LD. S, §NTOY—RAO—FIZ “default_nettype none Z3EN
ER I

code@71.v code@72.v
module m_top (); 1: X X -> X 2 “default_nettype none
reg r_a, r_b; 11: 00 -> 0 z
wire w_c, w_s; 21: 91 -> 0 z module m_top ();
initial begin 31: 10 ->0 z reg r_a, r_b;
#10 r_a <= 0; r_b <= 0; 41: 11 -> 1 z wire w_c, Ww_s;
#10 r_a <= 0; r_b <= 1; initial begin
#10 r_a <= 1; r_b <= 0; #10 r_a <= 0; r_b <= 0;
#10 r_a <= 1; r_ b <= 1; #10 r_a <= 0; r_b <= 1;
end #10 r_a <= 1; r_b <= 0;
always@(*) #1 #10 r_a <= 1; r_b <= 1;
$write("%2d: %d %d -> %b %b¥n", end
$time, r_a, r_b, w_c, w_s); always@(*) #1
m HA m HA® (r_a, r b, wc, ws); $write("%2d: %d %d -> %b %b¥n",
endmodule $time, r_a, r_b, w_c, w_s);
m_HA m_HA® (r_a, r_b, w c, w_s);
module m_HA (w_a, w_b, w_c, w_s); endmodule
input wire w_a, w_b;
output wire w_c, w_s; module m_ HA (w_a, w b, w_c, w_s);
assign w c = w_a & w_b; input wire w_a, w_b;
assign M.s = w_a "~ w_b; output wire w_c, w_s;
endmodule assign w. c = w a & w_b;
assign M s = w_a ™ w_b;
endmodule 23()
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code073.v F/MNE 25 (Half Adder)

e c0de073.v&ELIaL—13vLT, FORTEERTHL.
* Half Adder, HA (#MEZR)DEIREZDERDHIZERT .

- IEYFDAA G, b

DMNFE 7 2775 [EE.

« AJBa,b & c(carry out), s (sum) &EF Struth table(EH{ESR)Z table073 [TRY .

tableo73

coded73.v

P PO O YD
P OFRPRO®OOC
P OO ON
O R RFRPLROW

B

b —C
HA

W_a —> — W_S
HA

w_b— — W_C

“default_nettype none

module m_top ();
reg r_a, r_b;
wire w_c, w_s;
initial begin

#1090 r_a <= 0; r_b <= 0;
#1090 r_a <= 0; r_b <= 1;
#1090 r_a <= 1; r_b <= 0;
#10 r_a <= 1; r_b <= 1;

end
always@(*) #1
$write("%2d: %d %d -> %b %b¥n", $time, r_a, r_ b, w c, w_s);
m HA m HA® (r_a, r b, w.s, w.c);
endmodule

module m_HA (w_a, w_ b, w_s, w_c);
input wire w_a, w_b;
output wire w_s, w_c;
assign w. c = w_a & w_b;
assign w.s = w_a  w_b;
endmodule

11:
21:
31:
41:

0 0 ->
01 ->
10 ->
11 ->

P OoOOO0
oOr PO
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code074.v £NE 35 (Full Adder)

3
« Full Adder, FA (2MEzx=)DEHEREEKRETRT.
1IEYRDAA a, b, cin DMEZEZEZHSEIE.
AJa, b, cin(carry in), H 7 cout (carry out), s (sum) &£F HER{ER (truth table) #Rd .

tableo74 HAQO

o HA1 T o -

g
}4’_[:>—> cout
.F

FA(Full Adder)

cin out

%)
1
%)
%)

olv,

1]
g

%)
1

=

P RRrPRRPROOOE®® W
RFROORROOCT
|PA|A kAks|kAks ® ® n
P OO RFRPROCRLREFRLPROW

|
°I

|
. f
b - L .~ cout FA —s
b —C | e_.} b —
HA cln > l

cout
ﬁ’ FA(Full Adder)
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code074.v £NE 35 (Full Adder)

« EMEHRELTEMET DEIIC code074.v DFEDEHDZEREL, 3ol — 30 THRETH L.

=] =1 —
¢ ﬁ@xi’ﬂ*‘(:t‘/hﬁﬂ) module m_top (); 900 ->00
reg r_a, r_b, r_cin; 901 ->01
table@74 wire w_s, w_cout; 910 ->0 1
. initial begin _
a b cin cout s #10 r_a <= 0@; r_b <= 0; r_cin <= 0; AR
© 0 0 0 0 #10 r_a <= 0; r_ b <= 0; r_cin <= 1; 1 g 2 -2 2 ;
#10 r_a <= 0; r_b <= 1; r_cin <= 0; -2
J @4 & 1 #10 r_a <= 0; r_b <= 1; r_cin <= 1; 110->10
0160 %) 1 #10 r_a <= 1; r b <= 9; r_cin <= 0; 111->11
011 1 0 #10 r_a <= 1; r b <= @; r_cin <= 1;
100 0 1 #10 r_a <= 1; r_b <= 1; r_cin <= 9;
#10 r_a <= 1; r_b <= 1; r_cin <= 1;
11 0 1 0 always@(*) #1 $write("%d %d %d -> %b %b¥n",
111 1 1 ra, r b, r cin, w cout, w s);
m_FA m_FA® (r_a, r_b, r_cin, w_s, w_cout);
endmodule
cin > > S module m_FA (w_a, w b, w cin, w_s, w_cout);
/* Please describe here by yourself */ cin
HAQ endmodule l
- e g
a > > iD_, cout | module m_HA (w_a, w_b, w_s, w_c); a—"
input wire w_a, w_b;
HAl f ou‘lzput wire w_s, w_c; FA S
b > assign w. c = w_a & w_b; b >
assign w_s = w_a ™ w_b;

endmodule l
ﬁ, FA(Full Adder) cout
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E2k code074.v £MNE 25 (Full Adder)

« 2MNBEFRELTEMET SELDIC codeQ74v DEBRBDENEEEL, 2ol —1arTHERTHL.
« Full Adder, FA (£2N&E%3) ORIEEZDERD—EEFTRT .
Eok: DLERZFEBMLI= code074.v D—Ef

code@74.v D—EB

module m_FA (w_a, w_b, w _cin, w_s, w_cout);
/* Please describe here by yourself */

endmodule
(1) (2) (3) (4)

module m_HA (w_a, w b, w s, w c);

input wire w_a, w_b;

output wire w_s, w_c;

assign w_c a & w_b;

assign w_s a ™ w_b;
endmodule

:W_
:W_

HA
—C w_b—(2) (4)—w_

a \
B IDe e e T

HA
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endmodule

module m_FA (w_a, w_b, w_cin, w_s, w_cout);
input wire w_a, w_b, w_cin;
output wire w_s, w_cout;
wire w e, w_f, w_g;
m_HA HA® ( /* connect wires here */ );
m_HA HAl1 ( /* connect wires here */ );
assign w_cout =

w_f | w_g;

module m_HA (w_a, w b, w s, w c);

input wire w_a, w_b;
output wire w_s, w_c;
assign w. ¢ = w_a & w_b;
assign w_s = w_a " w_b;
endmodule
cin ~(1)(3) -5
HAO
e g
aT(1)(3) =(2)(4')44:D;_> cout
HA1 P
b—1+(2)(4)
FA(Full Adder) 84



code075.v 4-bit Ripple Carry Adder

e ¢c0deQ75.vEIIaL—L3 LT, FORTEERTHIL.

«  4-bit AdderDEIEEZDIBRDBIZTT. COEBBRDIMERSRIEIERMTLIFMESS (Ripple
Carry Adder) &EFEIENS.

(%]
lcin[@]
alo]
FAQ >
b[O] >
COU't[@]" Cln[l]
al[1]
FA1 >
b[1] >
COUt[l]"Cin[Z]
al2] g
FA2
b[2] -
cout[2]l cin[3]
al3] >
FA3 >
b[3] >
COUt[3]1cin[4]

<

AADDER

s[e]

s[1]

s[2]

s[3]

module m_top ();
reg [3:0] r_a,
wire [3:0] w_s;
initial begin
#10 r_a <= 3;
#10 r_a <= 1;
#10 r_a <= 8;
end
always@(*) #1 $write("%2d %2d -> %2d¥n", r_a, r_b, w_s);
m_4ADDER m_4ADDER® (r_a, r_b, w_s);
endmodule

I—.)
(op
“e

|
o oo
AN AN A
oo
* we

O O b
-

e

e e |

module m_4ADDER (w_a, w_b, w_s);
input wire [3:0] w_a, w_b;
output wire [3:0] w_s;
wire [4:0] w_cin;
assign w_cin[@] = 0;
m_FA FAQ(w_a[@], w_b[@], w_cin[@], w_s[@], w_cin[1]);
m_FA FA1(w_a[1], w_b[1], w_cin[1], w_s[1], w_cin[2]);
m_FA FA2(w_a[2], w_b[2], w_cin[2], w_s[2], w_cin[3]);
m_FA FA3(w_a[3], w_b[3], w_cin[3], w_s[3], w_cin[4]);
endmodule

module m_FA (w_a, w b, w_cin, w_s, w_cout);
input wire w_a, w_b, w_cin;
output wire w_s, w_cout;
wire [1:0] w_sum = w_a + w b + w_cin;
assign w_s = w_sum[0@];
assign w_cout = w_sum[1];

endmodule
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code@75.v
3 4 -> 7
1 9 -> 10
8 9 -> 1

\

85



codeQ76.v 32-bit Ripple Carry Adder

e codeQ76.vELIaAL—13vLT, FORTEERTHL.

« 32-bit AdderD iR DHNZETRT .
» generate ZFIET, W—TITEDBEHED 21— ILDAVRAVZE OGN TES.
« for DERED : Gen T, [V RAVARE% Gen ITIEET 5.
« ZMOHITIE, Gen[0]l.m_FAO, Gen[1]l.m_FAO, Gen[2].m_FAO, ... &% 5.

code@76.v | module m_top (); 321 4444 -> 4765
reg [31:0] r_a, r_b; 1024 2048 -> 3072
wire [31:0] w_s;
initial begin

#10 r_a <= 321; r_b <= 4444;
#10 r_a <= 1024; r_b <= 2048;
end
always@(*) #1 $write("%4d %4d -> %A4d¥n", r_a, r_b, w_s);
m_ADDER m_ADDER® (r_a, r_b, w_s);
endmodule

module m_ADDER (w_a, w_b, w_s);
input wire [31:0] w_a, w_b;
output wire [31:0] w_s;
wire [32:0] w_cin;
assign w_cin[@] = 0;
generate genvar g;
for (g = 9; g < 32; g =g + 1) begin : Gen
m_FA m_FAO(w_a[g], w_b[g], w_cin[g], w_s[g], w_cin[g+1l]);
end
endgenerate

ﬁ, endmodule
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codeQ77.v n-bit Ripple Carry Adder

e codeQ77.v &L 3IaL—13vLT, FORTEHERTHL.

* n-bit AdderM a2 DHIZTRT .
« define ZRAWL=5ERDH]. D_N DEEXZZEET ST, MERDEYMEEEETES.
« ZMEETIL, definelZkYEBRSNLSEHDAHIE D_ MolaFzHEDETD. .

code@77.yv | define DN 5 1 28 -> 29

module m_top ();
reg [ D_N-1:0] r_a, r_b;
wire ['D_N-1:0] w_s;
initial begin
#10 r_a <= 321; r b <
#10 r_a <= 1024; r b <
end
always@(*) #1 $write("%4d %4d -> %4d¥n", r_a, r_ b, w_s);
m_ADDER m_ADDER® (r_a, r_b, w_s);
endmodule

4444;
2048;

module m_ADDER (w_a, w_b, w_s);
input wire [ 'D_N-1:0] w_a, w_b;
output wire [ D _N-1:0] w_s;
wire ['D_N:0] w_cin;
assign w_cin[@] = 0,
generate genvar g;
for (g = 9; g < DN; g =g+ 1) begin : Gen
m_FA m_FA@(w_a[g], w_b[g], w_cin[g], w_s[g], w_cin[g+1]);
end
endgenerate

ﬁ) endmodule
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Growth in clock rate of microprocessors

10,000
Intel Pentium4 Xeon  Intel Nehalem Xeon
3200 MHz in 2003 3330 MHz in 2010
Intel Pentium Il o
1000 MHz in 2000 .-
1000 e
Digital Alpha 21164A
500 MHz in 1996 ;
) 1%/year
g Digital Alpha 21064 yes
- 150 MHz in 1992
g A0
3 MIPS M2000
(&) 25 MHz in 1989
40%/year
10 - ,..e?f'.......-.T ...... BU SPARC i cciinsssrssaississsssmmisiossios S
,,,,,,,, 16.7 MHz in 1986
Digital VAX-11/780
5 MHz in 1978
15%/year
’ 1 ]

1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012
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Clock rate is mainly determined by X
\

Switching speed of gates (transistors)

The number of levels of gates

« The maximum number of gates cascaded in series
in any combinational logics.

* In this example, the number of levels of gates is 3.
Wiring delay and fanout
The slowest of all paths is called the critical path

_‘— fanout=2 .
Reqi — fanout=1 RQQISTZP
Q'STer AND gate
OR gate :)—

AND gate

~ =
! 89
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code078.v n-bit Ripple Carry Adder M9')T47AILINA
\
« The carry out signal (w_cout) from the carry in signal (w_cin) takes two
gate delays per bit.

HAO lcin[@]

cin i ) ] @
T e
Bar et
T > o cout [01] {113

.F Y

JO

FA(Full Adder)

a — f FAT —sl2]
b —>*>—_Z>—cout b[2]—
cout[2]lein[3]
€ — g
cin—} a[3]—
FA3 —s[3]

two gate delays b[3]— ¥

cout[3 ]l
ﬁ" n=4 DERK
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code078.v 4-bit Ripple Carry Adder M) T4HILINR

\

s[3]

HAO
cin[0] NI s[e]
HA1 o HA®
a[@] | “_\ e> . "_\ >S[1]
fi [ HA1 o HA®
b[9] HJ ' - a
1] L[E 3 T—) > L :5[2]
HA1l
FAQ i) f P mi g HA®
oLt a[2] =~ NN L
£ HA1 i
FA1 1) - e g
b[2] a[3] u%< > :j >
FA2 | -F'
b[3]
f FA3
b — cout
e —» g
cin

<

two gate delays per bit
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MEEDY)TAHILINADEEZETAIT S

code078.v D m_FA OFBDE %,
code074.v LREIFRIZEE T H L.

coded78.v

“define D_N 32

module m_main (w_clk, w_a, w_b, w_dout);
input wire w_clk, w_a, w_b;
output wire w_dout;
reg ['D_N-1:0] r_a=0, r_b=0, r_s=0;
wire ['D_N-1:0] w_s;
assign w_dout = “r_s;
always@(posedge w_clk) begin
r_a <= {w_a, r_a[ 'D_N-1:1]};
r b <= {w_b, r_b['D N-1:1]};
r_s <= w_s;
end
m_ADDER m_ADDER® (r_a, r_b, w_s);
endmodule

module m_ADDER (w_a, w_b, w_s);
input wire ['D_N-1:0] w_a, w_b;
output wire [ D_N-1:0] w_s;
wire ['D_N:0] w_cin;
assign w_cin[@] = 0;
generate genvar g;
for (g = 0; g < 'DN; g =g+ 1) begin : Gen
m_FA m_FA@(w_a[g], w_b[g], w_cin[g], w_s[g], w_cin[g+1]);
end
endgenerate
endmodule

module m_FA (w_a, w_b, w_cin, w_s, w_cout);
/* Please describe here by yourself */
endmodule

module m_HA (w_a, w b, w_s, w_c);
input wire w_a, w_b;
output wire w_s, w_c;
assign w_c = w_a & w_b;
assign w_s = w_a " w_b;
endmodule
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MEEDY)TAHILINADEEZETAIT S

\

e EE T, code078.v Z#{EIEL T, 1I00MHzD ENMERREE D HIFI% -9 n-bit Adder D&
KD nZERHBZE. =1L, n 1TDDEEHET 5.

« code078.v #AHLNTERKT H(Run Implementation) . BitstreamlF &KL S E(TAELY.
- 117TB®D D_N DEZZELEETAEAM. Failed Timing! EH ASN =B I HIFZE =L TLVELY.
« 17TH® D_N DfEZ/NEKLTERK. Implementation Complete A AESnF-EFEiEL TS,

coded78.v

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH

“define D_N 32 :>

module m_main (w_clk, w_a, w_b, w_dout);
input wire w_clk, w_a, w_b;
output wire w_dout;
reg ['D_N-1:0] r_a=0, r_b=0, r_s=0;
wire ['D_N-1:0] w_s;
assign w_dout = “r_s;
always@(posedge w_clk) begin
r a<={w.a, r_a[ D N-1:1]};
r b <= {wb, r b['D N-1:1]};
r_s <= w_s;
end
m_ADDER m_ADDER® (r_a, r_b, w_s);
endmodule

module m_ADDER (w_a, w_b, w_s);
input wire ['D_N-1:0] w_a, w_b;
output wire ['D_N-1:0] w_s;
wire ['D_N:0] w_cin;
assign w_cin[@] = ©;

click this |
gener‘ate genvar‘ g;

for (g = @; g < 'DN; g =g + 1) begin : Gen

m_FA m_FA@(w_a[g], w_b[g], w_cin[g], w_s[g], w_cin[g+1]);
end
endgenerate
endmodule

LABE (S4B

Flow Navigator T8 7
~ PROJECT MANAGER
£} Settings
Add Sources
Language Templates

L+ IP catalog

~ IP INTEGRATOR
Create Block Design
Open Block Design

Generate Block Design

~ SIMULATION

Run Simulation

~ RTL AMNALYSIS
> Open Elaborated Design

~ SYNTHESIS
P Run Synthesis

> Open Synthesized Design

mE NTATION
Run Implementation

> OpenImplemented Design

~ PROGRAM AND DEBUG
Vi Generate Bitstream

> Open Hardware Manager

2

L Implementation Completed x

‘ o Implementation successfully completed. ‘

| Next #
@Qpen Implemented Design
() Generate Bitstream
() wiew Reports

[ Don't show this dialog again

=D

x

Implementation Complete, Failed Timing!  « |

|

4

Implementation Complete

o F I+ 1
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Worst Negative Slack (WNS) & Critical Path

\
« From Vivado menu, select Open Implemented Design \
 Design Timing Summary 742N RKREND.
« WNS BNEDETHNIE, ESn-REERIEHHIZELLTNS. Ff=, BERIZEZED
ERTORB(slack)h b EERT.
« EX® D_N =32 OFITIE, 70y REKE#H 100MHz T 10 ns OFIFIIZxLT
WNS £ 1.796 ns L% TEY, INFEITORBAHAHIEETT. DFRYHIFIZ
LTWS. CORBDV)TAHIVINADEIEE 10 - 1.796 = 8.204 ns £755.

- BRX® D_N=80#HITIX, WNS [X -3.527 THY, Hlfzimi-LTLVEly. ZD[E
BDD)TAHILINZADEIEIL 10 + 3.527 = 13.527 ns &755%.

Design Timing Summary Design Timing Summary

Setup Hold Setup Hold
Worst Negative Slack (Worst Hold Slack (WHS): 0.166 ns Worst Negative Slack I{ Worst Hold Slack (WHS): 0.136 ns
Total Megative Slack (TNS):  0.000 ns Total Hold Slack (THS): 0.000 ns Total Megative Slack (TNS):  -80.012 ns Total Hold Slack (THS): 0.000 ns
Mumber of Failing Endpoints: 0 MNumber of Failing Endpoints: 0 Mumber of Failing Endpoints: 29 Murber of Failing Endpoints: 0
Total Mumber of Endpoints: 94 Total Number of Endpoints: 94 Total Number of Endpoints: 238 Total Mumber of Endpoints: 238

All user specified timing constraints are met. Timing constraints are not met.

— 3 O cf 4t _ : O pf 4t
D_N 32 &L7F§MDRipple Carry Adder® & iR D_N 80&L7=EfMRipple Carry Adder® & iR

ﬁ Vivado 2022.2 ##IFA
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ACRIIL—LDTEARL— 3>

« Vivado T® VIO DFELVA.

»  Vivado T® HW manager, #A—7 > Lf=TH 1>, V—RDUYEZ FE.

« WNS

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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Sample Verilog HDL code \3\&‘
\

e ACRi Room DY —/N\—[ZYE—rTRIMYTTAT AT B.
« /home/tu_kise/cld/lecd/ IZH2TILDaA—FNHSHD T, Ubuntu DF—ZF )L TR
DIAXEZEAALT, BADTALIR)IZOE—T 5.

« /home/tu_kise I automount DT 4L IR)EDT, 7OERALGWEI7AMILHRRZ
HUY. tabF—[CKDHEIDFEEMELBZWCENH LD TEET 5.

$ cd
$ mkdir cld

$ cd cld
$ cp /home/tu _kise/cld/lecd/* .

« codeOblv L Ial—iardb=0HIZIF.
o JE—FTRIMYTTHELHLIZ Ubuntu DA—3FI)ILTROATVRZEANTS.
« a7k iverilog TaAV/NAILLT, £FEND aout EETT 5.

$ iverilog code@51.v

$ ./a.out

~ ==
.QJQ 97
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codeOblyv EHE1—T GTKwave 2> TERZR 5

$ iverilog code@51.v

* code0blv Z12aL—23vL T, EORTEHR T HL. & /a.out
o LZaAlL—i3ardf=H0o0OvIIEEDERERT. $ gtkwave main.vcd &

«  foreverX(d, #<7AVIDWNEBLEERICIEYIRT. COHITIE, regBDIESr_clkzFAiakFIZ0I
MERIEL, #B0DE(Zr_clkDIED REF#EYIRT .

*  GTKwave TKEMZMHEET H&, IOMHz(AH 100ns) DY/OVIMNERSNDZEAHHD.

code®51.v | module m top (); Simulation output
reg r_clk=0; )
initial forever #50 r clk = ~r_clk;
= = 50 1
always@(*) $write("%3d %d¥n", $time, r_clk); 122 2
initial #8000 $finish;
200 0
initial $dumpfile("main.vcd"); /* file name for GTKWave */ 250 1
initial $dumpvars(@, m_top); /* module for GTKWave */ 300 0
endmodule 350 1
400 ©
Bl GTKWave - N:¥Lecture¥CL D¥main.ved =1 e 459 1
wa Ve'FO r‘m File Edit Search Time Markers View Help | 5@9 9
O-F GTKwave V@ZST Q @ j;‘j ‘E‘“,U ivi From:{0 sec Tn 200 ns . Marker: 188 ps | Cursor: 381800 ps : ﬁ | 559 1
W -:iz'ik . 188 ns 200 ns 380 ns 488 ns 5 7 8 6@9 9
....... 650 1
Type |Signals
reg rclk 7@9 9
' 750 1
= n F\\ter:’i 8@6 6
~ : : Append‘ Insert ‘ Replace | T &
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GTKwave FHEA—TJDTEVAL—L 30

Vivado TD GTKwave D{ELVA.
774)1/0);.,Lc7+a_c7+ TRT HIEFDIENM.
T HDZE, 2:E%, 10&EETDOERR.
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code0b2.v A AMEIRZER L TEIZZR 5

* code0b2.v jé_:/slb—yﬂybf, %O)iﬁ?%ﬁﬁgﬂ?é:& $ iverilog code@52.v
. BR2E YR HYL AN RBBIETRT . 5 ./a.out

. $ gtakwave a.ou
«  OYI{ES w_clk DiLH EHAYDEF (posedge w_clk) IZ, i -
142 91) A0 095, 12120, r_cnt ORPIDEZE 0 L5, code@52.v

 r_cnt OEHIIIOVIESDIUE ENYMG #5 FZIH#EE module m_top ();
LTHh. reg r_clk=0;

initial forever #50 r_clk = ~r_clk;
° = b T . — ! K - ! wire [1:0] w_cnt;
2E VRNV ERDOT, BAIED 3 (2b11) DRIT ON2b00) | wire [Lelwents )
&:t;%S- initial $dumpfile("main.vcd");
initial $dumpvars(@, m _main®@);

« iverilogTY2al—>3vl, 6TKWave TR EH#RT 5. initial #1000 $finish;
endmodule
Bl GTKWave - Ni¥Lecture¥CLD¥main.ved — O X \\
File Edit Search Time Markers View Help ‘

dule m main (w_clk, w _cnt);
Mput wire w_clk;

da Q@ C § k| €@ & [ Fomusec To1us & | Marker: 506 ns | Cursor: 956 ns\ ‘

v SST Signals Waves

5 m_top Time B ut wire [1:0] w_cnt;
wW_clk=l
(w cncp1:0] -

------ ] r_cnt = 0;
i | sedge w_clk) begin
reg r_cnt[1:0] i i .
wire w_clk : : #5 r‘—cnt + 11
end
- assign w_cnt = r_cnt;

=|| | endmodule
Append| Inser‘t‘ Replace| q [ [ >
Waveform
~

~ =
@ 100
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code053.v regD H AldreglliEfmSNf-wire

e ¢0de0b3.vEIIAL—1aVLT, FORREHERTHI L. \
o HHA2EYNITDOUAD R DEERFIETRT

o OvI{ES w_clk MiLHE EHYDEF (posedge w_clk) 12, 1429V AV T S, 12120, r_cnt D&
FIDEZ 0 ET D,

« EVa2—IILOHAR—ITIE wire & reg ZRWNSIENTES.

» " timescale 1Ins/100ps &ELVSEE D 1ns (& #1 NERFET Ins THHZEZRL, XD 100ps TV
SaL—2avDFEED 100ps B THAHZEEIBET S. Cinescai ine/ioons

* timescale 0)'??[i:@iﬂf%ﬂﬁbfj—'glﬂf:jﬁfﬁﬁ[ﬂ “default_nettype none

code®53.v module m_top ();
reg r_clk=0;

initial forever #50 r_clk = ~r clk;
wire [1:0] w_cnt;

m_main m_main@ (r_clk, w_cnt);
initial $dumpfile("main.vcd");
initial $dumpvars(®, m _main®);
initial #1000 $finish;

coded52.v

module m_main (w_clk, w_cnt);

input wire w_clk; endmodule
output wire [1:0] w_cnt;
reg [1:0] r_cnt = 0; module m_main (w_clk, r_cnt);

always@(posedge w_clk) begin input wire w_clk;
r_cnt <= #5 r_cnt + 1; output reg [1:0] r_cnt;

end o

assign w_cnt = r_cnt; initial r_cnt = 0;

endmodule always@(posedge w_clk) r_cnt <= #5 r_cnt + 1;
ﬁ’ endmodule
CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH 01




code054.v R YMMTZED A3

e code0b4.v H#2aL—1ar LT, ZORTREERTH L.
o REHEVEYMIEF2EVR D AN R FIETRT .
o OYVEE w_clkdDiIb EAYDEFIZ, UL yMESE r_rst A

] %

coded54.v

ITHhOUADEIXER TS,
ZEXTHEFNIEIA DA RENS.

e iverifgTIIal—¥arl, 6TKWave TR EZHERET 5.

Waveform

B GTKWave - N:¥Lecture¥CLD¥main.ved =n =R ==
File Edit Search Time Markers View Nelp |

ha @ G)\ G)\ U:j E":U AEL Fr}\:h) sec N?OO sec £3 | Marker: 350 sec | Cursor: 659 sec ‘

v 55T Signals ves
T mmo Time —
_oP w_clk=
w_rst=
““““ r_ent[1l:8]=
Type |Signa|s | — ||w_cnt[1:8]=
reg r_cnt[1:0] g :
wire w_clk ! i
wire w_cnt[1:0] -
Filter:
Append| Insert | Replace | 1 el [+]

module m_top ();
reg r_clk=0;
initial forever #50 r_clk = ~r_clk;
reg r_rst=1;
initial #230 r_rst=0;
wire [1:0] w_cnt;
m_main m_main® (r_clk, r_rst, w_cnt);
initial $dumpfile("main.vcd");
initial $dumpvars(@, m maine@);
initial #1000 $finish;

endmodule

module m main (w_clk, w_rst, w_cnt);
input wire w_clk, w_rst;
output wire [1:0] w_cnt;

reg [1:0] r_cnt;
always@(posedge w_clk) begin
if (w_rst) r_cnt <= 0;
else r_cnt <= #5 r_cnt + 1;
end
assign w_cnt = r_cnt;
endmodule

‘i:efl'

P CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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RIEAYU v, ERER) Vv, Uty hEL

BlEA) vk iR () TlE, 7a99ESICEIELTYEYvrEN 5.

\

« EREAV VRO (RR) T, YO0V ESICREETIC, JEYMESDIL EAYD

BAZY T YrENS.

e ADE(FEYMEEEEHLLVEEMR.

o PBEALFNIE VEvrEEDLZULE®R (FE)HMNRL.
JeybBARETHNIL, By (E)ZFSTRBRHARLY.

code@54.v
module m _main (w_clk, w_rst, w cnt); module m_main (w_clk, w_rst, w_cnt); module m main (w_clk, w _cnt);
input wire w_clk, w _rst; input wire w_clk, w_rst; input wire w_clk;
output wire [1:0] w_cnt; output wire [1:0] w_cnt; output wire [1:0] w_cnt;
reg [1:0] r_cnt; reg [1:0] r_cnt; reg [1:0] r_cnt = 0;
always@(posedge w_clk) begin always@(posedge w_clk or posedge w _rst) begin always@(posedge w_clk) begin
if (w_rst) r_cnt <= 0; if (w_rst) r_cnt <= 0; r_cnt <= #5 r_cnt + 1;
else r_cnt <= #5 r_cnt + 1; else r cnt <= #5 r_cnt + 1; end
end end assign w_cnt = r_cnt;
assign w_cnt = r_cnt; assign w_cnt = r_cnt; endmodule
endmodule endmodule

EE:: DR AINOL JERHA) v kD4

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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A

o IEFEETIE, 7O097ESICHTEHILAZDEEFZELKEBETHIENEER

e LTURAL, 4OY9EBEDIBLLEAYDRAIVY TANBEDIEEZRE
(sampling)L T, PLENTEFLIZEZE DIRICH AT 5.

« LPRADMEFHTIL, initial 4> always TAAIUTZHRETHIL.
« ZHDEVAI-IWDEREZEZLD.

Sequential Circuit (IEFRIER) EL D AZ D ENE 2%

module m_counter

w_clk

w_rst

1

—>

+

4 4 4 w_out
VAN r_cnt / w_cnt 5| r_out 7_>_

[3:0] [3:0]

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH 104




code055.v, code056.v —TEDEImTELAHAENEDEE 1R
\

« c0de0b55.v M 999999 % 4 [CEBEL T 2aLl—23aVl T, TDORREHERT HIL.
« IMHz 7OV ESZANELT I DOERTO,1,0,1 EEELSEA/N—FDITDERBFHZRT.

N = =] ~ LS -
LED %:ﬁl@éﬁéiﬁéat '\*Ijﬁj-éo code®55.v
° *ﬁ/@ “timescale 1ns/10@ps
. _ module m_top ();
1IMB = 1024 x 1024 B reg r_clk=0;
. 1MHz = 1000 x 1000 Hz ir.11tial forever #50 r _clk = ~r_ clk;
wire w_out;
* c0de055.v M2HFTDalways7 OV IzFEDHHE, e i oy
— e initia umpfile("main.vcd");
code056.v (»t:ké initial $dumpvars(@, m _main®);
initial #1000 $finish;
endmodule
code@56.v
module m_main (w_clk, r_out); module m_main (w_clk, r_out);
input wire w_clk; input wire w_clk;
output reg r_out; output reg r_out;
initial r_out = 0; reg [31:0] r_cnt = 0;
reg [31:0] r_cnt = 0; always@(posedge w_clk) begin
always@(posedge w_clk) begin r_cnt <= (r_cnt==999999) ? 0 : r_cnt +1;
r_cnt <= (r_cnt==999999) ? @ : r_cnt +1; end
r_out <= (r_cnt==0) ? ~r_out : r_out;
end initial r_out = 0;
endmodule always@(posedge w_clk) begin
r_out <= (r_cnt==0) ? ~r_out : r_out;
end

ﬁ’ endmodule
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code057.v ;EE (1) TE>F=/\—F 75k

A

+ 100MHz @OV {ESZANELT IR DEIRTO,1,0,1 £&ElLSEDH/N—F07
DEtihlZzRY . LED ’E,.\\/Jﬁéﬁéiﬁé&&l_ﬂﬁﬁﬂ'é.

. S(IEBETEA.

code®57.v

module m_main (w_clk, w_led);
input wire w_clk;
output wire [3:0] w_led;

reg r_out = 0;
reg [31:0] r_cnt = 0;
always@(posedge w_clk) begin
r_cnt <= (r_cnt==99999999) ? 0@ : r_cnt +1;
r_out <= (r_cnt==0) ? ~r_out : r_out;
end
assign w_led = {r_out, r_out, r_out, r_out};
// vio @ vio_00(w_clk, w_led[3], w_led[2], w_led[1], w_led[@9]);
endmodule
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codeQ6lyv IORLIURBA(HLTH)

\
e code0blv Z#LIal—3ar LT, FOXRREHERTHIL. \

o VIMDREE, HAUIILEIC, FORABRZIEVMITE (HEWEE)IZO TR
3% T, REGMEYMGBIWERTHEYN) ICAASh-EZRHMT S.

code@6l.v

module m_top ();

reg r_clk=0;

initial forever #50 r_clk = ~r_clk;

wire [7:0] w_out;

m_main m_main® (r_clk, w_out);

initial $dumpfile("main.vcd");

initial $dumpvars(@, m main@);

initial #1000 $finish;

always@(*) #1 $display("%3d: %b”, $time, w_out);
endmodule

module m_main (w_clk, r_sreg);
input wire w_clk;
output reg [7:0] r_sreg = 8’b10101111;

wire w_in = 0;
always@(posedge w_clk) begin
r_sreg <= {w_in, r_sreg[7:1]};
end
endmodule

ATk
>

Simulation output

1: 10101111

51: 901010111
151: 00101011
251: 00010101
351: 00001010
451: 00000101
551: 00000010
651: 00000001
751: 00000000

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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code062.v IRLIORBZA(ETTR)

\
e codeQ62.vELIaL—Lav LT, FORTREZERTH L. \

o VIRLDREIE, YAV EIC, TEORBZIEVMIITE (HAWEE)IZD TR
3% F-, REMEYMBIWERTHREYR) IZANShT-EZEHNT 5.

code062.v

module m_top ();

reg r_clk=0;

initial forever #5060 r_clk = ~r_clk;

wire [7:0] w_out;

m_main m_main®@ (r_clk, w out);

initial $dumpfile("main.vcd");

initial $dumpvars(@, m _main@);

initial #1000 $finish;

always@(*) #1 $display("%3d: %b”, $time, w_out);
endmodule

module m_main (w_clk, r_sreg);
input wire w_clk;
output reg [7:0] r_sreg = 8’b10101111;

wire w_in = 0;
always@(posedge w_clk) begin
r_sreg <= {r_sreg[6:0], w_in};
end
endmodule

ETk

G

Simulation output

1: 10101111

51: 901011110
151: 10111100
251: 01111000
351: 11110000
451: 11100000
551: 11000000
651: 10000000
751: 00000000

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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code064.v EXOR (Heth s EmIERD) 77—k

e codeOb4yv %L 3aLl—a LT, FORTEHERTBHZLE.

- WEEFFICE,
HIEHEEFD ~ (NOT), 2ZIH;EEFELT & (AND), | (OR), © (EXOR)D ®H 5.

code@64.v

d
C
bD

EXOR gate

\

Simulation output

module m_top ();
reg r_a, r_b;
wire w_c;
assign w.c = r_a " r_b;

initial begin

#10 r_a <= 0; r_ b <= 0;
#10 r_a <= 0; r b <= 1;
#10 r_a <= 1; r b <= 0;
#1090 r_a <= 1; r_b <= 1;

end
always@(*) #1 $display("%2d: %d %d -> %d", $time, r_a, r_b, w _c);

11: 6 0 -> 0
21: 61 -> 1

31: |16 -> 1
41: (111 -> ©

o ()
—C
b_

1E YD INE

endmodule
(D

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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code065.v 3A M EXOR 77—+

e code06bvE#L3IaLl—av LT, FORTEHERTHILE.

- WMEEEFICIE 2IEEEFELT & (AND), | (OR), © (EXOR)A HS.

« SANLEOHBEEFZEZLD.

module m_top ();
reg r_a, r_b, r_c;
wire w_out;
assign w out =r_a *“ r_b " r_c;

initial begin

#1090 r_a <= 0; r_b <= 0; r_c <= 0;
#10 r_a <= 0; r_b <= 0; r_c <= 1;
#1090 r_a <= 0; r_b <= 1; r_c <= 0;
#10 r_a <= 0; r_ b <= 1; r_c <= 1;
#1090 r_a <= 1; r_b <= 0; r_c <= 0;
#10 r_a <= 1; r_b <= 0; r_c <= 1;
#10 r_a <= 1; r_b <= 1; r_c <= 0;
#10 r_a <= 1; r_ b <= 1; r_c <= 1;

end

always@(*) #1 $display("%2d: %d %d %d -> %d", $time, r_a, r_b, r_c, w_out);

endmodule

Simulation output

11:
21:
31:
41:
51:
61:
71:
81:

P RPPRPRPRPROOOO
P RPOORFRLREFRLROO
P OFRPROFRPRORFRLO

RPOOCRFRRORFRPRERLRO

code@65.v a
b out
C

EXOR gate
EXOR gate
CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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code066.v SAAD EXOR 7 —FD/I\A%Z.

e codeQbbyv EL3IaL—a LT, FORTEHERT B L.

code66.v

module m_top ();
reg [2:0] r_a;
wire w_out;
assign w_out = “r_a;

initial begin
#10 r_a <= 3’°bo0o;

#10 r_a <= 3’°bo01l;
#10 r_a <= 3’°bo10;
#10 r_a <= 3’°b011;
#10 r_a <= 3’°bl00;
#10 r_a <= 3’blel;
#10 r_a <= 3’blie;
#10 r_a <= 3’b111;
end

always@(*) #1 $display("%2d: %b -> %d", $time, r_a, w_out);

endmodule
ale]
al[1] out
a[2]
K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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Simulation output

11:
21:
31:
41:
51:
61:
71:
81:

000
001
010
011
100
101
110
111

P OORFROFRLREFLO

111



EE(2) MEZFDV)TAAILNADEEZETAT S

« code078.v Z{BIEL T, 100MHzDEERIE# D #I#9%®7-9 n-bit Adder D& KD n &
ROBZE. 1=12L, n [TE5DEEHET S.

« code078.v #AHLNTERKT H(Run Implementation) . BitstreamlF &KL S E(TAELY.
- 117TB®D D_N DEZZELEETAEAM. Failed Timing! EH ASN =B I HIFZE =L TLVELY.
« 1TH® D_N DfEZ/NEKLTERK. Implementation Complete A AESNF-EFIEiEL TS,

coded78.v

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH

“define D_N 32

module m_main (w_clk, w_a, w_b, w_dout);
input wire w_clk, w_a, w_b;
output wire w_dout;
reg [ D_N-1:0] r_a=0, r_b=0, r_s=0;
wire ['D_N-1:0] w_s;
assign w_dout = ~r_s;
always@(posedge w_clk) begin
ra <= {w.a, r.a['D_N-1:17};
r b <= {wb, rb[’D N-1:17};
r_s <= W_s;
end
m_ADDER m_ADDER® (r_a, r_b, w_s);
endmodule

module m_ADDER (w_a, w_b, w_s);
input wire ['D_N-1:0] w_a, w_b;
output wire ['D_N-1:0] w_s;
wire ['D_N:0] w_cin;
assign w_cin[@] = 0;

click this -
generate genvar g;

for (g = 0; g < DN; g =g+ 1) begin : Gen

m_FA m_FAQ(w_a[g], w_b[g], w cin[g], w_s[g], w_cin[g+1]);
end
endgenerate
endmodule

LARR (T &R

Flow Navigator T & 7

~ PROJECT MANAGER
£} Settings
Add Sources
Language Templates

L+ IP catalog

~ IP INTEGRATOR
Create Block Design
Open Block Design

Generate Block Design

~ SIMULATION

Run Simulation

~ RTL AMNALYSIS
> Open Elaborated Design

~ SYNTHESIS
P Run Synthesis

> Open Synthesized Design

mE NTATION
Run Implementation

> OpenImplemented Design

~ PROGRAM AND DEBUG
Vi Generate Bitstream

> Open Hardware Manager

L Implementation Completed x

o Implementation successfully completed.
' Next

(®) open Implemented Design

() Generate Bitstream

() \iew Reports

[ Don't show this dialog again

Implementation Complete, Failed Timing!  +/

-

4

Implementation Complete

o F I+ 1
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ACRIIL—LDTEARL— 3>

« Vivado T®D VIO M{#ELVA. x
»  Vivado T® HW manager, #A—J > Lf=TH 1>, V—RDUYEZ FE.

- WNS

 Vivado [ZH+5[ERE (schematic) D&RR.

Activities
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1'I'

OV E 1—3 5/ __n2n+d)q:# £
T ——— —~ — Q

n 2B, EE 1B

= 1 AN18 ®DFPGA (Field-Programmable Gate Array)
R"—FZBW-EE.

n ANFEEZIV I —TELI-HREEELRBIERRIR.

» BFETHAINSTO Y ORISC-ViRE
N—Krox itk 5585 Verilog HDLTEEi L, FPGATR—KRIZEE T 5.

s JIIL—TELTTaEyHOEFRIEICRYIEA, OV TAMER TR EZRS.
s 3QFEEDIVE1I—3T7—FTIF ¥ (CSC.T363) D=8 D %

o
8y ‘%

module main (clk, led);
input wire clk;
output wire led;

reg [26:0] cnt=0;
always @(posedge clk) cnt <= cnt + 1;

assign led = cnt[26];
endmodule

H g 'GE:“ Ll ?Vn’hRSLT
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ASIC (Application Specific Integrated Circuit)

« ASIC ($5EHRERI(TEFE[EIR)
. WAHATAtyHELTDHASIC
e FPGALLTWMASIC

« FPGAELTOASICIZEREINATAoO07T70twyH(L?

»~ vy

o
L2t e
- -
H %
3
a s
1 :
s ¥
- 4
-
T g
s B %
o !
» g
= \ s
1 . 2
3 N
32 s of ~ B
3= 1 :
- L
> -
-t 2 oYY
2 g R
5 2. R
& =
a .

BT X
S =4S
£ <]

Qﬂni

Intel Skylake microprocessor August 2015

ﬁ, Xilinx Artix-7 FPGA on Arty A7-35T
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Reconfigurable Systems

3
« BHEEAEIRE(VIVIT4FYITIV) VAT L 2%

o PIREDRET LTV X LEN—ROIT7IELTA—FAREEHZ ATRELRT /N
ARALTEERTIDIIEICEY, BVVMEREEHMEZRRT SV AT LA
o EFMATARELTNARZERTEIVELA—TAVIVARTLET AT T4
JaAvEa—T4 T EMES.
« FPGA (Field Programmable Gate Array)
« AMD (Xilinx)
« Intel (Altera)

 Lattice b—}e c
* NanoBridge E:D S

This circuit can change the role of AND or OR gate by the value stored ins.
Is this reconfigurable? No!
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HlfEHME S cIZE>TANDY —hkHDULMIORYT —~E75 5 [E] B \2\%
\

« ANDY —FEORT—RAUIYEBZ S ETHEENR LT SHEEZS.
e LURADETHNFEIRT HEFR
o WX, BREMRAIEEV AT LTIEAL!

AND% —hk

) -

OR%7—k

AND% —hk

3 — RIVFILIY a _:>_\
b —3 j b— d

1

a
C b C
LS RS LYRS

OR%*—h
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AND4—F
d
b d
a l
C
b ‘
OR%*—F LIRZ
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W97 TT—TIL (Lookup Table, LUT) %\%
\

c a,bZxAANELT, cxHEAHETHLUT

c EERETHLUORS(ER) OELERT HEH v

ri H AR t 77

2 RJ a b C

r3[_H?) | . 0 © rl

ral Ry 0 1 r2
] I 1 © r3

1 1 r4
2ATDLUTDIERL
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W97 TT—TIL (Lookup Table, LUT)

\

¢« LYVRADEZLENS0,1,1, 1ITERET L. :@LUTIIOR?—F&EC@M’E’E;
b

[ : C OR%—F
5 0 1|1 C
r‘3 0 —
Wyl 1 o|[1 b
| 1 11 EQWROLUTES W5 ER
2ANDLUT b a HEER

+ LYRIMEZENS0,0,0,1ITERET HE. COLUTIXFANDS —hERILEMEZT S,

a b| c
rl 0
,,2 O 0|06 AND#~ —h
e | O 1|6 qQ—
I"4I1::[1/ ] 1 06/10 b— -
| 1 1|1
2AHDLUT b a BEEER EDEROLUTESE M7 [0 18
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W97 TT—TIL (Lookup Table, LUT)

« Reconfigurable Logic

3-input LUT structure

TO—
b ° C

(r

This circuit can change the role

of AND or OR gate by the value stored ins.
Is this reconfigurable?

Nol!

OO0

> ——1(~ o) ]>—(|—\ o) ]>—(|—\ ®) ]>—(|—\ s)
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W7y TT—T )L (Lookup Table, LUT)

ey,

« Reconfigurable Logic

« 3-input LUT has 8 configuration registers

« 6-input LUT for Artix-7 FPGA

cin

w0

?g

—
(%]
Truth table 3'/
ab cin s cin
P00 © T f],
01 1 1
1
10 1 [e] - b .
P11 @ :1” .
100 1 [1]— y
101 0 [} ’
110 o \Ichn t
111 1
[e]—)
71,
|

ﬁ” 3-input LUT structure
CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH

cin

b

a

m — S

A5
A4

LA 5-LUT

ZREEE &

6-input LUT for Artix-7 FPGA

05
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FPGA (Field Programmable Gate Array)

« Artix-7 FPGA (xc7a35tcsg324-1L)
« Vivado, open implemented design, and select Layout Menu, then I/O planning
« 16 x 16 = 324 pins, max user pins of 250

FPGA chip photo

mainll.xdcDExFJD 21T | set_property -dict { PACKAGE_PIN E3 IOSTANDARD LVCMOS33} [get_ports { w_clk }];
create_clock -add -name sys clk -period 10.00 [get_ ports {w_clk}];
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Slice and SLICEL

« There are two types of slices. multiplexer e M e .
They are SLICEL and SLICEM. | T e N
e B = FE
* Eachslice has 4 LUTsand 8 FFs. " |71} F‘%LF’D B
5 t X aNTl ol -oba
X )Ho g e
« BT @ =
) ] o ™ |
ch—‘ L MUX
cet Co——JAasal 1 @?D __l_/ z:
o - é:\ aNT e
g | L) e 3
LUT ce S 0 =
CK enm
BXD—‘ I — B —
BE:1 Co— A6A106 | i ?D Ei I -
os BX o E&Fﬁ T af-ea
gurE

SR >
CE=

) L
e —
ax 5 AMUX
AB1 [O— ABA1 11 D =
g —a
85 1 ™~ DFF/LAT
5 X alNTt  aFLoaa
o oA
- ce
> Il SALO
- SR
o :l I N
Un
CLK = 1 E I v
UGATS o2

CIN
K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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CLB (Configurable Logic Block) and Slice

\
« Each CLB has two slices X

There are two types of slices. They are SLICEL and SLICEM.

Approximately two-thirds of the slices are SLICEL logic slices and the rest
are SLICEM, which can also use their LUTs as distributed 64-bit RAM or as
32-bit shift registers (SRL32) or as fwo SRL16s.

couTt CcouT
A L
e _ -
:CLB I
| |
<} | > Slice(1) |
| [
. | b
Switch | |
Matrix | |
| |
! [
()| slice(0) |
|
| |
|
L___; _________ !
CIN CIN

1
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FPGA (Field Programmable Gate Array)

+ Artix-7 FPGA (xc7a35tcsg324-1L)  _Slice
- 2,600 CLB =5,200 slices

LUT (Lookup Tap

xc7a35tcsg324-1L FPGA die CLB (Configurable Logic Block)

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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Xilinx 7 Series Configuration Logic Block (CLB)

7 Series FPGAs

Configurable Logic Block Slices = SLICEL + SLICEM
Distributed RAM (bit) = SLICEM x 256

Flip-Flops = LUTs x 2

User Guide
Tabie 1-2: Artix-7 FPGA CLB Resources
’ G-input  Distributed RAM Shift
Device Slices!" SLICEL SLICEM Register Flip-Flops
LUTs (Kb) (Kb)
UGA474 (v1.8) September 27, 2016 -
I —— 7A12T 2,0001%) 1,316 684 8,000 171 86 16,000
7AIST | 26009 | 1800 | 800 10,400 | 200 100 | 20,800
7A25T 3,650 2,400 1,250 14,600 313 156 29,200
7A35T 5,2001%) 3,600 1,600 20,800 400 200 41,600
7A50T 8,150 5,750 2,400 32,600 600 300 65,200
7A7ST | 11,8002 | 8232 | 3568 47200 | 892 46 | 94400
7A100T | 15850 | 1L100 | 4750 63400 | 1,188 504 | 126,800
7A200T 33,650 22,100 11,550 134,600 2,888 1,444 269,200
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Artix-7 Architecture Overview

« CLB (Configurable Logic Block)

« BRAM (Block RAM, embedded memory)
« DSP (Digital Signal Processing)

« CMT (Clock Management Tile)

« Routing fabric

W CB

B sram

le;

i CMT

FIFO Logic

>  BUFG

.B DSP

: BUFIO & BUFR
P (S
0w I |

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH

DSP Slice

[+ I + B+ |

[+ B+ [ +] [+]

|+ |
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FPGA Design Flow

« IP Integrator
 Simulation

* RTL Analysis
« Synthesis

* Logic Synthesis (GR¥E&RL), Yk R
DA R
« Implementation
* Place and Route (ECi&-BCfR)
* Program and Debug
 Bitstream generation
* Program

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH

Flow Navigator = 8

~ PROJECT MANAGER
I} settings
Add Sources
Language Templates

IF P Catalog

~ P INTEGRATOR

Create Block Design
Open Block Design

Generate Block Design

~  SIMULATION

Run Simulation

v RTL AMALYSIS
» Open Elaborated Design

v SYMNTHESIS
P Run Synthesis

» Open Synthesized Design

v IMPLEMEMNTATION

P Run Implementation

» Open Implemented Design

v PROGRAM AMD DEBUG

V% Generate Bitstream

» Open Hardware Manager
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Example Synthesis Result
T — — — — — \

v SYNTHESIS

(> RunsSynthesis ) COd e090.v

~ Open Synthesized Design r_DUt[U]_i_l r_DUt[l]_i_].
Constraints Wizard module m_main (w_clk, w_led);
Edit Timing Constraints input wire w_clk; 0 0=!0 1 10 O=I0& ! + !0 &1
A4 Set Up Debug output wire [3:0] w_led; o 0
9 Report Timing Summary 1 1
Report Clock Metworks reg [3:0] r‘_out = 0; 0 1
Report Clock Interaction always@(posedge w_clk) r_out <= r_out + 1;
Report Methodology aSSign W_led = P_OUt; 1 0
Report DRC endmodule
Report Noise

Report Utilization

-~ Reiort Power

w_clk_ELUF sl w_dk_BUF BUFG insl ol RSO i,
[ '
wk D [= — [ wania
5 R CHELF
Tl CHELIFY K] _inst
al i L] il -
F_osf 3] i Lr::
[’ Gasl. ]
i T i ragit] ol ragi3]
FOAE &
Foaafi]i b ] rooaf ¥ b L
= - = _osl_rangl2] —
_l_l Fooadfl]i i
] L]
[T FOIE L] —
= T4 J:_ el (MBI 2] it
LT3 [
FOAE L
- |t MBI 3] it

CELF
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Example Implementation Result

Device

v IMPLEMENTATION el= Q%% ol R 6 o

@un Implement@

~ Open Implemented Design

Constraints Wizard F out0] i 1
Edit Timing Constraints
™ Report Timing Summary
Report Clock Metworks
Report Clock Interaction
Report Methodology

Feport DRC

Feport Moise

Report Utilization

& Report Power

*4 Schematic
Cell Properties I'_OLJt [1 ]_i_].
r_out[0]_i 1 o
o Tocno 1 10 O=I0&Y1 + 10 &1
0|1 o 0 0
1 [4]
0 1 1
MNets  Cell Pins Truth Table 1 1 0
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Example Implementation Result

v IMPLEMENTATION

P Run Implementation

~ Open Implemented Design

Constraints Wizard

Edit Timing Constraints

@epm‘t Timing Summ@

Report Clock Metwaorks

Report Clock Interaction

Report Methodology

Report DRC

Report Noise

Report Utilization

& Report Power

¥ schematic

(Q =4 o, m

Slack !

Mame

Path 1

Path 2
Path 3
Path 4

6.674
5,604
8.156
8172

Levels
1

1
1
1

41 Design Timing Summary
]

Setup

Worst Megative Slack I{WNS]I:

Total Negative Slack (TMS):

click here oid

Mumber of Failing Endpoints: 0O

Total Mumber of Endpoints: 4

0,000 ns

r_out_reg[1]
r——=pC
I = CE
o do @
- s
i FDRE
i r_out_reg[2] rout[2] i 1
1 - 10
e C 1 o
- CE ok - 1.
b LUT3
- R
FDRE
Waorst Hold Slack (WHS): 0.465 ns
Total Hold Slack (THS): 0.000 ns

Mumber of Failing Endpoints: 0

Total Mumber of Endpoints: 4

All user specified timing constraints are met.

Intra-Clock Paths - sys_clk - Setup

Routes
1

1
1
1

High Fanout
4

4
4
!

From

r_out_reg[l]/C
r_out_reg[l]/C
r_out_reg[l]/C
r_out_reg[O]/C

To

r_out_reg[2]/D
r_out_reg[31/D
r_out_reg[l]/D
r_out_reg[0]/D

Total Delay
3,290

3.316
l.884
l.822

CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH

Logic Celay Met Delay Reguirement

0.718 2,572
0.744 2,572
0.748 1.138
0.580 1.242

10.0
10.0
10.0
10.0
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Example Implementation Result

* Project Summary Window |

« This window is useful o
check the synthesis and
implementation result at

a glance.

IMPLEMENTED DESIGN - xc7a35ticsg324-1L ? X
Project Summary x Device x code057.v  x Schematic = 230
Overview | Dashboard

-~

Sources

Netlist

Path Properties

Synthesis

Status:
Messages:
Active run:

Part:

Strategy:

Report Strategy:

+/ Complete
142 warnings
synth_1
HCc7a35ticsg324-1L
Vivado Synthesis Defaults

Vivado Synthesis Default Reports

Incremental synthesis: MNone

DRC Violations

summary: 1 warning

Implemented DRC Report

Utilization

Resource
LUT

FF

10

BUFG

Post-Synthesis | Post-Implementation

Graph | Table

Utilization Available Utilization %
2 20800 0.01
4 41600 0.01
S 210 2.38
1 32 3.13

Implementation

Status:

Messages:

Active run:

Part:

Strategy:

Report Strategy:
Incremental implementation:

Timing
Worst Negative Slack (WNS):
Total Negative Slack (TMS):

Number of Failing Endpoints:

Total Number of Endpoints:
Implemented Timing Report

Power

Total On-Chip Power:
Junction Temperature:
Thermal Margin:

Effective 8JA:

Summary | Rout

+/ Complete
No errors or warnings
impl_1
®c7a35ticsg324-1L
Vivado Implementation Def
Vivado Implementation Def
MNone

Setup | Hold | Fuls

6.674 ns
0ns

0

4

Summary |

0.074 W
25.4°C

74,6 °C (15,5 W)
4.8 *C/W

Power supplied to off-chip devices: O0W

Confidence level:

Implemented Power Report

Medium

CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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Distributed RAM &L THF,

ey,

« Reconfigurable Logic

« 3-input LUT has 8 configuration registers

« 6-input LUT for Artix-7 FPGA

cin

w0

?g

—
(%]
Truth table 3'/
ab cin s cin
P00 © T f],
01 1 1
1
10 1 [e] - b .
P11 @ :1” .
100 1 [1]— y
101 0 [} ’
110 o \Ichn t
111 1
[e]—)
71,
|

ﬁ” 3-input LUT structure
CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH

cin

b

a

i TS LUT

m — S

A5
A4

LA 5-LUT

ZREEE &

6-input LUT for Artix-7 FPGA

05
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Slice, SLICEL and SLICEM

Approximately two-thirds of the slices are SLICEL logic slices and the rest are SLICEM, which can also use
their LUTs as distributed 64-bit RAM (LUTRAM) or as 32-bit shift registers (SRL32) or as two SRL16s.

SLICEM P sz Rose oo SLICEL . I
cour —ce am ] o Synciheyne —{ee Bl © fleset Type
1K_sn OFF/LAT —1K__sm ~ O Sync/Asyne
;] T J OFFILAT
1 \ - X >——————— | o
™ | | DMUX Dé:1 AB-A1 =
S e ——— > p
08:1 [O—4-| Ag:a1 1 E—D ]
- we:w1 T—)D . L D pord 1 ™ OFFLAT
% T ™ o FFAAT : . o g o[
o5 T s} QN ol —po —1 — SAHI
p OINITD B5AHI — € “sao
ol o 85 ok Y e
WEN_MC31 |—— __D_ o g%%%',o 1% s — Cz ST I
ol —JcE BiNITo o T =i e
L U T cK SIR - cx [ J 1 {2 CMUX
x> 1 J Ll > cmux ot O Ascat - ’g"?}]} F/
L Oc
R v E?D F/ % T N o FFAT
bio7 = o5 1 oiNT! al-{Dca
o - e G FELAT — o oiNm
ox o % e s ) | s eeas
L ee " | g OINTI SR
WEN_MC31[—— — __D_ o 35D te “::'—0 LU T - g: ul:;m o
o= —{e= Gimiro OL | T P~
- Iy e . ¥ = =
B _DIZL L —] T BMUX B&1 D—m ™ =+ J
B8:1 (O AB:A1 m 'l__)D _E >
4 o N
il | ™ O FFALAT Fi
L £x] aNm af->ea e 1st irst output
D giNITo 1 of 5-input 2-output LUT
- | e st o 7 SINPUT - 06 or
_<D— o osalo sA 1 LUT The only output
—]cE omrmo QL 2 é of the B-input 1-output LUT
— Ll
Ay T I~ =N} Lo =
:[ - £ AMUX s 14 —= Ind 4 Second output
| > — 15 L S.INPUT — > 05 of
E/ oA LUT 5-input 2-output LUT
) 1 1 \I o FFALAT -
Lo S8 oo
| [ Hee s
- o SR
SR - - . - .
o D D == Fig. 3. Choice between l-output 6-input LUT and 2-output S-input LUT in
U “5 Xilink FPGA devices.
L CK U
H J— wen e
WE . .
e voerec2 2 visso On Area-Efficient Implementation of Data Delays
Figure 2-3: Diagram of SLICEM in 7 Series Xilinx FPGAs

Marek Parfieniuk
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Distributed RAM (43EXAEY))

RAMB4X1S
: | Table 2-3: Distributed RAM Configuration
[ 0 SPRAM64 : RAM Description Primitive Number of LUTs
D—1 CUN 06 14 Quiput
| | L 32x 18 Single port RAM32X1S 1
: Registered
Al5:0] } 6 (OI6:] ])6— Al6:1] : D Q— Outgput 32x1D Dual port RAM32X1D 2
WCLK ! (CLK) gljis:” t p (Optional) 32x2Q Quad port RAM32M 4
! |
WE : (WE/CE) _| we | 32 x 6SDP Simple dual port RAM32M 4
| : 64 x 1S Single port RAM64X1S 1
IL ! 64 x 1D Dual port RAM64X1D 2
_______________ UG474_c2 07_101210
64 x1Q Quad port RAM64M 4
Figure 2-8: 64 X 1 Single Port Distributed RAM (RAM64X1S) 64 x 3SDP Simple dual port RAM6AM 4
128 x 15 Single port RAM128X1S 2
module m_RAM64X1S (clk, a, d, we, dout); gep
input wir\e [5:0] a; // addr\ess 256 x 15 Single port RAM256X1S 4

input wire d, we;
output wire dout;

// data_in, write_enable
// data_out

reg [0:0] mem [0:63];

assign dout = mem[a];

always @(posedge clk) if(we) mem[a] <= d;
endmodule

LUTRAM = 1

Single port

Common address port for synchronous writes and asynchronous reads

- Read and write addresses share the same address bus

CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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Distributed RAM (7 8IAE"))
Dy,

RAM32M
;' ____________________ T
| o) 0 DPRAM32 :
e ] R
DI51].5 I
ADDRD{[4:0] : o[ Ale:1] |
| WA[6:1] |
WCLK —4 “i::) CLK 05 4:-— DOD[1]
WED : WE) lwe |
|
i |
: 0 DPRAM32 I
1 DIt 06 —:—» DOC[0]
| I b |
ADDRCI[4:0] —! S A1) |
| el WA[B:1] |
| ~| CLK 05 —,——I DOC
I - WE | 1
: |
| |
| 0 DPRAM32 :
: DI 06 —:—- DOB[0]
| : DI2
ADDRBI[4:0] — B511.50) af6:1] :
I el ware:1) |
: CLK 05 ——+— DOoB[1]
| WE :
: |
| |
| 0 DPRAM32 :
: DH 06 [ DOA[0]
- DI2 I
ADDRA[4:0]— ABAL5,) ajge1) |
| 2| WA[B:1] |
| CLK 05— DOA[1]
! WE |
|
| |
b |
UG474_c2 06 070914
Figure 2-6: 32 X 2 Quad Port Distributed RAM (RAM32M)

CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH

J— pan .
Table 2-3: Distributed RAM Configuration
RAM Description Primitive Number of LUTs
32x1S Single port RAM32X1S 1
32x1D Dual port RAM32X1D 2
32x20Q Quad port RAM32M 4
32 x 6SDP Simple dual port RAM32M 4
64 x 1S Single port RAM64X1S 1
64 x 1D Dual port RAMG64X1D 2
64 x10Q Quad port RAM64M 4
64 x 35DP Simple dual port RAM64M 4
128 x 1S Single port RAM128X1S 2
128 x 1D Dual port RAMI128X1D 4
256 x 1S Single port RAM256X1S 4

* Quad port

Three ports for asynchronous reads

One port for synchronous writes and asynchronous reads
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Distributed RAM (538X AEY)

DID[1]
DID[0]
ADDRD[4:0]

WCLK
WED

ADDRCI4:0]

ADDRB[4:0]

ADDRA[4:0]

RAM32M
I'_____________________I
: o) o0 DPRAM32 I
I
i 06
| (AX/BX/CX/DX) g:; I DOD(0]
! DI5:1].5 '
| O A[6:1] I
. I
" WA[6:1
i {f;:] CLK 05 : DOD[1]
1 . WE) | we I
: I
| I
I
: 0 DPRAM32 |
I
: Bg 06 [———* DOC[0]
1].5 I
l Cls lg— Al6:1] |
| WA[B:1] I
I
I CLK o5 —= DOC[1]
I : - WE |
: I
| I
I
I 0 DPRAM32 I
: oI 06 }—= DOBI0]
I
I _ DI2
i Bﬁj]: Al6:1] :
| WA[6:1] |
: » ~| CLK 05 |——+—= DOB[1]
I WE :
: I
| I
I 0 DPRAM32 :
: = DI 06 —1—* DOA[0]
DI2 I
| A[5:1
" 5 ]: Al6:1] :
I 2| WA[6:1] |
I = CLK 05 — DOA[1]
: e {wE I
| I
. I
UG4T4 6

module m_RAM32M Q (clk, al, a2, a3, a4, d, we, doutl, dout2, dout3, dout4);
input wire clk;
input wire [4:0] al, a2, a3, a4;
input wire [1:0] d;
input wire we;

output wire [1:0] doutl, dout2, dout3, dout4;

reg [1:0] mem [0:31];

assign doutl = mem[al];

assign dout2 = mem[a2];

assign dout3 = mem[a3];

assign dout4 = mem[a4];

always @(posedge clk) if(we) mem[al] <= d;
endmodule

Faled Rostes LUT FF BRAM URAM DSP

4 0 00 o 0

o| 4/ o o0 0 0
LUTRAM = 4
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Register file design of RISC-V soft processors

32x32 (32regs-32bit) single port register file

module m RegFile S (clk, a, d, we, dout);
input wire clk;
input wire [4:0] a;
input wire [31:0] d;
input wire we;
output wire [31:0] dout;

reg [31:0] mem [0:31];

assign dout = mem[a];

always @(posedge clk) if(we) mem[a] <= d;
endmodule

32x32 (32regs-32bit) dual port register file

LUTRAM = 32

module m_RegFile D (clk, al, a2, d, we, doutl, dout2);

input wire clk;

input wire [4:0] al, a2;

input wire [31:0] d;

input wire we;

output wire [31:0] doutl, dout2;

reg [31:0] mem [0:31];

assign doutl = mem[al];

assign dout2 = mem[a2];

always @(posedge clk) if(we) mem[al] <= d;
endmodule

Resource Utihzation Available Utilization %
LUT 32 63400
LUTRAM 32 19000
10 108 210
BUFG 1 32
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BRAM (Block RAM
D, —— — .y, ——— —— \

https://www.acri.c.titech.ac.jp/wordpress/archives/10236

BRAM ZEAANDE (1) BE L EXNLEVA

©2021.01.21

FPGA ZRWTAI DT 7427 L—arDL 3 heELEZTS 2SR YaoRRIcRY L7 LiL,
FPGA 2H|3 22Ty =THhHE5 LTV r—ravicib->TWabhiiTldsnd, fDE. IRELA
WDIYPZTHEBEELND LV ZELFEETRAVVDNEENE T,

CODRETIE, BEBLARLTEZDEZb L8 LIEIEXRPEZADE Y FEBAL, TBEDOLNILT v 70, BIFD
HL2DEBRFICOBINIEEZZTWET,
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Configuration bitstream

\
 Bit vector of all configuration registers. \
* Program FPGA using a configuration chain of shift register like hardware.

11 EvrRAMY—LOES

— {5 H B—E B—E :l ;:7 ‘ri:l L—
i 1 YiE it ] Fiqz |73¥EYRAER
— BN N N U—LORSE
i 1 Y|t { (Ewh)
T:?:T‘ ?—T Artix-7 77 2V
“Cril EE EEE pE 7A15T 17.536.096
! ¥ vl ¢ } 7A35T 17.536,096
T ? T‘ ? T TAS0T 17.536,096
Routing fabric - N TATST 30,606,304
‘ £ ‘ ; ‘ 7A100T 30.606.304
! £ ! 1 ! 7A200T 77.845.216
| Eai S | N
+ 1 + 1 ¥
| [EEE | | fEEEH
i i Vi SE {
| fustesd jmmseRl | | JEEEH
it 3 I T ]
H—lE BEH—JE B

Af_a'
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Artix-7 Architecture Overview

« CLB (Configurable Logic Block)

« BRAM (Block RAM, embedded memory)
« DSP (Digital Signal Processing)

« CMT (Clock Management Tile)

« Routing fabric

W CB

B sram

le;

i CMT

FIFO Logic

>  BUFG

.B DSP

: BUFIO & BUFR
P (S
0w I |
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DSP Slice

[+ I + B+ |

[+ B+ [ +] [+]

|+ |

142



ACRIIL—LDTEARL— 3>

o LUT TERSNLIEBBEREZHERTLHE.
* Clocking Wizard #{#->T 20MHz O/ OvI{EB 45K T 5 HE.

Activities

&S localhost 13389 - U~ FAT M TEE
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Carry Cain in slice

electronics ﬁw\o\w

Article b0 —pf0
Mapping Arbitrary Logic Functions onto Carry Chains in FPGAs cin .

cout
MUXCY  MUXCY,

#t

Raouf Senhadji-Navarro and Ignacio Garcia-Vargas *

Department of Computer Architecture and Technology, University of Seville, 41012 Seville, Spain; iggv@us.es

* Correspondence: raouf@us.es
+ These authors contributed equally to this work.

a0—p al—p a2 —p
Abstract: Current Field Programmable Gate Arrays (FPGAs) provide fast routing links and special LUT v L UT L U T

logic to perform carry operations; however, these resources can also be used to implement non- bO —.’ (XO R) b 1 _’ (XOR) b2 —’ (XOR)

arithmetic circuits. In this paper, a new \pprouh for m\ppmb logic functions onto carry chains is

nroconted Tnlike athor a * tho ean ho annlied tn anv lncic fiinckic

s0 sl

T e 33 Figure 2. A 3-bit full adder implemented in a Xilinx FPGA device using carry chains.
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8 P Figure 3. Examples of the implementation of wide input functions using carry chains: (a) 24-input
AND and (b) 24-input OR.
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Sample Verilog HDL code \3\&‘
\

e ACRi Room DY —/N\—[ZYE—rTRIMYTTAT AT B.
« /home/tu_kise/cld/lec6/ IZH2TILDIA—FNHSHD T, Ubuntu DF—ZF )L TR
DIAXEZEAALT, BADTALIR)IZOE—T 5.

« /home/tu_kise I automount DT 4L IR)EDT, 7OERALGWEI7AMILHRRZ
HUY. tabF—[CKDHEIDFEEMELBZWCENH LD TEET 5.

cd
mkdir cld

cd cld
cp /home/tu_kise/cld/lec6/* .

e code094.v EL3Ial—L 3T B=0HIZIF.
o JE—FTRIMYTTHELHLIZ Ubuntu DA—3FI)ILTROATVRZEANTS.
« a7k iverilog TaAV/NAILLT, £FEND aout EETT 5.

$ iverilog code@94.v

$ ./a.out

~ ==
'QJQ 146
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AVE1—FUN—FDzT7) DHHAGER

Aty HFEEREENMTET —FERYH T A S %liT—G’EnET’E‘%Elséﬁﬂi}o
HAOREFEREEEN T —FEHALT HIHEEIL, T/ X, RBEEE. ANFE. £
LTHALEDHFEIEET HEEZ1ED,
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AVE 13O HHEMGER

[ VNS ]
A25371—R Instruction Set Architecture (ISA), sa s yb7—FTOF v
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Two major ISA types: RISC vs CISC

\
« RISC (Reduced Instruction Set Computer) philosophy 2%
fixed instruction lengths
load-store instruction sets
limited addressing modes
limited operations
RISC: MIPS, Alpha, ARM, RISC-V, ...
e CISC (Complex Instruction Set Computer) philosophy
« | fixed instruction lengths
| load-store instruction sets
| limited addressing modes
| limited operations
CISC : DEC VAX11, Intel 80x86, ..
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MIPS, ARM, and RISC-V

. T W
& g,m u
Nl

WIKIPEDIA

The Free Encyclopedia

Main page
Contents
Current events
Random article
About Wikipedia
Contact us
Donate

Contribute

Help

Community portal
Recent changes
Upload file

Tools

What links here

Article  Talk Read Edit View history

MIPS architecture

From Wikipedia, the free encyclopedia

MIPS (Microprocessor without Interlocked Pipelined Stages) ™ is a reduced instruction set computer (RISC)
instruction set architecture (15A)214-1031:19 developed by MIPS Computer Systems, now MIPS Technologies, based in the
United States.

There are multiple versions of MIPS: including MIPS I, 11, III, IV, and V; as well as five releases of MIPS32/64 (for 32- and
64-bit implementations, respectively). The early MIPS architectures were 32-bit only; 64-bit versions were developad
later. As of April 2017, the current version of MIPS is MIPS32/64 Release 6.[%15) MIPS32/64 primarily differs from MIPS I-
V by defining the privileged kernel mode System Control Coprocessor in addition to the user mode architecture.

The MIPS architecture has several optional extensions. MIPS-3D which is a simple set of floating-point SIMD instructions
dedicated to common 3D tasks,[®] MDMX (MaDMaX) which is a more extensive integer SIMD instruction set using the 64-
bit floating-point registers, MIPS16e which adds compression to the instruction stream to make programs take up less
room,[7] and MIPS MT, which adds multithreading capability.[?]

Computer architecture courses in universities and technical schools often study the MIPS architecture.[®? The architecture
greatly influenced later RISC architectures such as Alpha.

M RISC-V°

RISC-V: The Free and Open RISC Instruction

Set Architecture

An 18-hour virtual event
3 keynote blocks « Worldwide audience

CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH

ARM (Advanced RISC Machine)

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

Technology. Opportunity. Community.

{" RISC-V
Global Forum

September 3, 2020

https://riscv.org/

\
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CS:E&L RISC-V D7 VI EETEWNTAT S LG

<

1 int rrlaing){ mainl.c
2 int i=0, sum=1;
3 for(i=0; i<10; i++) sum = sum * i;
4 return sum;
5 }
1 .file "mainl.c"
mainl.s 2 .option nopic
3 .text
4 .section .text.startup, "ax",@progbits
5 .align 2
6 .globl main
7 .type main, @function
8 main:
9 1li 20,1
10 1li a5,0
11 1li a4,10
12 .L2:
13 mul a0,a0, a5
14 addi a5,a5,1
15 bne a5,a4,.L2
16 ret
17 .Size main, .-main
18 .ident "GCC: (GNU) 11.1.0"
19 .section .note.GNU-stack,"",@progbits

SC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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RISC-V MDEXREZ ISA EHkEeHhk

ISA base and extensions (20191213)

Name Description
Base
RVWMO | Weak Memory Ordering
RWV32I Base Integer Instruction Set, 32-bit
RV32E Base Integer Instruction Set (embedded), 32-bit, 16 registers
Rv64l Base Integer Instruction Set, 64-bit
RV128I | Base Integer Instruction Set, 128-bit
Extension
M Standard Extension for Integer Multiplication and Division
A Standard Extension for Atomic Instructions
F Standard Extension for Single-Precision Floating-Point
D Standard Extension for Double-Precision Floating-Point
G Shorthand for the base integer set (I) and above extensions (MAFD)
Q Standard Extension for Quad-Precision Floating-Point
L Standard Extension for Decimal Floating-Point
C Standard Extension for Compressed Instructions
B Standard Extension for Bit Manipulation
] Standard Extension for Dynamically Translated Languages
T Standard Extension for Transactional Memory
P Standard Extension for Packed-SIMD Instructions
A Standard Extension for Vector Operations
N Standard Extension for User-Level Interrupts
H Standard Extension for Hypervisor
ZiCSR Control and Status Register (CSR)
Zifencei | Instruction-Fetch Fence
Zam Misaligned Atomics
Ztso Total Store Ordering

CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH

Version | Status/?]

2.0
2.1
1.9
2.1
1.7

2.0
21
2.2
2.2
N/A
2.2
0.0
2.0
0.92
0.0
0.0
0.2
0.9
1.1
0.4
2.0
2.0
0.1
0.1

Ratified
Ratified
Open
Ratified
Open

Ratified
Ratified
Ratified
Ratified
N/A
Ratified
Open
Ratified
Open
Open
Open
Open
Open
Open
Open
Ratified
Ratified
Open

Frozen
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XLEN-1 0
XLEN = 32 0 7 zero ABI(Application Binary Interface) name
x2
for 32bit ISA =
fsl Register | ABI Name | Description Saver
X6 x0 zero Hard-wired zero —
i; x1 ra Return address Caller
=9 x2 sp Stack pointer Callee
x10 x3 gp Global pointer —
ii; x4 tp Thread pointer —
x13 x5-7 t0-2 Temporaries Caller
iig x8 s0/fp Saved register /frame pointer Callee
x16 x9 si Saved register Callee
= x10-11 | a0-1 Function arguments/return values | Caller
x19 x12-17 | a2-7 Function arguments Caller
g;’ x18-27 | s2-11 Saved registers Callee
x22 x28-31 | t3-6 Temporaries Caller
iiz £0-7 ft0-7 FP temporaries Caller
%95 £8-9 fs0-1 FP saved registers Callee
x26 f10-11 | fa0-1 FP arguments/return values Caller
ii; £12-17 | fa2 7 FP arguments Caller
x29 £18-27 | £fs2-11 FP saved registers Callee
igg £28-31 | ft8-11 FP temporaries Caller
XLEN
XLEN-1 0
XE]‘;N Table 18.2: RISC-V calling convention register usage.

ﬁ Figure 2.1: RISC-V base unprivileged integer register state.
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RISC-V D&HSE

\__7_"—\?1 —

The RISC-V Instruction Set Manual
Volume I: Unprivileged ISA
Document Version 20191214-draft

Editors: Andrew Waterman!, Krste Asanovié!?
ISiFive Inc.,
2CS Division, EECS Department, University of California, Berkeley
andrew@sifive.com, krste@berkeley.edu
November 12, 2021

| xxxxxxxxxxxxxxaa | 16-bit (aa # 11)

| XXXXXXXXXXXXXXXX | XXXXXXXXXxxbbbll | 32-bit (bbb # 111)

- XXXX | XXXXXXXXXXXXKXXXX | xxxxxxxxxx011111 | 48-bit

- XXXX | XXXXXXXXXXXXXXXX | xxxxxxxxx0111111 | 64-bit

- XXXX | XXXXXXXXXXXXXXXX | Xxnnnxxxxx1111111 | (80+16%nnn)-bit, nnn#111

- XXXX | XXXXXXXXXXXXXXXX | x11lxxxxx1111111 | Reserved for >192-bits

Byte Address: base+4 base+2 base

Figure 1.1: RISC-V instruction length encoding. Only the 16-bit and 32-bit encodings are consid-
ered frozen at this time.

CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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RISC-V OaiwI74—<vhk

Figure 2.3: RISC-V base instruction formats showing immediate variants.

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH

31 30 25 24 21 20 19 15 14 12 11 8 7 6 0
funct7 rs2 rsl funct3 rd opcode | R-type
imm[11:0] rsl funct3 rd opcode | I-type
imm|11:5] rs2 rsl funct3 imm[4:0] opcode | S-type
imm[12] | imm|[10:5] rs2 rsl funct3 | imm|4:1] | imm[11] | opcode | B-type
imm|[31:12] rd opcode | U-type
imm|[20] imm|[10:1] imm|[11] imm[19:12] rd opcode | J-type
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RISC-V Arithmetic Instructions

\
« RISC-V assembly language arithmetic statement 2%

add x7, x8, X9

destination <- sourcel op source2

= Operand order is fixed (destination first)

= Those operands are all contained in the datapath’s register
file (x0, ..., x31)

@dap‘red from Computer Organization and Design, Patterson & Hennessy, © 2005 156
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Example ({5178)

A\
+ f=(g+h)-(i+3)

f.g. h i, jZENTNLIRAE x3, x4, x5, x6, x7 IZEIY{F+5
95 FEDORT—FRAREZEO INAIILLT=F5EB DRISC-VOO—K
(XE %5 h.
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Answer %§§

X3 X4 X5 X6 X7
+f=(Cg+h)-(C1+73)
X106 x11

f.g, h i jZZENENLPRA X3, x4, x5, x6, x7 |[ZE|Y{F1+5
E95. FORT—FRAVRZONAI)ILLERERORISC-VOO—F

(X ED75DD.
add x10, x4, x5 # x10 = (g + h)
add x11, x6, x7 # x11 = (1 + j)
sub x3, x10, x11 # f = x10 - x11

SEREREZRETIOBFHNGLIORAELT x10, x11ZALV,
ADLURIZEFHINTHREL.
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Machine Language - Add Instruction

\
« Instructions, like registers and words of data, are 32 bits long 2%
* Arithmetic Instruction Format (R-type):

add x7, x8, x9

funct? rs2 rsi funct3 rd opcode R-Type

opcode 7-bits
rsil 5-bits
rs2 5-bits
rd 5-bits

opcode that specifies
register file address
register file address

register file address

the operation
of the first source operand
of the second source operand

of the result’s destination

funct3 and funct7 10-bits select the type of operation (function)

ﬁ:\dap‘red from Computer Organization and Design, Patterson & Hennessy, © 2005 159
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N
RISC-V M 32Ewhk anatybk RV32I
VAR A T yJ
RV 321 Base Instruction Set
imm[31:12 rd 0110111 LUI
imm[31:12 rd 0010111 AUIPC
imm|20[10:1]11[19:12] rd 1101111 JAL
imm[11:0] sl 000 rd 1100111 JALR
imm|12|10:5 82 rsl 000 imm|4:1|11 1100011 BEQ
imm|12|10:5 52 rsl 001 imm|4:1|11 1100011 BNE
imm|12|10:5 52 rsl 100 mmm|4:1|11 1100011 BLT
imm|12(10:5 52 rsl 101 imm|4:1|11 1100011 BGE
nl4:1|11 1100011 BLTU
inst[4:2] 000 001 010 011 100 101 110 111 NENTEN 1100011 BGEU
nst[6:5) (>32b)| 0000011 | LB
00| LOAD | LOAD-FP | cusfom-0 | MISC-MEM | OP-IMM | AUIPC | OP-IMM-32 48b < LILLOLE et
01| STORE | STORE-FP | custom-1 AMO OP LUI OP-32 64b rd 0000011 LBU
10 MADD MSUB NMSUB NMADD OP-FP reserved custom—?{rtrwé 48b rd 0000011 I-“HU
11 | BRANCH JALR reserved JAL SYSTEM | reserved | custom-3/rvi28 | = 80b m ',J":D 0100011 | SB
un|4:0 0100011 SH
am|4:0 0100011 SW
Table 24.1: RISC-V base opcode map, inst[1:0]= rd 0010011 | ADDI
’ rd 0010011 SLTI
imm[11:0 rsl 011 rd 0010011 SLTIU
imm[11:0 rsl 100 rd 0010011 XORI
imm[11:0 rsl 110 rd 0010011 ORI
imm[11:0 rsl 111 rd 0010011 ANDI
0000000 shamt sl 001 rd 0010011 SLLI
0000000 shamt rsl 101 rd 0010011 SRLI
0100000 shamt rsl 101 rd 0010011 SRAI
0000000 152 rsl 000 rd 0110011 ADD
0100000 52 rsl 000 rd 0110011 SUB
0000000 82 rsl 001 rd 0110011 SLL
0000000 82 rsl 010 rd 0110011 SLT
0000000 182 rsl 011 rd 0110011 SLTU
0000000 TS2 rsl 100 rd 0110011 XOR
0000000 rs2 rsl 101 rd 0110011 SRL
0100000 152 rsl 101 rd 0110011 SRA
0000000 152 sl 110 rd 0110011 OR
0000000 152 rsl 111 rd 0110011 AND
fm pred | suce rsl 000 rd 0001111 FENCE
000000000000 00000 000 00000 1110011 ECALL
000000000001 00000 000 00000 1110011 EBREAK

CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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Example (51z&)

o RMDORISC-VDan4 5o

3
EO—RILESESH %ﬂ%ﬂ@nnx
ARSI PO Ndtogiadic Ver'llog HDLMDa—RZE LT,

TOHRRZTRE

add x10, x4, x5 # x10 = (g + h)
add x11, x6, X7 # x11 = (1 + Jj)
sub x3, x10, x11 # f = x10 - x11

31 27T 26 25 24 20 19 15 14 12 11 T § 0
funct7 rs2 rsl funct3 rd opcode
0000000 rs2 s 000 rd 0110011
0100000 rs2 rsl 000 rd 0110011

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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Answer

add x10, x4, x5 # x10 = (g + h)
add x11, x6, x7 # x11 = (i + Jj)
sub x3, x10, x11 # f = x10 - x11
31 27 26 25 24 20 19 15 14 12 11 7 6 0
funct7 rs2 rsl funct3 rd opcode R-type
0000000 rs2 rsl 000 rd 0110011 ADD
0100000 rs2 rsl 000 rd 0110011 SUB

module m_top();

reg [31:0] r_il, r_i2,

initial begin
r il <= {7°bo000e0o,
r_i2 <= {7°bo000e0o,
r_i3 <= {7°b0100000,

end

initial #1 begin

end
endmodule

r_i3;

5745,
5°d7,
57d11,

$display("il: %b %x", r_il,
$display("i2: %b %x", r_i2,
$display("i3: %b %x", r_i3,

5°d4, 3°beeo, 5°dioe,
5°d6, 3°beee, 5°dil,

5°d10, 3°b0eo,

r_il);
r_i2);
r_i3);

5°d3,

7°b0110011};
7°b0110011};
7°b0110011};

il: 00000000010100100000010100110011 00520533
i2: 00000000011100110000010110110011 ©07305b3
i3: 01000000101101010000000110110011 40b501b3

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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Integer (%) Representation

\
« FIIL FELLE OXRBFEEZS. %%
« REFEDHZRIMTETEINL.
o BUZ2EMDFAFELHTRIET HICIX
e FIZIE, 30 THNIX, 11 ELTTREYREROD (BATD/INILEK
MIODIZEIZIFI0ES. 2DIGEICIF2EHHEZTT).
e FHRIDEST-EVFE0TIEDS.
¢ BEVRTHMNIL, 0~255 M2H6TEFENDBEMERIETES.
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Integer (%) Representation

A

o FFEDOTHEXIME (sign and maghitude) [(CKAHFEMFETHD R %%

o 11, THNIZE, 1011 ELTTFHRIEVRERD B.

- 1=2L, xEREVFERWTHEZRT (FEEYL). FEEVYRAO0THN
(XIE#, ITHNILE#LETS.

« BEo-EvrEOTIENHS.

« SEVYRTHMNIL, - 127 ~127 £TO 255 FH DB HERINTES

+1110 © | 6 6 6|1 |06 |1 1

- 1110 1 0 0 0 1 0 1 1

+127 +0

-9 -127

™

Af_a'

P CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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Integer (%) Representation

« 2MD#HH (two's complement) IZ&k 5 R

S EHDRIT

o EHDEVIERERSE, 1Z2MALLDZE#HETD.
« BEVRTHMNIL, - 128 ~127 FTH 256FFFDEHERIATES

0000
0000
0000

00002
00012
00102

0111
0111
0111

11012
11102
11112

Q10
+110

+210

+12510
+12610
+12710

0L1~127MIESK

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH

1111 111e2
1111 11012

1000 00102

1000 00012
1000 00002

-110

-210

-12510
-12610
-12710

1~127DEHDE VR ER

(1DmEAKER)

1111 11112 = -11e
1111 11102 = -21e
1000 00112 = -12510
1000 00102 = -12610
1000 00012 = -12710
1000 00002 = -12810

EvhRERIC1ZMATRAEH

A
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Integer (%) Representation

« 2MD#HH (two's complement) IZ&k 5 R

o EHDEVIERERSE, 1Z2MALLDZE#HETD.
« BEVRTHMNIL, - 128 ~127 FTH 256FFFDEHERIATES

0000 00002 = 0O1e
0000 00012 = +11e
0000 00102 = +210
0111 11012 = +12510
0111 11102 = +1261e0
0111 11112 = +12710

0L1~127MIESK

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH

S EHDRIT

1111 11112 = -11e
1111 11102 = -21e
1000 00112 = -12510
1000 00102 = -12610
1000 00012 = -12710
1000 00002 = -12810

EvhRERIC1ZMATRAEH

\
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Integer (%) Representation

A
« 2D % (two's complement) FRIZD 51 2%
« ETHEVMRESETIEMASE, EENRET S.
» XEFMEYMIFSEVREEEN, OTHNITES, ITHNITERK.
o FFEHL5R(sign extension)EFEIENHE YRRZIELTNEE, F5
EvhrzERHLTHIETIEELL.
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Example (51z&)

\
. 16E JI‘@ZL;&@ 210 & 210%32[2 JF@ZL?&'»&*@'@J: _n 2\%
LIF2DMHATREHASINTLS.
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Answer

\
* 16|:‘J|‘0)2L$&0) 210 & 210%32|:‘J|‘0)2 ﬂ& %*@-@-J—; -—?hag\%
LIF2DMHATREHASINTLS.

16EVRD2EHD 210 0000 0000 0000 0010
16EVRD2EHD -20 1111 1111 1111 1110

32EVRD2HEEERLD 210 0000 00O 0O DOVO VOO 0OV VPO 0010
32EvYbD2ERD -210 1111 1111 1111 1111 1111 1111 1111 1110
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Verilog HDL T2 ###1EL TR R

« DANENDIEEDTEEZ wire sighed &£EFBHET, 20D

DFSHEBHMELTHRONS.

code@95.v

module m_top();
reg [15:0] r_data = 16'b1111111111111110;
wire signed [15:0] w_data = r_data;

initial #1 begin
$display("%6d", r_data);
$display("%6d", w_data);
end
endmodule

65534
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Verilog HDL T2 DR IZD FF =LK

N

« FFEHLER(sign extension)EMEIENSHEVRREFEOCTUEIL, FE
Y EELTHET NILKL.

¢ 2OWBRBEDIEVFDERZI2E VDB SHLET 515
w_data2 = {{16{w datal[1l5]}}, w datal};

code@96.v | module m_top();
wire signed [15:0] w_datal
wire signed [31:0] w_data2

16'b1111111111111110;
{{16{w_datal[15]}}, w_datal};

initial #1 begin
$display(“%5d %32b", w _datal, w_datal);
$display("%5d %32b", w_data2, w_data2);
end
endmodule

-2 1111111111111110
-2 111171711711717117171171711211717111111111190
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Adder and Subtractor

« MERZHAWNT, BRETHETNN—RKIOIT7EFENTES

* 4-bit Ripple Carry Adder

s=a+b

(%]
lcin[@]

a[0]—

b[0]—

FAO

—s[0]

ci

n[1]

a[l]—

b[1]—

FAl

—s[1]

ci

n[2]

a[2]™]

b[2]—

FA2

—s[2]

ci

\

n[3]

a[3]—

b[3]—=

FA3

—s[3]

lcin[4]
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a->b

= a + (-b)

a+ (~b + 1)

ci

n[o]

FAO

—s[0]

v C1

n[1]

FAl

—s[1]

4 C1

n[2]

FA2

—s[2]

ci
A\ 4

n[3]

FA3

—s[3]

1cin[4]
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ACRIIL—LDTEARL— 3>

o LUT TERSNLIEBBEREZHERTLHE.
* Clocking Wizard #{#->T 20MHz O/ OvI{EB 45K T 5 HE.

Activities

&S localhost 13389 - U~ FAT M TEE
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Sample Verilog HDL code \3\&‘
\

e ACRi Room DY —/N\—[ZYE—rTRIMYTTAT AT B.
« /home/tu_kise/cld/lec7/ IZH2TILDaA—FNHHD T, Ubuntu DF—ZF )L TR
DIAXEZEAALT, BADTALIR)IZOE—T 5.

« /home/tu_kise I automount DT 4L IR)EDT, 7OERALGWEI7AMILHRRZ
HUY. tabF—[CKDHEIDFEEMELBZWCENH LD TEET 5.

$ cd
$ mkdir cld

$ cd cld
$ cp /home/tu _kise/cld/lec7/* .

« codelQ2vZLIal—iardb=0HIZIF.
o JE—FTRIMYTTHELHLIZ Ubuntu DA—3FI)ILTROATVRZEANTS.
« a7k iverilog TaAV/NAILLT, £FEND aout EETT 5.

$ iverilog codel@2.v

$ ./a.out

~ =
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N
RISC-V M 32Ewhk matyk RV32I
VAR A T yJ
RV 321 Base Instruction Set
imm[31:12 rd 0110111 LUI
imm[31:12 rd 0010111 AUIPC
fantra ataaian ant rd 1101111 JAL
inst[4:2] 000 001 010 011 100 101 110 111 njf - Hggéﬁ %%IQR
inst[6:5] (>32b) | @i 1wo0ir | BNE
00 LOAD LOAD-FP | customn-0 | MISC-MEM | OP-IMM | AUIPC OP-IMM-32 48b n[4:1[11 1100011 | BLT
01| STORE |STORE-FP | custom-1 AMO OP LUI OP-32 64p | 2TITL L LOOOL | BST.
10 :W.A.DD P‘-].S UuB NPU‘:[S[_;B NP\'IADD OP—FP T‘{isem'ed. cu.stom—?frtrﬂ?,g 48b I: 4;1 11 1100011 BGEU
11 | BRANCH JALR reserved JAL SYSTEM | reserved | custom-3/rvi28 | = 80b rd 0000011 | LB
rd 0000011 LH
rd 0000011 LW
Table 24.1: RISC-V base opcode map, inst[1:0]= o 0000011 | LBU
ey - - rd 0000011 LHU
imm|[11:5 152 rsl 000 imm|[4:0 0100011 SB
imm|11:5 152 rsl 001 imm|4:() 0100011 SH
imm|11:5 182 rsl 010 imm|4:0 0100011 SW
imm|11:0 rsl 000 rd 0010011 ADDI
imm|11:0 rsl 010 rd 0010011 SLTI
imm[11:0 rsl 011 rd 0010011 SLTIU
imm[11:0 rsl 100 rd 0010011 XORI
imm[11:0 rsl 110 rd 0010011 ORI
imm|[11:0 rsl 111 rd 0010011 ANDI
0000000 shamt sl 001 rd 0010011 SLLI
0000000 shamt rsl 101 rd 0010011 SRLI
0100000 shamt rsl 101 rd 0010011 SRAI
0000000 152 rsl 000 rd 0110011 ADD
0100000 52 rsl 000 rd 0110011 SUB
0000000 82 rsl 001 rd 0110011 SLL
0000000 82 rsl 010 rd 0110011 SLT
0000000 182 rsl 011 rd 0110011 SLTU
0000000 TS2 rsl 100 rd 0110011 XOR
0000000 rs2 rsl 101 rd 0110011 SRL
0100000 152 rsl 101 rd 0110011 SRA
0000000 152 sl 110 rd 0110011 OR
0000000 152 rsl 111 rd 0110011 AND
fm [ pred | succ rsl 000 rd 0001111 FENCE
000000000000 00000 000 00000 1110011 ECALL
000000000001 00000 000 00000 1110011 EBREAK
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RISC-V Arithmetic Instructions

\
« RISC-V assembly language arithmetic statement 2%

add x7, x8, X9

destination <- sourcel op source2

= Operand order is fixed (destination first)

= Those operands are all contained in the datapath’s register
file (x0, ..., x31)

@dap‘red from Computer Organization and Design, Patterson & Hennessy, © 2005 177
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RISC-V Arithmetic Instructions in Verilog HDL

\

reg signed [31:0] x [©:31]; // signed registers

wire [31:0] w_rsl = x[rsl]; // unsighed wire

wire [31:0] w_rs2 = x[rs2]; // unsigned wire

add
sub :
sll
slt
sltu:
xor :
srl
sra
or
and

: x[rd]

x[rd]

: x[rd]
: x[rd]

x[rd]
x[rd]

: x[rd]
: x[rd]
: x[rd]
: x[rd]

x[rsl] + x[rs2];

x[rsl] - x[rs2];

x[rsl] << x[rs2[4:0]];
(x[rsl] < x[rs2]);
(w_rsl < w rs2);

x[rsl] ~ x[rs2];

x[rsl] >> x[rs2[4:0]];
x[rsl] >>> x[rs2[4:0]];
x[rs1] | x[rs2];

x[rsl] & x[rs2];

//
//
//
//
//
//
//
//
//
//

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH

addition

subtraction

shift left logical

set less than

set less than unsigned
exclusive-or

shift right logical
shift right arithmetic
or

and
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RISC-V OaiwI74—<vhk

31 30 25 24 21 20 19 15 14 12 11 8 7 6 0
funct7 rs2 rsl funct3 rd opcode | R-type
imm[11:0] rsl funct3 rd opcode | I-type
imm|11:5] rs2 rsl funct3 imm[4:0] opcode | S-type
imm[12] | imm|[10:5] rs2 rsl funct3 | imm|4:1] | imm[11] | opcode | B-type
imm|[31:12] rd opcode | U-type
imm|[20] imm|[10:1] imm|[11] imm[19:12] rd opcode | J-type

Figure 2.3: RISC-V base instruction formats showing immediate variants.
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N
RISC-V M 32Ewhk matyk RV32I
VAR A T yJ
RV 321 Base Instruction Set
imm[31:12 rd 0110111 LUI
imm[31:12 rd 0010111 AUIPC
fantra ataaian ant rd 1101111 JAL
inst[4:2] 000 001 010 011 100 101 110 111 njf - Hggéﬁ %%IQR
inst[6:5] (>32b) | @i 1wo0ir | BNE
00 LOAD LOAD-FP | customn-0 | MISC-MEM | OP-IMM | AUIPC OP-IMM-32 48b n[4:1[11 1100011 | BLT
01| STORE |STORE-FP | custom-1 AMO OP LUI OP-32 64p | 2TITL L LOOOL | BST.
10 :W.A.DD P‘-].S UuB NPU‘:[S[_;B NP\'IADD OP—FP T‘{isem'ed. cu.stom—?frtrﬂ?,g 48b I: 4;1 11 1100011 BGEU
11 | BRANCH JALR reserved JAL SYSTEM | reserved | custom-3/rvi28 | = 80b rd 0000011 | LB
rd 0000011 LH
rd 0000011 LW
Table 24.1: RISC-V base opcode map, inst[1:0]= o 0000011 | LBU
ey - - rd 0000011 LHU
imm|[11:5 152 rsl 000 imm|[4:0 0100011 SB
imm|11:5 152 rsl 001 imm|4:() 0100011 SH
imm|11:5 152 rsl 010 imm|4:0 0100011 SW
imm|11:0 rsl 000 rd 0010011 ADDI
imm|11:0 rsl 010 rd 0010011 SLTI
imm[11:0 rsl 011 rd 0010011 SLTIU
imm[11:0 rsl 100 rd 0010011 XORI
imm[11:0 rsl 110 rd 0010011 ORI
imm|[11:0 rsl 111 rd 0010011 ANDI
0000000 shamt sl 001 rd 0010011 SLLI
0000000 shamt rsl 101 rd 0010011 SRLI
0100000 shamt rsl 101 rd 0010011 SRAI
0000000 152 rsl 000 rd 0110011 ADD
0100000 52 rsl 000 rd 0110011 SUB
0000000 82 rsl 001 rd 0110011 SLL
0000000 82 rsl 010 rd 0110011 SLT
0000000 182 rsl 011 rd 0110011 SLTU
0000000 TS2 rsl 100 rd 0110011 XOR
0000000 rs2 rsl 101 rd 0110011 SRL
0100000 152 rsl 101 rd 0110011 SRA
0000000 152 sl 110 rd 0110011 OR
0000000 152 rsl 111 rd 0110011 AND
fm [ pred | succ rsl 000 rd 0001111 FENCE
000000000000 00000 000 00000 1110011 ECALL
000000000001 00000 000 00000 1110011 EBREAK
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RISC-V Immediate Instructions

\
Small constants are used often in typical code 2%

Possible approaches?
* put “typical constants” in memory and load them
 create hard-wired registers (like x0) for constants like 1
* have special instructions that contain constants |

addi x7, x8, -2 # x7 = x8 + (-2)

Machine for@%:\

imm[11:0] rs1 | funct3| rd opcode I-type

The constant is kept inside the instruction itself
« Immediate format limits values to the range +2!!-1 to -2!

@dapmd from Computer Organization and Design, Patterson & Hennessy, © 2005 181
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RISC-V Instructions with Immediate in Verilog HDL

A

reg signed [31:0] x [©:31]; // signed registers

wire [31:0] w_ir; // instruction

wire signed [31:0] w_sext imm = {{20{w_ir[31]}}, w ir[31:20]};
wire [31:0] w_sext _imm u = {{20{w_ir[31]}}, w _ir[31:20]};
addi : x[rd] <= x[rsl] + w_sext imm; // add immediate

slti : x[rd] <= (x[rsl] < w_sext imm); // set less than immediate
sltiu: x[rd] <= (x[rsl] < w_sext _imm u); // slt immediate, unsigned

xori : x[rd] <= x[rsl] * w_sext _imm; // exclusive-or immediate
ori : x[rd] <= x[rs1] | w_sext_imm; // or immediate
andi : x[rd] <= x[rsl] & w_sext_imm; // and immediate
31 30 25 24 21 20 19 15 14 12 11 8 7 6 0
| funct? | rs2 | sl | funct3 | rd | opcode | R-type

| imm|[11:0] I rsl | funct3 I rd I opcode | I-type
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Tty RELEY 50 0:

LRI LEBDODDRTYT 2\%
\

« IF (Instruction Fetch)
AR TEIIVFY B

« ID (Instruction Decode)
meETI—R(@RHE) LEAS, LORIDEEGHAH T (Operand
Fetch)
« EX (Execution)
M PIRIEDEITEIEITFLADERETIT?.
* MEM (Memory Access)
NEBETHNIL, A (T—R2AE))DARZTURIZTIERT S.
« WB (Write Back)
WETHNIE, FERELDRAFZEEFAD.
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m_procOl 70ty HDEKETEREICAITI-—F

codel@2.v
module m_top (); 1 00000000
reg r_clk=0; initial forever #50 r_clk = ~r_clk; 56 00000004
wire [31:0] w_pc; 156 00000008
4 —> m_main m_main® (r_clk, w_pc); 256 0000000c
always@(*) #1 $write("%3d %x¥n", $time, w_pc);
w_npc initial $dumpfile("main.vcd"); /* file name for GTKWave */
W_pc initial $dumpvars(@, m_top); /* module for GTKWave */
- initial #3060 $finish();
endmodule
module m_main (w_clk, w_pc);
input wire w_clk;
32‘ output wire [31:0] w_pc;
reg [31:0] r_pc = 0;
r_pc assign w_pc = r_pc;
wire [31:0] #10 w_npc = w_pc + 4;
always@(posedge w_clk) #5 r_pc <= w_npc;
endmodule

Signals Waves
Time

188 ns 208 ns 306

w clk=
r pc[31:0] =
w npc[3l:0] =
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m_amemory JEREAX AT DEEHREZaL—aY
\
« Verilog HDLTIE, EVMEBTT—FHWDAE!Y m % reg [B-1:0] m [O:W-1] ELTEE TES.
© BAHTEMETIOVIESEIALGLAEYZIERZIAEY (asynchronous memory) EFESN.

o FEREIXATIDERBIZRT. 0I2L—aV TOHEAHLDELEE 20nsec ELT-. w_addr TIEE
SNE=FRELRADAREHRAHT . posedge w_clk DRAZ T T, w_we (write enable) BN 1DEFIZ,
w_addr THESIN 7KL XIZ w_din (data in) DEFEEAL.

° C:Ci)ZJ-'f:%E”i/EE:l.L/'-'f;'Eilz'L,'Zf AEsz/%Efﬁfuu»73_%5 é:

module m_amemory (w_clk, w_addr, w_we, w_din, w_dout); module m_top ();
input wire w_clk, w_we; reg r_clk=0; initial forever #50 r_clk = ~r_clk;
input wire [11:0] w_addr; reg [31:0] r_pc = 0;
input wire [31:0] w_din; always @(posedge r_clk) r_pc <= #3 r_pc + 4;
output wire [31:0] w_dout;
wire [31:0] w_data;
reg [31:0] cm_ram [0:4095]; // 4K word (4096 x 32bit) memory m_amemory m (r_clk, r_pc[13:2], 1'de, 32'de, w_data);
always @(posedge w_clk) if (w_we) cm_ram[w_addr] <= w_din;
assign #20 w_dout = cm_ram[w_addr]; initial $dumpfile("main.vcd"); /* file name for GTKWave */
initial $dumpvars(@, m_top); /* module for GTKWave */
initial begin initial #1000 $finish;
cm_ram[@]={7°d@, 5°do, 5’°de, 3°de, 5°do, 7°be11eell}; // add x0, x0, x0 always@(*) #80 $write("%3d %d %x¥n", $time, r_pc, w_data);
cm_ram[1]={7°d@, 5°d1l, 5’°de, 3°de, 5°d4, 7’°be11eell}; // add x4, x0, x1 endmodule
cm_ram[2]={7°d@, 5°d2, 5°dl, 3°de, 5°d5, 7°be11@011}; // add x5, x1, x2
cm_ram[3]={7°d@, 5°d5, 5’d4, 3°de, 5°d6, 7’°be11ee11}; // add x6, x4, x5 COdElll.V
cm_ram[4]={7°d@, 5°do, 5’°de, 3°de, 5°do, 7’°be11eell}; // add x0, x0, x0
end 12 m_amemory w_ir
endmodule ; m_imem -
r_pc[13:2]| (32bitx 4096) | 32

31 30 25 24 21 20 19 15 14 12 11 8 7 6 0

ﬁ’l | funct7 rs2 rsl | funct3 | rd | opcode | R-type
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Register file, LYABZT74 )L m_regfile DEE

« Verilog HDLTIE, EYMEBTT—FHW®DAE!) m % reg [B-1:0] m [0:W-1] ELTEE TES. \

e w_rrl CHELELDRAIDEZHRAHL w_rdatal (CH AT 5. ERIFEDFEHAHL.
« w_rr2 CTIHRELELRAIDEEZHFAHL w_rdata2 ICTH 719 5. EREADFRAHL.
« 1=12L, x0 (zero) WA HLIX, EOZFH AT 5.

« posedge w_clk DA% T, w_we (write enable) A 1DEFIZ, w_wr (write register) THs

ESnf-LP X2 w_wdata (write data) DIEZEEAL.
e ZDEVA—ILTIEaddii T DENEFEZRDT=DIZ x1 % 1 T, x2 & 2 TYHAIELTLS.

codell2.v
module m_regfile (w_clk, w_rrl, w_rr2, w_wr, w_we, w_wdata, w_rdatal, w_rdata2);
input wire w_clk;
Read input wire [4:0] w_rrl, w_rr2, w_wr;
™ EEilsteH input wire [31:0] w_wdata;
eg Read input wire w_we;
B output wire [31:0 rdatal rdata2;
A Read data 1 utput wire [ ] w_ s W_ g
register 2 reg [31:0] r[0:31];
Write Read assign w_rdatal = (w_rrl==0) ? 0 : r[w_rrl];
™ st data 2 assign w_rdata2 = (w_rr2==0) ? @ : r[w_rr2];
rograor always @(posedge w_clk) if(w_we) r[w_wr] <= w_wdata;
= :'u"lille Reaist initial r[1] = 1;
ala egisiers initial r[2] = 2;
endmodule

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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IO

m_proc02 addz B35 T LY AO)LDT Bty

\
 WMHI7TVF(IF), TA—KREARZURTYF(ID), EIT(EX), T4\
(WB) DAEBEHZHE5MEMGRS (add) D&IZHIGLI=7OEyH0T0OvIX

IF ! ID . EX  WB
4 32

32 i w_rsl : :
[ E wW_rrs1 |

12 m_memory w_ir! W_rs2 9 w_rslt

{r pe ) m_imem i L m_regfile 32\;” 2 |+ i
r_pc[13:2]| (s2bitx 4096) | 32 || ° mregs | = 7y ] 32
| w_rd | (32bitx 32) | 32! !
: +—>5 | i
31 30 25 24 21 20 19 15 14 12 11 8 7 6 0

@3 funct7 rs2 rsl funct3 rd opcode | R-type
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IO

m_proc02 addz B35 T LY AO)LDT Bty

x
« MHITVFAF), TA—FEARFTURTYF(ID), EIT(EX), TAb/\vD
(WB) DAEBEZHZHSMESRS (add) OAIZHIGELI=T Oy YD TOvIE]
« 70Ot YYT, codellly DEGRHEETITHEZDEBDIEEZEZS.

code113.v O)_gl-‘ module m_proc@2 (w_clk, w_ce, w_led);
‘ input wire w_clk, w_ce;
output wire [31:0] w_led;

reg [31:0] r_pc = 0;

always @(posedge w_clk) #5 if(w_ce & r_pc[13:2]!=4) r_pc <= r_pc + 4;
wire [31:0] w_ir;

m_amemory m_imem (w_clk, r_pc[13:2], 1'd@, 32'd0, w_ir);

wire [4:0] w_rsl = w_ir[19:15];

4 32 X R,
wire [4:0] w_rs2 = w_ir[24:20];
' ! ! wire [4:0] w_rd = w_ir[11:7];
32 P st | | wire [31:0] w_rrsl, w_rrs2, w_rslt;
' 7 > W_rrsl ! . .
2 [ memory | wir! 5 2 . A - m_regfile m_regs (w_clk, w_rsl, w_rs2, w_rd, w_ce, w_rslt, w_rrsl, w_rrs2);
r_pc 7 m_imem 7, : /5' > moredfile |32 o[+ 32| —
r_pc[13:2]| (s2bit x 4096 ! ML VAREEN ! i = .
(s2bit x 4096) | we | @abiecan) (2 : assign #10 w_rslt = w_rrsl + w_rrs2;
7 1
5
reg [31:0] r_led = 0;

always @(posedge w_clk) if(w_ce & w_rd==6) r_led <= w_rslt;
assign w_led = r_led;
endmodule

31 30 25 24 21 20 19 15 14 12 11 8 7 6 0

@3 funct7 rs2 rsl funct3 rd opcode | R-type
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IO

m_proc02 addz B35 T LY AO)LDT Bty

3
e codell3v&EIIalL—oav LT, FORMEERTHIL.

o MEITTVF(IF), TA—KEARZURTYF(ID), EFT(EX), SM4 /v (WB) DAL
BEHSILHSMESGS (add) DHIZHIELIE=TOEyY

« m_proc02 DAVRIAVRAZE p £T 5. p DAEBD r_pc I&, EVARZRAWLT p.r_pc
ELTSERTES.

o BRI, pICEFENDAIVREZIVRA m_reg DAERD r[1] (X, p.m_reqg.r[1] ELTSE
TE5,

codel113.v MD—ER

module m _top ();

reg r_clk=0; initial forever #50 r_clk = ~r_clk;

wire [31:0] w_led;

m_proc@2 p (r_clk, 1’°bl, w_led);

initial $dumpfile("main.vcd"); /* file name for GTKWave */

initial $dumpvars(@, m_top); /* module for GTKWave */

initial #550 $finish;

always@(posedge r_clk) #1 $write("%4d %x: %x %x -> %x¥n",

$time, p.r_pc, p.w_rrsl, p.w _rrs2, p.w_rslt);

endmodule

31 30 25 24 21 20 19 15 14 12 11 8 7 6 0

ﬁ: funct7 rs2 rsl funct3 rd opcode | R-type
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m_proc02 addZES 50T LA 0)LDTatyH

Signals Waves
Time 180 ns 208 ns 380 ns 408 ns
w clk
r pc[31:0]
w ir[31:0]
w rsl[4:0]
w rs2[4:0]
W rd[4:0]
w_rrsi[31:0]
W _rrs2[31:0]
r led[31:0]
w led[31:0]
module m_proc@2 (w_clk, w_ce, w_led); #
; ; ; input wire w_clk, w_ce; codell3.v MO —af
' ' ' output wire [31:0] w_led;
i i i reg [31:0] r_pc = 0;
| : : always @(posedge w_clk) #5 if(w_ce & r_pc[13:2]!=4) r_pc <= r_pc + 4;
i i i wire [31:0] w_ir;
4 32 | ! ! m_amemory m_imem (w_clk, r_pc[13:2], 1'do, 32'do, w_ir);
2 i el i i wire [4:0] w_rsl = w_ir[19:15];
| — e ' wire [4:0] w_rs2 = w_ir[24:20];
12 | m_memory wjri i L - éi EWJm wire [4:0] w . rd = w ir[11:7];
s gpqéa] w£ﬁ§ﬁ$® %o 115 o w2 [ F wire [31:0] w_rrsl, w_rrs2, w_rslt;
ol v | (s2itx32) [32 | m_regfile m_regs (w_clk, w_rsl, w_rs2, w_rd, w_ce, w_rslt, w_rrsl, w_rrs2);
i 5 | |
| ! ! assign #10 w_rslt = w_rrsl + w_rrs2;
E reg [31:0] r_led = 0;
' always @(posedge w_clk) if(w_ce & w_rd==6) r_led <= w_rslt;
assign w_led = r_led; .
endmodule W_|€d DEADEIXESTDHM?
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m_proc02 addZ L

AN | Vay e €y N I WARE AV ars

« FPGA TEIEESERI=-60ND—FK codellbv HHNBREZIEMET AL,
« BOMHz OOV EBZTERMT HEDIZ clk_wiz_ 0 F#E/T 5.
e 32EYRDANZEEDLSIZ vio 0 ZERT 5.

* FPGA TEIMESET=LED
VIO DIEFESLREHM ?

module m_proc@2 (w_clk, w_ce, w_led); S5 Fe \ o
input wire w_CIK, . cel w_led DHADEIFESGEDHH 7

output wire [31:0] w_led;

reg [31:0] r_pc = 0;

always @(posedge w_clk) #5 if(w_ce & r_pc[13:2]!=4) r_pc <= r_pc + 4;
wire [31:0] w_ir;

m_amemory m_imem (w_clk, r_pc[13:2], 1'd@, 32'de, w_ir);

module m _main (w_clk, w led);
input wire w_clk;
output wire [3:0] w_led;

wire [31:0] w_dout;

wire w_clk2, w_locked;

clk wiz @ clk wo (w_clk2, @, w locked, w clk);
vio @ vio @0(w_clk2, w_dout);

m_proc@2 p (w_clk2, w_locked, w_dout);

assign w_led = r_led;
endmodule

wire [4:0] w_rsl = w_ir[19:15];
wire [4:0] w_rs2 = w_ir[24:20];
wire [4:0] w_rd w_ir[11:7];

wire [31:0] w_rrsl, w_rrs2, w_rslt;

assign #10 w_rslt = w_rrsl + w_rrs2;

reg [31:0] r_led = 0;
always @(posedge w_clk) if(w_ce & w_rd==6) r_led <= w_rslt;
assign w_led = r_led;

m_regfile m_regs (w_clk, w_rsl, w_rs2, w_rd, w_ce, w_rslt, w_rrsl, w_rrs2);

reg [3:0] r_led = 0; endmodule
always @(posedge w_clk2)
r_led <= {*w_dout[31:24], “w_dout[23:16], "w_dout[15:8], "w_dout[7:0]}; codel15.v MD—&p

K CSC.T341 Computer Logic Design, Department of
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m_proc03 add & addi ZE9 570ty

\
o MRITTYFIF), TA—REXFRZURTTYF(ID), EIT(EX), TMM\vD
(WB) DEFH IG5 MEM S (add, add)IZxt LRy D7 0voE

IF | ID . EX | WB

»
w_imm 7_5;_' w_imm32
> =2
4 32 ” 2t
3
32 ! w_rsl E i
: 5 ) w_rrsl | i
12 m_memory | w_ir! W_rs2 : 7 i w_rsit
e [ S e (S L]
r_pc[13:2]] " (32bit x 4096 ! — 2 2= :
( ) i wrd f (32bitx32) | wrrs2 [E[ :
- 2 e e
31 30 25 24 21 20 19 15 14 12 11 8 7 6 0
| funct7 | rs2 \ rsl ] funct3 \ rd [ opcode | R-type

@3 | imm[11:0] | sl | funct3 | rd | opcode | I-type
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m_proc03 add & addi ZE9 570ty

+ codel50.v EEET HL. e ™

output wire [31:0] w_led;

° 5&11:2%6&;@?-6:& reg [31:0] r_pc = 0;

always @(posedge w_clk) #5 if(w_ce & r_pc[13:2]!=4) r_pc <= r_pc + 4;
wire [31:0] w_ir;
m_amemory m_imem (w_clk, r_pc[13:2], 1'de, 32'de, w_ir);

wire [4:0] w_rsl
wire [4:0] w_rs2 = w_ir[24:20];

wire [4:0] w_rd w_ir[11:7];

wire [31:0] w_rrsl, w_rrs2, w_rslt;

m_regfile m_regs (w_clk, w_rsl, w_rs2, w_rd, w_ce, w_rslt, w_rrsl, w_rrs2);

w_ir[19:15];

module m_amemory (w_clk, w_addr, w_we, w_din, w_dout);
input wire w_clk, w_we; /***** please describe this part by yourself ¥¥xk*/
input wire [11:0] w_addr;
input wire [31:0] w_din;

output wire [31:0] w_dout; reg [31:0] r_led = 0;

always @(posedge w_clk) if(w_ce & w_rd==6) r_led <= w_rslt;
reg [31:0] cm_ram [0:4095]; // 4K word (4096 x 32bit) memory assign w_led = r_led;
always @(posedge w_clk) if (w_we) cm_ram[w_addr] <= w_din; ardieduile -

assign #20 w_dout = cm_ram[w_addr];

initial begin
cm_ram[@]={7’de, 5°de, 5°de, 3°de, 5°de, 7°be11e011l}; // add x©, x0, xO codel50.v MO—Ep
cm_ram[1]={12’hees, 5°de, 3°do, 5°d4, 7°bee10011}; // addi x4, x0, 8
cm_ram[2]={12’hffe, 5°de, 3’°de, 5°d5, 7’°bee1eeil}; // addi x5, x0, -2
cm_ram[3]={7’de, 5°d5, 5’d4, 3°de, 5°d6, 7°bol11ee1l}; // add x6, x4, x5
cm_ram[4]={7’de, 5°de, 5°de, 3°de, 5°de, 7°be110011}; // add xO, x0, X0

end

endmodule

31 30 25 24 21 20 19 15 14 12 11 8 7 6 0
| funct7 I rs2 ] rsl ] funct3 | rd [0pcode| R-type
| imm[11:0] | 1s1 | funct3 | rd | opcode | I-type
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Machine Language - Add Instruction

\
« Instructions, like registers and words of data, are 32 bits long 2%
* Arithmetic Instruction Format (R-type):

add x7, x8, x9

funct? rs2 rsil | funct3 rd opcode R-Type

opcode 7-bits
rsil 5-bits
rs2 5-bits
rd 5-bits

opcode that specifies
register file address
register file address

register file address

the operation
of the first source operand
of the second source operand

of the result’s destination

funct3 and funct7 10-bits select the type of operation (function)

ﬁ:\dap‘red from Computer Organization and Design, Patterson & Hennessy, © 2005 195
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RISC-V Immediate Instructions

\
Small constants are used often in typical code 2%

Possible approaches?
« put “typical constants” in memory and load them
 create hard-wired registers (like x0) for constants like 1
* have special instructions that contain constants |

addi x7, x8, -2 # x7 = x8 + (-2)

Machine for@%:\

imm[11:0] rs1 | funct3| rd opcode I-type

The constant is kept inside the instruction itself
« Immediate format limits values to the range +2!!-1 to -2!

@dapmd from Computer Organization and Design, Patterson & Hennessy, © 2005 196
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Two major ISA types: RISC vs CISC

\
« RISC (Reduced Instruction Set Computer) philosophy 2%
fixed instruction lengths
load-store instruction sets
limited addressing modes
limited operations
RISC: MIPS, Alpha, ARM, RISC-V, ...
e CISC (Complex Instruction Set Computer) philosophy
« | fixed instruction lengths
| load-store instruction sets
| limited addressing modes
| limited operations
CISC : DEC VAX11, Intel 80x86, ..
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N
RISC-V M 32Ewhk matyk RV32I
VAR A T yJ
RV 321 Base Instruction Set
imm[31:12 rd 0110111 LUI
imm[31:12 rd 0010111 AUIPC
imm|20[10:1]11[19:12] rd 1101111 JAL
imm[11:0] sl 000 rd 1100111 JALR
imm|12|10:5 82 rsl 000 imm|4:1|11 1100011 BEQ
imm|12|10:5 52 rsl 001 imm|4:1|11 1100011 BNE
imm|12|10:5 52 rsl 100 mmm|4:1|11 1100011 BLT
imm|12|10:5 52 rsl 101 imm|4:1|11 1100011 BGE
imm|[12|10:5 152 rsl 110 imml4:1|11 1100011 BLTU
imm|[12|10:5 52 rsl 111 imml4:1|11 1100011 BGEU
imm|[11:0 rsl 000 rd 0000011 LB
imm[11:0 rsl 001 rd 0000011 LH
imm|[11:0 rsl 010 rd 0000011 LW
imm[11:0 rsl 100 rd 0000011 LBU
imm|[11:0 rsl 101 rd 0000011 LHU
imm|11:5 152 rsl 000 imm|4:0 0100011 SB
imm|11:5 152 rsl 001 imm|4:() 0100011 SH
imm|11:5 182 rsl 010 imm|4:0 0100011 SW
imm|11:0 rsl 000 rd 0010011 ADDI
imm|11:0 rsl 010 rd 0010011 SLTI
imm/[11:0 rsl 011 rd 0010011 SLTIU
imm[11:0 rsl 100 rd 0010011 XORI
imm[11:0 rsl 110 rd 0010011 ORI
imml11:0 rsl 111 rd 0010011 ANDI
- rd 0010011 SLLI
mst[42] 000 001 010 011 100 101 110 111 rd 0010011 SRLI
inst|6:5] (> 32b) rd 0010011 | SRAL
00 ] LOAD | LOAD-FP | custom-0| MISC-MEM | OP-IMM | AUIPC | OP-IMM-32 48b < Ly QPBD
01 | STORE | STORE-FP | custom-1| _ AMO oP LUI OP-32 640 - STioor—| Sir
10 MADD MSUB NMSUB NMADD OP-FP | reserved | custom-2/rvi28 48b rd 0110011 SLT
11 | BRANCH JALR reserved JAL SYSTEM | reserved | custom-3/rvi28 | = 80b rd 0110011 | SLTU
rd 0110011 XOR
rd 0110011 SRL
Table 24.1: RISC-V base opcode map, inst[1:0]= rd OLI00TT | SRA
rd 0110011 OR
0000000 | 82 rsl 111 rd 0110011 AND
fm pred | suce rsl 000 rd 0001111 FENCE
000000000000 00000 000 00000 1110011 ECALL
000000000001 00000 000 00000 1110011 EBREAK

CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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RISC-V Memory Access Instructions X
\

« RISC-V has two basic data transfer instructions for
accessing memory

lw x5, 24(x7) # load word from memory
sw x3, 28(x9) # store word to memory

« The data is loaded into (Iw) or stored from (sw) a register
in the register file

* The memory address — a 32 bit address — is formed by
adding the contents of the base address register to the
offset value

&Ldap’red from Computer Organization and Design, Patterson & Hennessy, © 2005 199
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Machine Language - Load Instruction \
\
 Load Instruction Format (I-type): 2%

lw x5, 24(x7)

imm[11:0] rsi | funct3| rd opcode | I-type
Memory
Oxffffffff
24, + X1 =
%5 «—— 0x120040ac
... 0001 1000
+...1001 0100 %7 —» 0x12004094
... 1010 1100 =
0x120040ac 0x0000000c
0x00000008
0x00000004
0x00000000

data word address (hex)
Adapted from Computer Organization and Design, Patterson & Hennessy, © 2005
c
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Example (51z&) X
\

« g=h+A[8]

100EEMLRBERIIAMSHSHET S, Ffz, A /NASIFEHg, h IC
LI RZ x5, x6 ZE|YHIFT5H. SHIZEIDEIBTZRLRIE X7 [
fHOLNTINSET 5.

FDRT—RARZEO NS LB L.
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Answer i\%

« g=h+A[8]

100EEM LR AEIIANSHDHET H. Tz, AV NASEEHg, h [
LI RZ x5, x6 ZE|Y TS, SHICEIDEFEIBZRLRIE x7 12
OHLNTLNEET 5.

FDRAT—RARZEAV NS LB L.

lw  x9, 32(x7) # x9 = A[8]
add x5, x6, x9 # g =h + x9
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Machine Language - Store Instruction \
\
« Load Instruction Format (S-type): 2%

sw x5, 24(x7)

imm[11:5] rs2 rs1 | funct3|imm[4:0]| opcode | S-type
Memory

Oxffffffff

24, + X1 =
K5 —t— 0x120040ac

... 0001 1000

+...1001 0100 %7 —» 0x12004094

... 1010 1100 =
0x120040ac 0x0000000c
0x00000008
0x00000004
0x00000000

data word address (hex)
Adapted from Computer Organization and Design, Patterson & Hennessy, © 2005
c
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Example (51z&)
\
« A[12]=h+ A[8] 3&‘

100EEM LR AECHIAMSHHET S, Tz, AVNAFEEH h ITL
DRF x6 ZENYMITSH. SHITEEHDEREIBTFLRIE X7 1ZH#H&H 5
NTWaHET S

EDRTF—FAVZEAVNAILE L.
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Answer
\
« A[12]=h+ A[8] x

100EEM LR AECHIAMSHHET S, Tz, AVNAFEEH h ITL
DRF x6 ZENYMITSH. SHITEEHDEREIBTFLRIE X7 1ZH#H&H 5
NTWaHET S

EDRTF—FAVZEAVNAILE L.

lw  x9, 32(x7) # x9 = A[8]
add x9, x6, x9 # x9 = h + x9
sw X9, 48(x7) # A[12] = x9
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RISC-V M32E vk metyk RV32I DnilEan 5
- JraEAmn T Ty AN T
RV 321 Base Instruction Set
imm[31:12 rd 0110111 LUI
imm[31:12 rd 0010111 AUIPC
imm|20[10:1{11]19:12] rd 1101111 JAL
imm[11:0] rs] 000 rd 1100111 JALR
imm|12|10:5 82 rsl 000 imm|4:1|11 1100011 BEQ
imm|12|10:5 52 rsl 001 imm|4:1|11 1100011 BNE
imm|12|10:5 52 rsl 100 mmm|4:1|11 1100011 BLT
imm|12|10:5 52 rsl 101 imm|4:1|11 1100011 BGE
imm|[12|10:5 152 rsl 110 imml4:1|11 1100011 BLTU
imm|[12(10:5 52 rsl 111 imml4:1|11 1100011 BGEU
imm[11:0 rsl 000 rd 0000011 LB
imm[11:0 rsl 001 rd 0000011 LH
imm|[11:0 rsl 010 rd 0000011 LW
imm[11:0 rsl 100 rd 0000011 LBU
imm|[11:0 rsl 101 rd 0000011 LHU
imm|[11:5 152 rsl 000 imm|[4:0 0100011 SB
imm|11:5 152 rsl 001 imm|4:() 0100011 SH
imm|11:5 182 rsl 010 imm|4:0 0100011 SW
imm|11:0 rsl 000 rd 0010011 ADDI
imm|11:0 rsl 010 rd 0010011 SLTI
imm/[11:0 rsl 011 rd 0010011 SLTIU
imm[11:0 rsl 100 rd 0010011 XORI
imm[11:0 rsl 110 rd 0010011 ORI
imml11:0 rsl 111 rd 0010011 ANDI
- rd 0010011 SLLI
mst[42] 000 001 010 011 100 101 110 111 rd 0010011 SRLI
inst|6:5] (> 32b) rd 0010011 | SRAL
00| LOAD | LOAD-FP | custom-0| MISC-MEM | OP-IMM | AUIPC | OP-IMM-32 48b < Ly QPBD
01| STORE | STORE-FP | custom-1| _ AMO oP LUI OP-32 640 - STioor—| Sir
10 MADD MSUB NMSUB NMADD OP-FP | reserved | custom-2/rvi28 48b rd 0110011 SLT
11 | BRANCH JALR reserved JAL SYSTEM | reserved | custom-3/rvi28 | = 80b rd 0110011 | SLTU
rd 0110011 XOR
rd 0110011 SRL
Table 24.1: RISC-V base opcode map, inst[1:0]= rd OLI00TT | SRA
rd 0110011 OR
0000000 | 82 rsl 111 rd 0110011 AND
fm pred | suce rsl 000 rd 0001111 FENCE
000000000000 00000 000 00000 1110011 ECALL
000000000001 00000 000 00000 1110011 EBREAK
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m_procOl 70ty HDEKETEREICAITI-—F

codelf2.v

4 —>

w_npc

W_pc

32

r_pc

Signals Waves
Time

188 ns 208 ns 306

w clk=
r pc[31:0] = [elEEEE
w npc[3l:0] =
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RISC-V Control Flow Instructions

\
« RISC-V conditional branch instructions: X

beq x4, x5, Lbl # go to Lbl if x4==x5
bne x4, x5, Lbl # go to Lbl if x4!=x5

Ex: if (i==j) h = 1 + j;

bne x4, x5, Lbll
add x6, x4, x5

f (i!=j) goto Lbll

# 1
# h =1+ j;

Lbll:

* Instruction Format (B-type):

imm[12] | imm|[10:5] rs2 rsl funct3 |imm[4:1] | imm[11] | opcode | B-type

* How is the branch destination address specified?

@dap‘red from Computer Organization and Design, Patterson & Hennessy, © 2005 208
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RISC-V Control Flow Instructions

\

o BEXDIMMZELZHNEZ TEFFETHIILTHLNDI2EYFDImm[12:1] %%
D THELIZIEVRDOZEERELT, 13EVFDEMEEFS.

s NEFBHERTHETIREVFDEMEIZE#RT 5.

« ZOXIITELNI=32EVFDEMEIZPCOEZNE T HZET, DEEDTRL
AERFS.

imm|[12]10:5] rs2 rsl 000 | imm[4:1|11] 1100011 BEQ
imm|12]10:5] rs2 rsl 001 imm[4:1]11] 1100011 BNE
imm|12[10:5 rs2 rsl 100 imm|4:1]11] 1100011 BLT
imm|12[10:5] rs2 rsl 101 imm|4:1|11] 1100011 BGE
imm|12[10:5] rs2 rsl 110 | imm|4:1]11] 1100011 BLTU
imm|[12|10:5] rs2 rsl 111 imm|[4:1[11] 1100011 BGEU

beq (branch if equal)

bne (branch if not equal)

blt (branch if less than)

bge (branch if greater than or equal)

bltu (branch if less than, unsigned)

bgeu (branch if greater than or equal, unsigned)
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RISC-V D&HSE

\__7_"—\?1 —

The RISC-V Instruction Set Manual
Volume I: Unprivileged ISA
Document Version 20191214-draft

Editors: Andrew Waterman!, Krste Asanovié!?
ISiFive Inc.,
2CS Division, EECS Department, University of California, Berkeley
andrew@sifive.com, krste@berkeley.edu
November 12, 2021

| xxxxxxxxxxxxxxaa | 16-bit (aa # 11)

| XXXXXXXXXXXXXXXX | XXXXXXXXXxxbbbll | 32-bit (bbb # 111)

- XXXX | XXXXXXXXXXXXKXXXX | xxxxxxxxxx011111 | 48-bit

- XXXX | XXXXXXXXXXXXXXXX | xxxxxxxxx0111111 | 64-bit

- XXXX | XXXXXXXXXXXXXXXX | Xxnnnxxxxx1111111 | (80+16%nnn)-bit, nnn#111

- XXXX | XXXXXXXXXXXXXXXX | x11lxxxxx1111111 | Reserved for >192-bits

Byte Address: base+4 base+2 base

Figure 1.1: RISC-V instruction length encoding. Only the 16-bit and 32-bit encodings are consid-
ered frozen at this time.

CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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RISC-V an e EBNE

<

31 30 25 24 21 20 19 15 14 12 11 3 7 6 0
| funct7 | 2 |  rsl | funct3 | rd | opcode | R-type
| imm([11:0] | sl | funct3 | rd [ opcode | I-type
\ imm[11:5] | 152 | rsl | funct3 | imm([4:0] | opcode | S-type
[imm[12] | imm[10:5] | rs2 | sl | funct3 [imm[4:1] [imm[11] [ opcode | B-type
\ imm(31:12] \ rd | opcode | U-type
[ imm[20] | imm([10:1] [imm[11] | imm[19:12] ] rd [ opcode | J-type

Figure 2.3: RISC-V base instruction formats showing immediate variants.

31 30 2019 21 12 11 10 5 4 11 0
H — inst[31] — [ inst[30:25] | inst[24:21] | inst[20] | I-immediate
21 5
H — inst[31] — [ inst[30:25] | inst[11:8] | inst[7] | S-immediate
20
|\ inst[31] | inst[7] |inst[30:25] | inst[11:8] | 0 | B-immediate
19 12
|inst[31] [ inst[30:20] | inst[19:12] | — 0 — | U-immediate
12 10
| — inst[31] — | inst[19:12] |inst[20] |inst[30:25] [inst[24:21]] 0 | J-immediate

Figure 2.4: Types of immediate produced by RISC-V instructions. The fields are labeled with the
instruction bits used to construct their value. Sign extension always uses inst[31].
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m_proc03 add & addi ZE9 570ty

IO

e MEITTVF(IF), TaA—KREARZURTYF(ID),

<

EIT(EX), 514\ D
(WB) OUEZHIGE5ME MRS (add, addi)ITxt Lz 0twyHn 7oy

[ opcode | R-type

IF ID EX
v
w_imm 7_5;_' w_imm32 !
- > % i
3 !
32 w_rsl . E
S w_rrsl | |
12 m_memory w_ir! W 182 : 7 ; | W rslt
r_pc # m_imem §2 fr: mrﬁrerg;!e 32 w_ain | [ %5 —
r pc[13:2 ; i || =z | W :
Pell3:2]| " (32bit x 4096) L, wrd ' (32bitx32) | w_rrs2 ‘——> |
5 32 i 1
31 30 25 24 21 20 19 15 14 12 11 8
| funct? | rs2 \ rsl ] funct3 \ rd
imm[11:0] | sl | funct3 | rd

| opcode | I-type
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m_proc04 add, addi, Iw z4L;

. HBETTYF(IF), TaA—KREFRSURTTYF(ID),

inn

E1T(EX), *EUT VEA(MEM), 5

95701y

A

A3y 9(WB) DIEBHFH 4 Sadd, addi, IwssFIZxf L7 0wyY

IF

ID

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH

EX MEM WB
%
w_imm UI_D: w_imm32
L ) ‘>_<'-
4 32 12 =
3
32 w_rsl .
A > w_rrsl |
12 m_memory | w._ir! W rs2 : z — w_rslt
—1r_pc 7 m_imem §2 /5' mrﬁriggsle 32 w ain A — w_rslt2
r_pe[13:2]] " (32bit x 4096 ! - 2| == 32 |
EEIPEtE, | wrd | @2bitx32) | w2 [g[T 12
5 [ 35 i 7> m_amemory !
! m_dmem w_ldd
(32bit x 4096) |32
31 30 25 24 21 20 19 15 14 12 11 8 7 6 0
| funct7 | rs2 \ rsl ] funct3 \ rd [ opcode | R-type
| imm[11:0] | sl | funct3 | rd | opcode | I-type
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IO

m_proc05 add, addi, lw, sw ZEY 570ty

A
« WMEITTIVFAF), TA—KREARSURTZYF(ID), EIT(EX), *EBITIEA(MEM), 5
ANy (WB) DIEBH 74 Sadd, addi, lw, swaEnsICRELizFOty4

IF | ID . EX MEM . WB

w_imm g | w_imm32
4 32 ?l @ I
>
32 w_rsl .
RS > w_rrsl | E
12 m_memory w_ir! w_rs2 . 7 >\| LW rslt
—r_pc 7 m_imem §2 /5’ mrﬁriggsle 32 W ain | * A w._rslt2
r_pc[13:2]|  (32bit x 4096 ! — Z=" 32 |
( ) word I (32bit x 32) w_rrs2 |2 12
5 %9 1 =3 m_amemory !
w_1rs2 :/3/2 m_dmem V?I_|dd
(32bit x 4096) |32 !
31 30 25 24 21 20 19 15 14 12 11 8 7 6 0
| funct7 ] rs2 \ rsl ] funct3 \ rd [ opcode | R-type

@3 | imm[11:0] | sl | funct3 | rd | opcode | I-type
C
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IO

m_proc06 add, addi, lw, sw, beq ZIEF 5701y

A
o MEITIVF(IF), TA—KEARTURTZYF(ID), EFT(EX), *EBIVTIEA(MEM), 5
Ak 9(WB) DAUEZEFH 4 Sadd, addi, lw, sw, beqii It iELI-FOwyY

IF ID . EX MEM . WB
w_npc : | ! !
32 ; Z
§ : AN * W_tpC
x 32
32 w_imm g w_imm32
i 4 ) e
wpe | | AT
! w_rsl | !
i ora > ! !
32 12 m_memory W_il'i > w_rs2 fil é/2 e i - D i w_rslt !
—1r_pc 7 m_imem §2 /5' mrﬁrigglse ! + = — z w_rslt2
r_pc[13:2]| * (32bit x 4096) i w_rd S (32bit x 32) /W_rrSZE J|§ lvly_ain | 32 i 1 E g z ‘
v 5 %0 '+ >  m_amemory !
P wors2 ::’,2 m_dmem v/_ldd
; (32bit x 4096) |32 !
31 30 25 24 21 20 19 15 14 12 11 8 7 6 0
| funct7 | rs2 \ rsl ] funct3 \ rd [ opcode | R-type

@3 | imm[11:0] | sl | funct3 | rd | opcode | I-type
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RISC-V M32EvrEARGES vk RV32T

RV 321 Base Instruction Set

imm[31:12 rd 0110111 LUI
¢ LB ( load byte ) imm[31:12 rd 0010111 AUIPC
imm/[20[10:1[11]19:12 rd 1101111 JAL
¢ LH ( load hal-FWOPd ) imm[ll:(]]l | i ] rsl 000 rd 1100111 JALR
imm|12|10:5 82 rsl 000 imm|4:1|11 1100011 BEQ
e LW ( load word ) mm[12]105 ) ) 001 | imm[ZI/11] | 11000i1 | BNE
o imm|12(10:5 52 rsl 100 imm|4:1|11 1100011 BLT
 LBU (load byte, UhSlgnEd) fmm[12[10:5 152 rsl 101 | fmm[4:1[11] | 1100011 | BGE
. imm/(12(10:5 152 rsl 110 imm|4:1|11 1100011 BLTU
* LHU (load halfwor‘d, un51gned) mm[12]10:5 [ rsl 111 | tmm[4:1]11] | 1100011 | BGEU
. i 11:0 11 000 d 0000011 LB
 SB (stor‘e byte(8-b1t) ) :$$ 110 :::1 001 :d 0000011 | LH
. imm[11:0 rsl 010 rd 0000011 LW
* SH (store halfword(16-bit)) (110 w1100 a 0000011 | LBU
R imm|[11:0 rsl 101 rd 0000011 LHU
L Sw ( Stor‘e WO r‘d ( 32 - blt ) ) imm|[11:5 rs2 rsl 000 imm|[4:0 0100011 SB
imm|11:5 152 rsl 001 imamn|4:0 0100011 SH
imm|11:5 182 rsl 010 imm|4:0 0100011 SW
imm|11:0 rsl 000 rd 0010011 ADDI
imm|11:0 rsl 010 rd 0010011 SLTI
. | | : imm|11:0 . rsl ; , 011 rd 0010011 SLTIU
imm|11:0 rsl 000 rd 0000011 LB
imm|11:0 rsl 001 rd 0000011 LH
imm/|11:0] rsl 010 rd 0000011 LW
imm[11:0 rs] 100 rd 0000011 LBU
imm|11:0 rsl 101 rd 0000011 LHU
imm|11:5] rs2 rsl 000 imm|4:0] 0100011 SB
imm|11:5] 82 sl 001 imm 4:0] 0100011 SH
imm|11:5 rs2 rsl 010 imm|4:0 0100011 SW
' e 0000000 | rs2 rs] 1T | rd ] 0110011 ] AND
fm | pred | succ rsl 000 rd 0001111 FENCE
000000000000 00000 000 00000 1110011 ECALL
000000000001 00000 000 00000 1110011 EBREAK
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little-endian, big-endian

In a little-endian configuration, multibyte stores write the least-significant register byte al
the lowest memory byte address, followed by the other register bytes in ascending order of their
significance. Loads similarly transfer the contents of the lesser memory byte addresses to the
less-significant register bytes.

In a big-endian configuration, multibyte stores write the most-significant register byte at the
lowest memory byte address, followed by the other register bytes in descending order of their
stgnificance. Loads similarly transfer the contents of the greater memory byte addresses to the
less-stgnificant register bytes.
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Tty RELEY 50 0:

LRI LEBDODDRTYT 2\%
\

« IF (Instruction Fetch)
AR TEIIVFY B

« ID (Instruction Decode)
meETI—R(@RHE) LEAS, LORIDEEGHAH T (Operand
Fetch)
« EX (Execution)
M PIRIEDEITEIEITFLADERETIT?.
* MEM (Memory Access)
NEBETHNIL, A (T—R2AE))DARZTURIZTIERT S.
« WB (Write Back)
WETHNIE, FERELDRAFZEEFAD.
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IO

m_proc02 addz B35 T LY AO)LDT Bty

\
 WMHI7TVF(IF), TA—KREARZURTYF(ID), EIT(EX), T4\
(WB) DAEBEHZHE5MEMGRS (add) D&IZHIGLI=7OEyH0T0OvIX

IF ! ID . EX  WB
4 32

32 i w_rsl : :
i A w_rrsl |

12 m_amemory w_ir! W_rs2 . 9 L w_rslt

—I1 pc 7 m_imem §2 : é mrﬁrtiggsle 3 2 |+ %0 —
r_pc[13:2] i : L AN !
(32bit x 4096) | wrd | @obitx32) [Zg |
S | :
31 30 25 24 21 20 19 15 14 12 11 8 7 6 0

@3 funct7 rs2 rsl funct3 rd opcode | R-type
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m_proc03 add & addi ZE9 570ty

IO

e MEITTVF(IF), TaA—KREARZURTYF(ID),

<

EIT(EX), 514\ D
(WB) OUEZHIGE5ME MRS (add, addi)ITxt Lz 0twyHn 7oy

[ opcode | R-type

IF ID EX
»
w_imm 7_5;_' w_imm32 !
- > % i
3 :
32 w_rsl . i
s LAES |
12 m_amemory w_ir, W_rs2 4 ! 'wrslt
r_pc 7 m_imem §2 %’ gl 22 Woanl® %0l —
r_pc[13:2]|  (32bit x 4096 ! m_regs 2= |
(32bit x 4096) 2 wrd f @Bobiex32) | wors2 [E]T !
5 32 i 1
31 30 25 24 21 20 19 15 14 12 11 8
| funct? | rs2 \ rsl ] funct3 \ rd
imm[11:0] | sl | funct3 | rd

| opcode | I-type

SC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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m_proc04 add, addi, Iw z4L;

. HBETTYF(IF), TaA—KREFRSURTTYF(ID),

inn

B3 570ty

A3y 9(WB) DIEBHFH 4 Sadd, addi, IwssFIZxf L7 0wyY

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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E1T(EX), *EUT VEA(MEM), 5

w_rslt2

IF ID EX MEM WB
©
w_imm UI_D: w_imm32
L ) ‘>_<'-
4 32 7 2
3
32 w_rsl .
A > w_rrsl |
- ya | >
L 1/2 m_an_1em0ry Vy_lr: ) W_rs2 m_regfile éZ i +\| w_rslt
_pc 7 m_imem §2 : /5 m. rogs W ain ~
r_pc[13:2] | (32bit x 4096 | . gl ) oE
(32Dit x 4096) - wrd U 3abitx32) | wors2 €7
5 D #>  m_amemory ;
| m_dmem vy_ldd
(32bit x 4096) |32 !
31 30 25 24 21 20 19 15 14 12 11 8 7 6 0
| funct7 | rs2 \ rsl ] funct3 \ rd [ opcode | R-type
| imm[11:0] | sl | funct3 | rd | opcode | I-type
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IO

m_proc05 add, addi, lw, sw Z 4

B9 5701y

A
« WMEITTIVFAF), TA—KREARSURTZYF(ID), EIT(EX), *EBITIEA(MEM), 5
ANy (WB) DIEBH 74 Sadd, addi, lw, swaEnsICRELizFOty4

IF | ID . EX MEM . WB

w_imm g | w_imm32
4 32 >l I
>
32 i w_rsl .
: g > w_rrsl | !
12 m_amemory wW_ir | W_rs2 Z ! >\| L wrslt
—r_pc # m_imem §2 /5' m_regfile | 32 W ain |t 4 w_rslt2
r_pc[13:2]| " (32bit x 4096 | s gl )% \
( ) : wrd f @abitx32) | wors2 g7 |12
P % | > m_amemory ;
w_rrs2 1/3/2 m_dmem w_ldd
(32bit x 4096) |32 !
31 30 25 24 21 20 19 15 14 12 11 8 7 6 0
| funct7 ] rs2 \ rsl ] funct3 \ rd [ opcode | R-type

@3 | imm[11:0] | sl | funct3 | rd | opcode | I-type
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IO

m_proc06 add, addi, lw, sw, beq ZIEF 5701y

o WRITVF(IF), TA—FEARIURTTYF(ID), EIT(EX), A*EUTVEA(MEM), 5
A~y (WB) DUEZEH /5 Sadd, addi, w, sw, beq@FIZHIGLI-=TBtEyH

\

IF i ID . EX MEM . WB
w_npc :
= > T 7w tpe
= ! 32 E | :
32 g | w_imm
:B‘ i g I ) w_taken
1 1 i i
w_rsl !
i w_rrsl | : !
32 1o m_amemory w_ir! > W_rs2 fil ’/2 T \l iw rslt E
—|r _pc 7 m_imem §2 i 5’ mrﬁrergglse 3 ! + L g = w_rslt2
r_pc[13:2]|  (32bit x 4096 - 2| ) 32! ! |
(32bit x ) 2 w_rd (32bitx 32) | w_rrs2 8W_am |12 , = 32
5 % e m_amemory J !
P wrrs2. :/2’,2 m_dmem w_ldd
! ; (32bit x 4096) |32 !
31 30 25 24 21 20 19 15 14 12 11 8 7 6 0
| funct? | rs2 | sl [ funct3 | rd | opcode | R-type
| imm|11:0] | rsl | funct3 | rd | opcode | I-type
| imm|11:5] | rs2 | sl [ funct3 | imm4:0] | opcode | S-type

@ [ imm[12] [ imm[10:5] | rs2 | sl [ funct3 [imm[4:1] [ imm([11] [ opcode | B-type
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Single Cycle Processor (our baseline processor)

i«— one clock period —»}

Program
axecution . 200 400 600 '-._‘_‘BDD 1000 1200 1400 1600 1800
order Time T T T 1 T T T 1 e
(in instructions)
Iw x1, 16(x0) |™ o "Reg| AL | D% |Reg
< ™ | Instruction Data
1w x2, 32(X@) 800 ps fetch |79 ALY access | o8
h * |Instruction
800 ps
1w x3, 48(x0) fertch I
800 ps
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Register file, LYABZT74 )L m_regfile DEE

« Verilog HDLTIE, EYMEBTT—FHW®DAE!) m % reg [B-1:0] m [0:W-1] ELTEE TES. \

e w_rrl CHELELDRAIDEZHRAHL w_rdatal (CH AT 5. ERIFEDFEHAHL.
« w_rr2 CTIHRELELRAIDEEZHFAHL w_rdata2 ICTH 719 5. EREADFRAHL.
« 1=12L, x0 (zero) WA HLIX, EOZFH AT 5.

« posedge w_clk DA% T, w_we (write enable) A 1DEFIZ, w_wr (write register) THs

ESnf-LP X2 w_wdata (write data) DIEZEEAL.
e ZDEVA—ILTIEaddii T DENEFEZRDT=DIZ x1 % 1 T, x2 & 2 TYHAIELTLS.

codell2.v
module m_regfile (w_clk, w_rrl, w_rr2, w_wr, w_we, w_wdata, w_rdatal, w_rdata2);
input wire w_clk;
Read input wire [4:0] w_rrl, w_rr2, w_wr;
™ EEilsteH input wire [31:0] w_wdata;
eg Read input wire w_we;
B output wire [31:0 rdatal rdata2;
A Read data 1 utput wi [ ] w_ s W_ 8
register 2 reg [31:0] r[0:31];
Write Read assign w_rdatal = (w_rrl==0) ? 0 : r[w_rrl];
™ st data 2 assign w_rdata2 = (w_rr2==0) ? @ : r[w_rr2];
rograor always @(posedge w_clk) if(w_we) r[w_wr] <= w_wdata;
w Write initial r[1] = 1;
data Registers initial r[2] = 2:
endmodule

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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Register file, module m_regfile

w rdatal[31:0] n/c

w_rdata2[31:0] n/c

m_regfile
-
ﬂ w_rdatal |
rreg S=5'500000 10[31:0] \
0[31:0]
w_clk L WCLK S=default 11[31:0]
w_rr1[4:0] 4 WE1 sf RTL_MUX
2[4:0
werlb Qo RA2[4:0] RO2[31:0]
w_wdata[31:0]
—— RA3[4:0] RO3[31:0] w rdata? i
w_we
e WA1[4:0] S=5'b00000 10[31:0] \
w w4 | . 0[31:0]
WD1[31:0] S=default 11[31:0]
RTL_RAM s RTL_MUX
L%
m_regfile

CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH

227



m_immgen RISC-VOENEZH AT HEDa1—IL

« 32EvVhD@TEASN w_i £LT, RISC-VOEME r_imm ZHHTEHED1—)L
* reg ZFE-OTLAN, INIFHEEEEEKELS.

31 30 2019 21 12 11 10 5 4 11 0
H — inst[31] — | inst[30:25] | inst[24:21] | inst[20] | I-immediate
21 5
H — inst[31] — | inst[30:25] | inst[11:8] | inst[7] | S-immediate
20
H inst(31] | inst[7] |inst[30:25] | inst[11:8] | 0 | B-immediate
19 12
|inst[31] [ inst[30:20] | inst[19:12] | — 0 — | U-immediate
12 10
| — inst[31] — | inst[19:12] |inst[20] |inst[30:25] [ inst[24:21]] 0O J-immediate

codel160.v | module m_immgen(w_i, r_imm); // module immediate generator
input wire [31:0] w_i; // instruction
output reg [31:0] r_imm; // r_immediate

always @(*) case (w_i[6:2])
5'b11000: r_imm <= {{20{w_i[31]}}, w_i[7], w_i[30:25], w_i[11:8], 1'b0}; // B-type

5'b01000: r_imm <= {{21{w_i[31]}}, w_i[30:25], w_i[11:7]}; // S-type

5'b11011: r_imm <= {{12{w_i[31]}}, w_i[19:12], w_i[20], w_i[3@:21], 1'bO}; // J-type

5'b01101: r_imm <= {w_i[31:12], 12'be}; // U-type

5'b00101: r_imm <= {w_i[31:12], 12'be}; // U-type

default : r_imm <= {{21{w_i[31]}}, w_i[30:20]}; // I-type & R-type
endcase

endmodule
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m_amemory JEREAX AT DEEHREZaL—aY
» Verilog HDLTIE, EVMEBTT—F#HWDAE!Y m % reg [B-1:0] m [O:W-1] ELTEETES.
o BAHITIETIOVIESTERALGWAT ZIEREAATEY (asynchronous memory) EFFSN.

o EREAKXAT)DRBBIZRT. 32— a 0 TOHEAHBLDELESE 20nsec &£LT1-. w_addr THETE
SN=FRELRADAREHRAHT . posedge w_clk DRAZT T, w_we (write enable) BN 1DEFIZ,
w_addr THEESNT=7FLXIZ w_din (data in) DEFZEEAT.

e ZNO—F%EIIAL—I3 LT, ReEERTHIL.

module m_amemory (w_clk, w_addr, w_we, w_din, w_dout); module m_top ();
input wire w_clk, w_we; reg r_clk=0; initial forever #50 r_clk = ~r_clk;
input wire [11:0] w_addr; reg [31:0] r_pc = 0;
input wire [31:0] w_din; always @(posedge r_clk) r_pc <= #3 r_pc + 4;
output wire [31:0] w_dout;
wire [31:0] w_data;
reg [31:0] cm_ram [0:4095]; // 4K word (4096 x 32bit) memory m_amemory m (r_clk, r_pc[13:2], 1'de, 32'de, w_data);
always @(posedge w_clk) if (w_we) cm_ram[w_addr] <= w_din;
assign #20 w_dout = cm_ram[w_addr]; initial $dumpfile("main.vcd"); /* file name for GTKWave */
initial $dumpvars(@, m_top); /* module for GTKWave */
initial begin initial #1000 $finish;
cm_ram[@] {7°de, 5°de, 5°de, 3°de, 5°de, 7°belleell}; // add x@, x0, x0 always@(*) #80 $write("%3d %d %x¥n", $time, r_pc, w_data);
cm_ram[1]={7°do, 5°’d1, 5°de, 3°do, 5’d4, 7°be11e011}; // add x4, x0, x1 endmodule
cm_ram[2]={7°de, 5°d2, 5°d1, 3°de, 5°d5, 7°be@110011}; // add x5, x1, x2
cm_ram[3]={7°de, 5°d5, 5°d4, 3°de, 5°d6, 7°be110011}; // add x6, x4, X5 codelll.v
cm_ram[4]={7°de, 5°do, 5’°de, 3°do, 5°de, 7°be11ee1l}; // add x0, x0, x0
end 12 m_amemory w_ir
endmodule ; m_imem -
r_pc[13:2]| (32bitx 4096) | 32

31 30 25 24 21 20 19 15 14 12 11 8 7 6 0

@’J | funct? rs2 rsl ] funct3 | rd [ opcode | R-type
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m_amemory D1

o TRAENET—RAEYELTHLYS m_amemory DAAE% program.txt THIHAE.

 include "program.txt”

¢« X30 ANDEZFAHFLDRRFEEFELT, JOyHOHE T w_led T 5.

. ZOTOTSLEETLT beq [TEIELIEED w_led DIEL 55 + 9 = 64 (2115,

codel60.v | module m_amemory (w_clk, w_addr, w_we, w_din, w_dout);

reg [31:0]

“include "program.txt"
endmodule

input wire w_clk, w_we;
input wire [11:0] w_addr;
input wire [31:0] w_din;
output wire [31:0] w_dout;
cm_ram [0:4095]; // 4K word (4096 x 32bit) memory
always @(posedge w_clk) if (w_we) cm_ram[w_addr] <= w_din;
assign #20 w_dout = cm_ram[w_addr];

program.txt initial begin
cm_ram[@]={7"'de, 5'do,
cm_ram[1]={12"d55,
cm_ram[2]={7"'de, 5'd4,
cm_ram[3]={12"'d16,
cm_ram[4]={12"d9,
cm_ram[5]={7"'de, 5'd2,
cm_ram[6]={7"'de, 5'd3,
cm_ram[7]={7"'de, 5'de,

end

Ul U1 Ul vl ululouloul

'de,
'de,
‘de,
'de,
'de,
'd7,
'de,
'de,

W wwwwwww

'booo,
'booo,
'bele,
'boie,
'booo,
'booo,
'booo,
'booo,

‘do, 7'
d4, 7'
'd16,7"
'd7, 7'
'd2, 7'
'd3, 7'
'd30,7"
‘do, 7'

b0110011};
boe10011};
b0100011};
boeeoo11};
bee10011};
b0110011};
b0110011};
b1100011};

//
//
//
//
//
//
//
// L:

add
addi
sw
1w
addi
add
add
beq

X0, x0, x0
x4, x0, 55
x4, 16(x0)
X7, 16(x0)
X2, x0, 9

X3, X7, X2
X30,x0, X3
X0, x0, L

//
//
//
//
//
//
//

NOP

x4 = 55
m[16] = x4
x7 = m[16]
X2 =9

X3 = X7 + X2
led = x3

Ageil'
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m_proc06 add, addi, lw, sw, beq Z&4:

B3 570ty

IF ID . EX i
W : : : MEM :
- : 32| ! !
: + ‘ | ! |
= ! #> w_tpe | ! !
= ! 32 ; ! :
32 g | w_imm |
4 l >l : N~ ;
| © ! 'w_taken !
- | AL -
| : 1 :
| : |~ | |
! w_rsl : ! !
e - ! :
32 15 m_amemory wirt | ° > 7 ol oy !
=7 il O W_IS i | wrslt |
—{r_pc m_imem 7, T 1% mrﬁrtarggsle 32 ; + e >f| wrsit2
r_pc[13:2]| " (32bit x 4096 ! — 2| e 32! ! |
( ) Lz wrd ] (32bitx32) | w_rrs2 8 w_ain L 12 NIES
b5 %9 : e m_amemory !
| . w_rrs2 132 m_dmem w_ldd
; | ; (32bit x 4096) |32 !
31 30 25 24 21 20 19 15 14 12 11 8 7 6 0
| funct7 [ Ts2 [ rs1 [ funct3 | rd [ opcode | R-type
| imm[11:0] [ rs1 [ funct3 | rd [ opcode | I-type )= =
A\ :3"]
| imm[11:5] | rs2 [ sl [ funct3 | imm[4:0] [ opcode | S-type 7 D J7 ﬂ 0) Ej] 1lE éﬁﬁ I:I'L:\-d— é .
[imm[12] [ imm[10:5] | rs2 [ rs1 [ funct3 [imm[4:1] [ imm[11] [ opcode | B-type
cm_ram[@]={7'de, 5'do, 5'de, 3'boew, 5'de, 7'bo110011}; // add x@, x0, x0 // NOP
cm_ram[1]={12"'d55, 5'de, 3'beee, 5' d4 7'bo010011}; // addi x4, x@, 55 // x4 = 55
cm_ram[2]={7'de, 5'd4, 5'de, 3'bele, 5'dl6,7'bo10o011}; // sw x4, 16(x0) // m[16] =
cm_ram[3]={12'd16, 5'de, 3'be1o, 5'd7, 7'booeee1l}; // lw x7, 16(x0) // x7 = m[16]
cm_ram[4]={12"d9, 5'de, 3'beee, 5'd2, 7'beeleoll}; // addi x2, x0, 9 // x2 =9
cm_ram[5]={7'de, 5'd2, 5'd7, 3'beee, 5'd3, 7'belleeil}; // add x3, x7, x2 // x3 = X7 + X2
cm_ram[6]={7'de, 5'd3, 5'de, 3'bee0, 5'd30,7'be110011}; // add x30,x0, x3 // led =
cm_ram[7]={7'de, 5'do, 5'de, 3'boe@, 5'de, 7'blleeell}; // L: beq xO, x0, L
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m_proc06 add, addi, Iw, sw, beq &4

Signals
Time
W CE=
w clk=
r pc[31:8] =
w ir[31:08]=
w_imm[31:8] =
w rrsl[31:0] =
w rrs2[31:8] =
w ain[31:8] =
w_rslt[31:0] =
w rslt2[31:0] =
w_tkn=
w_ldd[31:08] =
W we =
EACIEmE
w led[31:08] =
W_mem we =
W 0p5[4-9] =
rd[4:0] =
W rsl [4 8] =
w_rs2[4:0]=
31 30 25 24 21 20 19 15 14 12 11 8 7 6 0
| funct7 ‘ rs2 ‘ rsl | funct3 ‘ rd ‘ opcode | R-type
| imm[11:0] [ rs1 [ funct3 | rd [ opcode | I-type
| imm[11:5] [ rs2 [ sl [ funct3 | imm[4:0] [ opcode | S-type
[imm[12] [ imm[10:5] | rs2 [ rs1 [ funct3 [imm[4:1] [ imm[11] [ opcode | B-type
cm_ram[1]={12"d55, 5'de, 3'beee, 5'd4, 7'beelee1l}; //  addi x4, x@, 55 // x4 = 55
cm_ram[2]={7'de, 5'd4, 5'de, 3'bo10, 5'd16,7'bO100011}; //  sw x4, 16(x0) // m[16] =
cm_ram[3]={12'd16, 5'de, 3'be10, 5'd7, 7'boeeeoll}; // lw x7, 16(x0) // x7 = m[16]
cm_ram[4]={12"d9, 5'de, 3'beee, 5'd2, 7'bee1eoll}; // addi x2, x0, 9 // x2 =9
cm_ram[5]={7'de, 5'd2, 5'd7, 3'bee@, 5'd3, 7'belleell}; // add x3, x7, x2 // X3 = X7 + X2
cm_ram[6]={7'de, 5'd3, 5'de, 3'beeo, 5'd30,7'bel1e01l}; // add x30,x0, x3 // led =
cm_ram[7]={7'de, 5'de, 5'de, 3'beeo, 5'do, 7'blleeell}; // L: beq x0, x0, L

nN
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m_proc06 add, addi, Iw, sw, beq &4

/¥*¥*** top module for simulation *****/

module m_top ();
reg r_clk=0; initial forever #50 r_clk = ~r_clk;
wire [31:0] w_led;

B9 5701y

m_top (&P 2al—arvH
initial $dumpfile("main.vcd");
initial $dumpvars(@, m_top);

m_proce6 p (r_clk, 1'bl, w led);
initial $write("time: r_pc w_ir w_rrsl w_ain r_rslt r_led¥n");
always@(posedge r_clk) $write("%4d: %x %x %07d %07d %07d %07d¥n", $time,
p.r_pc, p.w_ir, p.w_rrsl, p.w_ain, p.w_rslt, w_led);
initial #1000 $finish;
endmodule

/*¥*¥*¥** main module for FPGA implementation *****/
/*
module m_main (w_clk, w_led);

input wire w_clk;

output wire [3:0] w_led;

wire w_clk2, w_locked;
clk wiz © clk wo (w_clk2, @, w locked, w_clk);

wire [31:0] w_dout;
m_proco6 p (w_clk2, w_locked, w_dout);

vio_© vio 00(w_clk2, w_dout);

reg [3:0] r_led = 0;
always @(posedge w_clk2)
r_led <= {*w_dout[31:24], “w_dout[23:16], “w_dout[15:8], “w_dout[7:0]};
codel60.v assign w_led = r_led;
endmodule

*
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B9 5701y

m_proc06 add, addi, Iw, sw, beq &4

[*¥*¥*** top module for simulation *****/

// module m_top ();

// reg r_clk=0; initial forever #50 r_clk = ~r_clk;
. // wire [31:0] w_led;

m_main [XFPGAR | //

//  initial $dumpfile("main.vcd");

//  initial $dumpvars(@, m_top);

//

// m_proce6 p (r_clk, 1'bl, w_led);

//  initial $write("time: r_pc w_ir w_rrsl w_ain r_rslt r_led¥n");
//  always@(posedge r_clk) $write("%4d: %x %x %07d %07d %07d %07d¥n", $time,
// p.r_pc, p.w_ir, p.w_rrsl, p.w_ain, p.w_rslt, w_led);

// initial #1000 $finish;
// endmodule

/*¥*¥*** main module for FPGA implementation *****/

module m_main (w_clk, w_led);
input wire w_clk;
output wire [3:0] w_led;

wire w_clk2, w_locked;
clk wiz_© clk wo (w_clk2, @, w_locked, w_clk);

wire [31:0] w_dout;
m_proce6 p (w_clk2, w_locked, w_dout);

vio © vio @00(w_clk2, w_dout);

reg [3:0] r_led = 0;
always @(posedge w_clk2)
r_led <= {*w_dout[31:24], ~w_dout[23:16], ~w_dout[15:8], “w_dout[7:0]};
codel60.v assign w_led = r_led;
endmodule
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m_proc06 add, addi, lw, sw, beq ZEF 5701y

module m proce6 (w_clk, w ce, w_led);
input wire w_clk, w_ce;
output wire [31:0] w_led;

%E@@%Bﬁj\’&%ﬂﬁﬁ-%) reg [31:0] r_pc = 0;

wire [31:0] w_ir;
wire [4:0] w_op5
wire [4:0] w_rsl
wire [4:0] w_rs2 = w_ir[24:20];
wire [4:0] w_rd w_ir[11:7];
wire w_we = w_ce & (w_op5==5'b01100 || w_op5==5'bo0100 || w_op5==5'bo00ow00);

w_ir[6:2];
w_ir[19:15];

wire [31:0] w_imm, w_rrsl, w_rrs2, w_ain, w_rslt, w_ldd, w_rslt2;

/* Please describe here by yourself */

reg [31:0] r_led = 0;

always @(posedge w_clk) if(w_we & w_rd==30) r_led <= w_rslt;
assign w_led = r_led;

codel60.v | endmodule

cm_ram[©]={7'de, 5'de, 5'de, 3'boee, 5'do, 7'belleell}; // add x@, x0, x0 // NOP
cm_ram[1]={12"'d55, 5'de, 3'booo, 5'd4, 7'booleell}; // addi x4, x0, 55 // x4 = 55
cm_ram[2]={7'de, 5'd4, 5'de, 3'bele, 5'dl6,7'be1ee01l}; // sw x4, 16(x0) // m[1l6] = x4
cm_ram[3]={12"'d16, 5'de, 3'bele, 5'd7, 7'booeeoll}; // lw x7, 16(x0) // x7 = m[16]
cm_ram[4]={12"d9, 5'de, 3'beee, 5'd2, 7'bo0leell}; // addi x2, x0, 9 // x2 =9
cm_ram[5]={7'de, 5'd2, 5'd7, 3'bee@, 5'd3, 7'bo110011}; //  add x3, X7, X2 // X3 = X7 + X2
cm_ram[6]={7'de, 5'd3, 5'de, 3'beee, 5'd30,7'be110011}; //  add x30,x0, x3 // led = x3
cm_ram[7]={7'd@, 5'de, 5'de, 3'bee6, 5'de, 7'b1100011}; // L: beq x@8, x@, L
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codel60.v

module m _proce6 (w_clk, w ce, w_led);
input wire w_clk, w_ce;
output wire [31:0] w_led;

reg [31:0] r_pc = 0;
wire [31:0] w_ir;
wire [4:0] w_op5
wire [4:0] w_rsi
wire [4:0] w_rs2 = w_ir[24:20];

wire [4:0] w_rd w_ir[11:7];

wire w we = w_ce & (w_op5==5'b01100 || w_op5==5'bo0100 || w_op5==5'boo0oe);

w_ir[6:2];
w_ir[19:15];

wire [31:0] w_imm, w_rrsl, w_rrs2, w_ain, w_rslt, w_ldd, w_rslt2;

/* Please describe here by yourself */

m_amemory m_imem (w_clk, r_pc[13:2], 1'de, 32'do, w_ir);

m_immgen m_immgen® (w_ir, w_imm);

m_regfile m_regs (w_clk, w_rsl, w rs2, w rd, w we, w_rslt2, w _rrsl, w_rrs2);
assign w_ain = (w_op5==5'b01100) ? w_rrs2 : w_imm;

assign w_rslt = w_rrsl + w_ain;

// about data memory here

// about r_pc update here

reg [31:0] r_led = 0;
always @(posedge w_clk) if(w_we & w_rd==30) r_led <= w_rslt;
assign w_led = r_led;

endmodule

CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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m_proc06 D) T4HILINR[E

w_npc

IF

ID

=| 32

MEM

WB
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i ; -
1 ! !
1 ! I
1 ! !
T ! I
1 ! !
1 ! I
T ! I
1 ! I
1 . ! !
c ! N w_tpc ! |
x | 1 1
| 32 ! 1
1 ! !
1 — ! I
32 1 3 H ! !
| w_imm ; |
1 > 3 | !
4 1 (0) 1 :
! e - 'w_taken |
1 : !
1
i ! |
1 ! !
1 : !
! w_rsl i !
1 va ! !
15 w_rrsl | !
32 15 m_amemory w_ir! 2 = —— !
= — W IS & !
— r —= , | ya m re fl | [ — |
r_p TTT_ITTTeTT 7 T ' . w_rslt2
r pe[13:2]| (32bitx 4096) | 32 || ° w rd i) 7Efs Z| !
Ly 1% | (32bitx 32) W_ITS2 | [ vy_ain
1 7 rd yA— x | -
bS 25 : m_amemory
| ! m_dmenm |
1 | a
. ! (32bit x 4096)
~ Data Path 1
L[ Delay Type incr (ns)_ Path (ns) Location Netlist Resource(s)
_fdre_C_ (r)0.456 0459 Site: SUCEX47v27 41 pir_pe_reg[3lQ —
2.266 1.808 /7 pim_imemjcm_ram_reg_0_255_15_15/A1 S — —
(ry0.184 1.892  Site: SLICE_X50Y41 4 p/m_imem/cm_ram_reg_0_255_15_15/RAMS64E_A/O
0.000 1.992 /' pim_imemjem_ram_reg_0_255_15_15/0A
(1) 0.214 2,206 Site; SLICEXS0Y41 4] p/m_imem/cm_ram_reg_0_255_15_15/F7.A10
0.000 2.206 /' pim_imem/em_ram_reg_0_255_15_15/01 -
(r) 0.088 2.294  Site: SLICE_X50v41l 4 p/m_imem/cm_ram_reg_0_255_15_15/F8/0 = o
0.792 3.085 /' pim_imemjem_ram_reg_0_255_15_15_n_0 - a1 F e s isds F preclosios
(r) 0,319 3.404  Site; SLICE X48Y34 4 p/m_imem/r_reg_rl_0_31_0_5110/0 = e
1.427 4.831 /' pim_regs/r_req_rl_0_31_0_S/ADDRAQ = _
() 0.150 4.981  site: SLICE X42v30 4 p/m_regs/r reg_rl_0_31_0_S/RAMA/O -
0.880 5.861 /' pim_regsfw_rdatal0[0] _
(r) 0,328 6189  Sites SLICE X44v29 41 pim_regs/r_led(3]_i_5/0 .
0.616 6.805 /' pim_regs/w_rrs1[0]
(r) 0.633 7.438  Site: SLICE X45Y29  {J p/m_regs/r_led_reg[3]_i_1/0[3]
5.031 12469 /' pim_dmemjcm_ram_reg_256_511_26_26/A1 — ==
(0,306 12775 Site: SLICEX54Y82 41 pim_dmem/cm_ram_reg_256_511_26_26/RAMSE4E_D/Q o —
0000 12775 /' pim_dmemjcm_ram_reg_256_511_26_26/0D
(r) 0.241 13.016 Site: SLICE X54Y82 (I p/m_dmemjcm_ram reg_256_511_26_26/F7.B/0
0.000 13.016 7 pim_dmemjcm_ram_reg_256_511_26_26/00
(0,098 13114 Site SLICEX54Y82 {1 pim_dmem/cm_ram_reg_256_511_26_26/F8/0
1061 14175 /' pim_dmemjcm_ram_reg_256_511_26_26_n_0
(r) 0.319 14.494  Site: SLICE XS6Y74 {1 pim_dmemir_reg_rl_0_31_24_29 i 33/0 ﬁ
0.000 14.494 7 pim_dmemir_reg_r1_0_31_24_29_i_33_n_0 e
(0209 14703 Site: SUCE X56Y74 {0 p/m_dmemir_req_rl_0_31_24_29_i 14/0
2199 16,902 /' pim_imem/r_req_rl_0_31_24 29 4
(r) 0.297 17.109  Site: SLICE_X48Y39  {J p/m_imem/r_reg_t 31_24 29 i 4/0
0.719 17.918 7 pim_regs/r_reg_rz_0_31_24_29/DIBO
RAMD32 Site: SLICE_X46v36 [ pim_regs/r_req_r2_0_31_24_29/RAMB/I
Arrival Time 17.918
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\

o MRITVFIF), TA—FEFRFIURTYF(ID), EIT(EX), *E&IVTVERA(MEM), 51+
N (WB) OAEBEHTESadd, addi, sll, srl, lw, sw, beq, bne@wIZxEL=F0tEyH

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH

IF ID . EX MEM . WB
w_npc
2 2| 5
= > T 7w tpe |
= 32 E i
32 g | w_imm i
4 19 '
‘: |~ S I |
w_rsl . r
I K/ w_rrsl | :
32 19 m_amemory w_ir! 3 W_rs2 il §/2 — e !
=1 pc m_imem §2 ' 5’ mn—]rergglse ! 2| worsit2
r_pc[13:2] Jbit x 4 — Z_ 4. ! !
(3 bit x 096) Y W_rd (32b|t X 32) /W_rrSZ CC(J w_ain ; >C< 32
5 2o | m_amemory J !
| w_1rs2 m_dmem vil_ldd
(32bit x 4096) |32 !
31 30 25 24 21 20 19 15 14 12 11 8 7 6 0

| funct? | rs2 | sl [ funct3 | rd | opcode | R-type

| imm[11:0] | sl | funct3 | rd | opcode | I-type

| imm[11:5] ‘ rs2 | sl | funct3 | imm|[4:0] | opcode | S-type

|imm[12] ‘ imm[10:5] ]

rs2 | rsl | funct3 | imm[4:1] [ imm[11] [ opcode | B-type
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Growth in clock rate of microprocessors

Dy, T gy, —
10,000
Intel Pentium4 Xeon  !ntel Nehalem Xeon
3200 MMz in 2003 3330 MHz in 2010
Intel Pentium |
1000 MHz in 2000 -7/
1000 - ey
Digital Alpha 21184A £
500 MHz in 1996
) 1%/year
T Digital Alpha 21064 lyea
% 150 MHz in 1992
® 100 4
"g MIPS M2000
O 25 MHz in 1989
8 40%/year
10- e Sun-4SPARC
........ 16.7 MHz in 1986
Digital VAX-11/780
5MHz in 1978
15%/year
‘ T 1 ] ]  § L 1  §

1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000
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Growth in processor performance

S e ———
Performance = f x IPC

f: frequency (clock rate)

IPC: retired machine Instructions Per Cycle
100,000

Intel Core 2 Extreme 2 cores, 2.9 GHz =

................... AB‘DN'"O
AMD Athlon
Intel Xeon EE 3.2 GHz

Intel VC820 metherboard, 1.0 GHz Pentium il precessor
Professional Woerkstation XP1000, 667 MHz 21264A

Performance (vs. VAX-11/780)

IBM RSE6000/540, 30 MHz
MIPS M2000, 25 MHz
MIPS M120, 16.7 MHz

13
{if) sebaissae i A T AR S A R SR AT A s N aR Rt oisdbaniandaraes s SRUANNU RO G E SRRt .. . . .. . :

1 #

Intel Xeon 6 cores, 3,3 GHz (boost 1o 3.6 GHz)
Intel Xecn 4 cores, 3.3 GHz (boost to 3.6 GHz)
Intel Core i7 Extreme 4 cores 3,2 GHz (boost to 3.5 GHz)

- 24128
Intel Core Duo Extreme 2 cores, 3.0 GHz 'fg'.- ?1,871
4,387..
n 64, 2 8 GHz .= ¥ senaeenun .
26 GHz <-"3 1 568

1000 - ovovremeii rvvevrieerrrnnn.. Digital AlbhaServer 8400 6/575, 575 MHz 21264 o - ,...,?:?."j ............................................................

Foadernanmssunir R EUEI SR 100, 0 Wil e S .. .

I T T L} T Ll 1 1 1 T I
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Clock rate is mainly determined by

« Switching speed of gates (transistors)
* The number of levels of gates

« The maximum number of gates cascaded in series in any
combinational logics.

« In this example, the number of levels of gates is 3.
«  Wiring delay and fanout

B

Register B
Register A -
AND gate

OR gate _:>_

L Register C .
: _ Register B
Register A I
AND gate

. Ag_a' OR gate :>_

P CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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m_proc07 N—ZX5A/>DFTAtyP (T I A9)L)

S \
. ﬁ:'%?rya"(IF), TA—REFRFIURTYF(ID), EIT(EX), A EUTVE2A(MEM), 5’”*\
N (WB) OAEBEHTESadd, addi, sll, srl, lw, sw, beq, bne@wIZxEL=F0tEyH

Ik ID . EX MEM  WB
W_npc i i | |
! 32| | |
< 32 | + ! | !
5 32 ! :
32 g | w_imm
by 1) |
M 1
= |
w_rsl :
: ’5/ w_rrsl : E
32 95 m_amemory w_ir! W rs2 _ ~ ——— :
—r_pc m_imem i - m_regfile 32 ! "
r_pc[13:2] | (32bitx 4096) | 32 5 W rd m_regs z| Pl
i = (32bit x 32) W_Irs2 8 w_ain N 32
S 25 , ! 2 m_amemory J !
codel6l.v ! WIS L m_dmem w_ldd
! ! - (32bit x 4096) |32
_F — 6@MHZ | 31 30 25 24 21 20 19 15 14 12 11 8 7 6 0
funct? | rs2 | sl [ funct3 | rd | opcode | R-type
IPC = 1.000
Perf = 60.00 | imm[11:0] | sl | funct3 | rd | opcode | I-type
| imm[11:5] ‘ rs2 | sl | funct3 | imm|[4:0] | opcode | S-type

@ [ imm[12] [ imm([10:5] | rs2 | rsl | funct3 | imm[4:1] [ imm[11] [ opcode | B-type
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Clock rate is mainly determined by

« Switching speed of gates (transistors)
* The number of levels of gates

« The maximum number of gates cascaded in series in any
combinational logics.

« In this example, the number of levels of gates is 3.
«  Wiring delay and fanout

B

Register B
Register A -
AND gate

OR gate _:>_

L Register C .
: _ Register B
Register A I
AND gate

. Ag_a' OR gate :>_
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Growth in processor performance

S e ———
Performance = f x IPC

f: frequency (clock rate)

IPC: retired machine Instructions Per Cycle
100,000

Intel Core 2 Extreme 2 cores, 2.9 GHz =

................... AB‘DN'"O
AMD Athlon
Intel Xeon EE 3.2 GHz

Intel VC820 metherboard, 1.0 GHz Pentium il precessor
Professional Woerkstation XP1000, 667 MHz 21264A

Performance (vs. VAX-11/780)

IBM RSE6000/540, 30 MHz
MIPS M2000, 25 MHz
MIPS M120, 16.7 MHz

13
{if) sebaissae i A T AR S A R SR AT A s N aR Rt oisdbaniandaraes s SRUANNU RO G E SRRt .. . . .. . :

1 #

Intel Xeon 6 cores, 3,3 GHz (boost 1o 3.6 GHz)
Intel Xecn 4 cores, 3.3 GHz (boost to 3.6 GHz)
Intel Core i7 Extreme 4 cores 3,2 GHz (boost to 3.5 GHz)

- 24128
Intel Core Duo Extreme 2 cores, 3.0 GHz 'fg'.- ?1,871
4,387..
n 64, 2 8 GHz .= ¥ senaeenun .
26 GHz <-"3 1 568

1000 - ovovremeii rvvevrieerrrnnn.. Digital AlbhaServer 8400 6/575, 575 MHz 21264 o - ,...,?:?."j ............................................................

Foadernanmssunir R EUEI SR 100, 0 Wil e S .. .

I T T L} T Ll 1 1 1 T I
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IO

m_proc05 add, addi, lw, sw ZEY 570ty

A

s @MmRI7TVFAF), TaA—FEXRSURTZYF(ID), EIT(EX), ABIVTIVEX(MEM), 5
ANy (WB) DIEBH 74 Sadd, addi, lw, swaEnsICRELizFOty4

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH

IF ID EX MEM WB
w_imm g | w_imm32
4 32 ’l © I
=}
32 w_rsl ! i
B w_rrsl |
12 m_amemory | w ir ! W_rs2 . . wrslt | :
r_pc[13:2 2bit x 4 — Zl =5 32 L :
(3 bit x 096) y w rd (32b|tx32) w_rrs2 (g : 12 Lsf> 32
5 25 ! m_amemory
L wrrs2 32 m_dmem 7‘—| w_ldd
(32bit x 4096) |32 |
31 30 25 24 21 20 19 15 14 12 11 8 7 6 0
| funct7 | rs2 \ rsl ] funct3 \ rd [ opcode | R-type
| imm[11:0] | sl | funct3 | rd | opcode | I-type
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m_proc05 add, addi, lw, sw Z 0¥

g 5T )L A4 ILER

\

module m_proce5 (w_clk, w_ce, w led);

input wire w_clk, w_ce;
output wire [31:0] w_led;

reg [31:0] r_pc = 0;
wire [31:0] w_ir;
wire [4:0] w_op5
wire [4:0] w_rsl
wire [4:0] w_rs2

w_ir[6:2];
w_ir[19:15];
w_ir[24:20];

wire #4 w we = w_ce & (w_op5==5'b01100 || w_op5==5'be0160 || w_op5==5'boeoen);
wire [31:0] w_imm, w_rrsl, w_rrs2, w_ain, w_rslt, w_ldd, w_rslt2;

m_amemory m_imem (w_clk, r_pc[13:2], 1'de, 32'd0, w_ir);

m_immgen m_immgen® (w_ir, w_imm);

m_regfile m_regs (w_clk, w_rsl, w_rs2, w_rd, w we, w_rslt2, w_rrsl, w_rrs2);

assign #3 w_ain = (w_op5==5'b01100) ? w_rrs2

assign #9 w_rslt = w_rrsl + w_ain;

: w_imm;

m_amemory m_dmem (w_clk, w_rslt[13:2], (w_op5==5'b01000), w_rrs2, w_1ldd);

: w_rslt;

12

XNIA

32

m_amemory

wire [4:0] w rd = w_ir[11:7]; assign #3 w_rslt2 = (w_op5==5'booooo) ? w_ldd
always @(posedge w_clk) #5 if(w_ce & r_pcl!=24) r_pc <= r_pc + 4;
reg [31:0] r_led = ©;
codel71.v alw:.;]ys @(posedge w_clk) if(w_ce & w we & w_rd==30) r_led <= w_rslt2;
assign w_led = r_led;
endmodule
g | w_imm
4 32 1o
+ A 0
32 w_rsl
% w_rrsl
12 m_amemory w_ir w_rs2 : \Iw rslt
r_pc # m_imem % /5’ mn;rerg;'sle 32 w ain |+ =2
r_pc[13:2]| (32bit x 4096 L z| WAl ) 32
( ) y w_rd 5 (32bitX32) /w_rrs2 S
S 32
W_Irs2

m_dmem
(32bit x 4096)

7L(—9 32
w_ldd

32

w_rslt2

CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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m_proc05 add, addi, Iw, sw Z0%

g 5T )L A4 ILER

\

Signals
Time 186 ns 260 ns 368 ns 4808 ns 5688 ns BEB ns ‘
_clk -
r pcl31:0] I
w ir[31:0] I
w imm[31:8] I
W rrs1[31:0] I
W rrs2[31:0] I
w ain[31:0] I
w rslt[31:0] I
w rslt2[31:0] I
st E——
r_led[31:0] 5 I
cm_ram[@]={7'de, 5'de, 5'de, 3'beed, 5'de, 7'be11eell}; // add x@, x0, x0 // NOP
cm_ram[1]={12"'d55, 5'de, 3'beed, 5'd4, 7'beeleell}; // addi x4, x0, 55 // x4 = 55 codel71.v
cm_ram[2]={7'de, 5'd4, 5'de, 3'bele, 5'dl6,7'bo1eeo1l}; // sw x4, 16(x0) // m[16] = x4 ¢
cm_ram[3]={12"'d16, 5'de, 3'be10, 5'd7, 7'beeeeell}; // lw  x7, 16(x0) // x7 = m[16] pr'ogr‘am,txt
cm_ram[4]={12"d9, 5'de, 3'beeo, 5'd2, 7'beeileeil}; // addi x2, x0, 9 // x2 =9
cm_ram[5]={7'de, 5'd2, 5'd7, 3'beee, 5'd3, 7'beilleell}; // add x3, x7, x2 // x3 = X7 + x2
cm_ram[6]={7'de, 5'd3, 5'de, 3'bee0, 5'd30,7'be110011}; // add x30,x0, x3 // led = x3
cm_ram[7]={7'de, 5'de, 5'de, 3'beeo, 5'de, 7'bl1eee11}; // L: beq x@, x0, L
w_imm g | w_imm32
4 32 o) l
+ =]
32 w_rsl
5 w_rrsl
L, 12 m_amemory w_Ir w_rs2 m_regfile 32 \lw rslt
r_pc [ s m_imem % Z m fn W ain + = z w_rslt2
r_pc[13:2] " (32bit x 4096 — 2= ) 32 g |
( ) wrd I (32bitx32) | w.rs2|g 12 JEZ
5 32 m_amemory J
w_rrs2 32 m_dmem w_ldd
(32bit x 4096) |32
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m_proc05 add, addi, lw, sw Z0E

codel71.v
mainl5.xdc
50MHz clock freq.

U
1
=)
|
|
|
—
—
[}
=)
—
1
O

m_proc05 2T LY AU LR
POMHz Wns  Tns LUT

3.413  0.000 3080
60MHz WNS TNS  LUT

0,361 0.000 3081

7O0MHz WNs NS LUT

B0 )L A4ILER

\

FF LUTRAM ERAM
66 2164 0
1215 2184 0

FF LUTRAM ERAM

66 2164 0
1215 2184 0
FF LUTRAM ERAM

66 2164 0
1215 2184 0

I0MHz B TEMERREEZZILSE TRAIELES
D= DENEEIREIT 60MHz
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Single Cycle Processor
\

i«— one clock period —»}

Program
axecution . 200 400 600 '-.__:80[) 1000 1200 1400 1600 1800
order Time ] T T 1 | T T T ™
(in instructions)
Iw x1, 16(x0) |™ o Reg| A | D% |Reg
< ™ | Instruction Data
1w x2, 32(X@) 800 ps fetch |79 ALY access | o8
h 800 ps v lnsgﬁm

——— een

lw x3, 48(x0)
800 ps

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH 251



m_procO8 (multi-cycle processor) Y ILFH AL

SHTTyF(IF), ¥ E1T(EX) 19 AL,

OA—REFRTURTTYF(ID),

AEYTHEZ(MEM), S48 (WB) DIEBEIH A 4L TRES ZTILFHAILOTOEvH

2 A4 Tlan 5

HH—k

32

12
VA

r_pc

r_pc[13:2]

7090 BOHEEHERT S.

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH

Z L9 % IPC (instructions per cycle) = 0.5 ®7FOtvY, add, addi, lw, sw &
IF ! ID . EX ! MEM . WB
w_imm g | W_imm32
32 | d - | | i
: ® I ! : :
w_rsl
1% w_rrsl | : !
m_amemory w_ir w_rs2 ; ! \lw rslt I r_rsit :
e %2 115 mn?rerggsle * wain | T 7 I - (g | Worsit2
32bit x 4096 | L REA P IS | \
(32bit x 4096) L wrd | @obitx32) | wors2 ST L 12 N IO
5 ! | m_amemory i
! 32 | wrs2 I 32 m_dmem +|vi/_|dd
5 ; rrrs2 | (32bitx 4096) |32 |
cm_ram[@]={7'de, 5'd@, 5'de, 3'be60, 5'de, 7'be110011}; //  add xO, x0, x0 // NOP
cm_ram[1]={12'd55, 5'de, 3'beee, 5'd4, 7'bee1@ell}; //  addi x4, x@, 55 // x4 = 55
cm_ram[2]={7'd®@, 5'd4, 5'de, 3'be1@, 5'd16,7'b0100011}; //  sw x4, 16(x0) // m[16] = x4
cm_ram[3]={12'd1s6, 5'de, 3'bele, 5'd7, 7'beeeeell}; // 1w x7, 16(x@) // x7 = m[16]
cm_ram[4]={12"d9, 5'de, 3'beee, 5'd2, 7'bee1@ell}; //  addi x2, x0, 9 // x2 = 9
cm_ram[5]={7'd@, 5'd2, 5'd7, 3'beeo, 5'd3, 7'belleeil}; // add x3, x7, x2 // x3 = x7 + x2
cm_ram[6]={7'de, 5'd3, 5'do, 3'beeo, 5'd30,7'belleel1l}; // add x30,x0, x3 // led = x3
cm_r‘am[7] {7'de, 5'de, 5'de, 3'be@0, 5'de, 7'b1100011}; // L: beq x0, x0, L
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m_procO8 (multi-cycle processor) Y ILFH AL

208 ns 308 ns 60O ns 808 ns 900 ns us 1188 ns 1208 ns 1388 ns 1468 ns

Time
w clk=
r state=
r led[31:8]=
r pc[3l:0]=
w ir[31:0]=
w_imm[31:0]=
w_rrsl[31:0]=
W _rrs2[31:0] =
r rrs2[31:0]=
w_ain[31:0]=
w rslt[31:0] =
r rslt[31:0]=
w_rslt2[31:0]=
w_ldd[31:0]= 9437459
W we=
cm_ram[@]={7'de, 5'de, 5'de, 3'beee, 5'de, 7'belleell}; // add x@, x@, x@ // NOP
cm_ram[1]={12"'d55, 5'de, 3'boed, 5'd4, 7'boe1ee1l}; // addi x4, x0, 55 // x4 = 55 codel72.v
cm_ram[2]={7'de, 5'd4, 5'de, 3'bole, 5'dl6,7'beleeell}; // sw x4, 16(x0) // m[16] = x4
cm_ram[3]={12"d16, 5'de, 3'b010, 5'd7, 7'beeeeell}; // 1w  x7, 16(x8) // x7 = m[16] program.txt
cm_ram[4]={12"d9, 5'de, 3'boeo, 5'd2, 7'bee1eel1l}; // addi x2, x0, 9 // x2 =9
cm_ram[5]={7"'de, 5'd2, 5'd7, 3'beeo, 5'd3, 7'bo11ee1l}; // add x3, x7, x2 // x3 = X7 + x2
cm_ram[6]={7'd®@, 5'd3, 5'de, 3'boe@, 5'd30,7'b0116011}; // add x30,x0, x3 // led = x3
cm_ram[7]={7'de, 5'do, 5'de, 3'beeo, 5'do, 7'bl1ee01l}; // L: beq xO, x0, L
w_imm g \ w_imm32
4 32 o I
S
32 w_rsl
ya
’5 w_rrsl
. V4
/7
L, 1/2 m_an_1em0ry wflr W_rs2 m_regfile 32 \|W_I’S|t r_rslt
" pc 7 m_imem §2 z m. regs W ain + + z w_rslt2
r pc[13:2 i L z| = ;) 32 =
5 Z 7 m_amemory
32 2 32
W_Irs I A m_dmem w_ldd

rrrs | (32bitx 4096) |32

E€H N 53

CSC.T341 Computer Logic Design, Department of Computer—Science;



m_procO8 (multi-cycle processor) Y ILFH AL

module m_proco8 (w_clk, w_ce, w led);
input wire w_clk, w_ce;
output wire [31:0] w_led;

reg [31:0] r_pc =

wire [31:0] w_ir;
wire [4:0] w_op5
wire [4:0] w_rsl
wire [4:0] w_rs2
wire [4:0] w_rd

reg [31:0] r_rslt

reg r_state = 0;
always @(posedge w_clk) #5
if(w_ce) r_state <= r_state + 1;

9;

, P_rrs2;

w_ir[6:2];
w_ir[19:15];
w_ir[24:20];
w_ir[11:7];

wire #4 w we = w_ce & (w_op5==5'b01100 || w_op5==5'bo0100 || w_op5==5'be000V);

wire [31:0] w_imm, w_rrsl, w_rrs2, w_ain, w_rslt, w_1ldd, w_rslt2;

always @(posedge w_clk) if(w_ce & r_state==0) r_rslt <= w_rslt;

always @(posedge w_clk) if(w_ce & r_state==0) r_rrs2 <= w_rrs2;

m_amemory m_imem (w_clk, r_pc[13:2], 1'de, 32'de, w_ir);

m_immgen m_immgen® (w_ir, w_imm);

m_regfile m_regs (w_clk, w_rsl, w_rs2, w_rd, w_we & r_state, w_rslt2, w_rrsi,
assign #3 w_ain = (w_op5==5'b01100) ? w_rrs2 : w_imm;

assign #9 w_rslt = w_rrsl + w_ain;

m_amemory m_dmem (w_clk, r_rslt[13:2], (w_op5==5'b01000 & r_state), r_rrs2, w_ldd);
assign #3 w_rslt2 = (w_op5==5'bo0oeo) ? w_ldd : r_rslt;

always @(posedge w_clk) #5 if(w_ce & r_state & r_pcl!=24) r_pc <= r_pc + 4;

w_rrs2);

reg [31:0] r_led = 0;
always @(posedge w_clk) if(w_ce & w we & r_state & w_rd==30) r_led <= w_rslt2;
assign w_led = r_led;

endmodule
f_] codel72.v
w_imm g w_imm32 program.txt
4 32 & I
>
32 w_rsl
Z > w_rrsl
12 m_amemory | W_ir W_rs2 ; z \|w rsit g r_rsit
r_pcl13:2] | (32bit x 4096 L |t % S
(32bit x ) w_rd 5| (32bit x 32) W_ITs2 |g i 12 *] 32
5 %2 U 7> m_amemory
W_Irs2 I 3 m dmem w_ldd
7 =

CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH



m_proc08 (multi-cycle processor) R JLFH AU
\

codel72.v (m_procos) m_proc05 2T LY A ILER Perf = 60 x 1.0 = 60.0
mainl5.xdc 60MHz WNS NS LUT  FF LUTRAM  BRAM
80MHz clock freq. 2458 66 2164 0
0.361 0.000 3081 1215 2184 0
70MHz WNS  TNS  LUT  FF LUTRAM  BRAM
2458 66 2164 0
0,023 -0.023 3081 1215 2184 0

m_proc08 2Bk DTIILFH 1)Lk Perf = 110 x 0.5 = 55.0

OOMHz  wns TNS LUT  FF LUTRAM BRAM

2461 219 2164 0
1.306 0,000 3084 1368 2184 0

[ 100MHz wns  Tns LUT  FF LUTRAM  BRAM

R 2461 219 2164 0

s 0.284 0,000 3083 1368 2184 0

=

=

=

= 110MHz WNSs  TNS LUT  FF LUTRAM  BRAM

= 2461 219 2164 0

()

, 0.229 0.000 3084 1368 2184 0

120MHz  wns TNS LUT FF LUTRAM ERAM

2461 219 2164 0
-0.027 0,071 3091 1368 2184 0
SN'g 10MHz 8 TEIE R M E Z b &€ TRIEL B S DRBOBER KL 110MHz

P CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH



TILFH AU IO TBEYY Multi-cycle Processor

IF ID EX MEM WB IF ID

<« oneclock -»
period

\ 1

<« one clock -»
period

\
1

—E===d -

State Machine Diagram

EIREIRCINCIRCY
\

0.1 x 3 +0.1 x5+ 0.8x4=4.0
@%dapfzd from Computer Organization and Design, Patterson & Hennessy, © 2005 256
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m_proc09 (multi-cycle processor) Y ILFH AL

\

BH AV TIMRENIET S IPC= 0.2 DIILFHAIILDOTAtYY, add, addi, lw, sw ZHR—k

RLEZEORMERVWEEZEYT D) ATy TOEyY OEERREERDD.

r_pc

w_imm g | w_imm32 |
4 32 ! 19 ! !
: > : :
32 w_rsl !
ya ! |
E /5 w_rrsll !
m_amemor w_ir . '
}/2 S = imemy _ I » w_rs2 m_regfile 32 +\|w_£§ltl r_rsit
r_pc[13:2]( (32bitx 4006) | 32 ¥ | ° Mo < L
( ) L w_rd 5| (320itx32) | w_rrs2|g _ : 12
b5 %2 ; r_an ; 7 m_amemory
: I | 32 m_dmem
W_ITs2 r_rrs2 : (32bit x 4096)
i | w_rslt2
/= =
o0V EDEMEEZIERT 5.
cm_ram[@]={7'de, 5'de, 5'de, 3'beeo, 5'de, 7'bo1le011}; // add x@, x0, x0 // NOP
cm_ram[1]={12'd55, 5'de, 3'beee, 5'd4, 7'bee1ee1l}; // addi x4, x@, 55 // x4 = 55
cm_ram[2]={7'de, 5'd4, 5'de, 3'be1@, 5'd16,7'be100011}; // sw x4, 16(x@) // m[16] = x4
cm_ram[3]={12'd16, 5'de, 3'be1@, 5'd7, 7'beee001l}; // lw  x7, 16(x@) // x7 = m[16]
cm_ram[4]={12"d9, 5'de, 3'beeo, 5'd2, 7'beeleeil}; // addi x2, x0, 9 // x2 = 9
cm_ram[5]={7'de, 5'd2, 5'd7, 3'beeo, 5'd3, 7'beileeil}; // add x3, x7, x2 // x3 = x7 + x2
cm_ram[6]={7'de, 5'd3, 5'de, 3'beee, 5'd3@,7'belleel1l}; // add x30,x0, x3 // led = x3
cm_ram[7]={7'de, 5'de, 5'de, 3'beeo, 5'de, 7'b1100011}; // L: beq x0, x0, L

<

SC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH



JERH#A(asynchronous)*E!) &[F £ (synchronous) *E!)

module m_amemory (w_clk, w_addr, w_we, w_din, w_dout); // asynchronous memory
input wire w_clk, w_we;
input wire [11:0] w_addr;
input wire [31:0] w_din;
output wire [31:0] w_dout;

reg [31:0]

cm_ram [0:4095]; // 4K word (4096 x 32bit) memory

always @(posedge w_clk) if (w_we) cm_ram[w_addr] <= w_din;

assign #20 w_dout =

cm_ram[w_addr];

“include "program.txt"

m_amemory
m_imem
(32bit x 4096)

JERIEAAE!)

\

endmodule
module m_memory (w_clk, w_addr, w_we, w_din, r_dout); // synchronous memory m_memory m_memory
input wire w_clk, w_we; m imem I I m imem
input wire [11:0] w_addr; (32bit x 4096) (32bit x 4096)
input wire [31:0] w_din;
output reg [31:0] r_dout;
reg [31:0] cm_ram [0:4095]; // 4K word (4096 x 32bit) memory — I
always @(posedge w_clk) if (w_we) cm_ram[w_addr] <= w_din; H;H’:H}:EJ m_tmemory
always @(posedge w_clk) r_dout <= cm_ram[w_addr]; 3£ETHnZg;6
“include "program.txt" (32bit x )

endmodule
, 1
IF : ID ; EX | MEM . WB
1
wee ; ; | |
32 : i:W32 ; | !
§ 1 / w_tpc T_tpc !
X | 32 ! - !
| : 1 |
32 ! - g w_imm I w_taken i i
. : > 3 H r_taken :
W h > ! [l !
| ! 1 !
1
i w_rsl , i !
: Z wrrst ! w_rslt 1
32 ir 1 — L . |
12 m_memory w_ir W_rs2 + T r_rsit
e i [ ™ ) e
. N 1
r_pcl13:2] | (32bit x 4096) ! w_rd (32bit X932) w_rrs2 W 32 I |12 SIE %
H 5 1 £ 1 m_memory 1
: > ! w_rrs2 ' 32 m_dmem I V\led
! ! lumz (32bit x 4096) |32 1
1
1

258
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S — R gy, —
« CLB (Configurable Logic Block)
« BRAM (Block RAM, embedded memory, synchronous memory)
« DSP (Digital Signal Processing)
* CMT (Clock Management Tile)
« Routing fabric

Artix-7 Architecture Overview X
—— \

W cis

B R

| 11O

] — 48-Bit Accumulator/Logic Unit I CMT

_ [ I |
FIFO Logic s
| O
> BUFG : :
+ B B

® o

. > BUFIO & BUFR
DSP Slice

| + |

P
P =
i 1

E CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH 259

|+ |



m_proclO (multi-cycle processor) %L FHA4I)L

IF i ID . EX 5 MEM
i w_imm g | w_imm32 i i
4 —> 32 i >l o l !
o ! > I ! !
32 i w_rsl i !
15 w_rrsll !
12 m_amemory w_ir 2 \I !
r_pc A m._imem é ,2 I . w_rs m_regfile 32 + W_£§|t I r_rslt
r_pc[13:2] | (32bit x 4096 . LI = | %
( ) DL w_rd 5| (32bit x 32) w_rrs2 |g _ | 12
\ 5 , r_ain : 7> m_amemory
| 32 | L
! I :/3,2 m_dmem
W_Irs2 r rrs2 : (32bit x 4096)
: E ! L w_rslt2
codel74.v (m_proclo)
IF | ID . EX | MEM | WB
: wimm | 3 | w_imm32 ! ! !
: 5| 3 ! | 1
4 32 | ’l ® I | | |
| > | ! |
| ! BEHIAE!) m_memory ZFIFTES.
32 | w_rsl | ! |
' z W_rrslg E i
12 LS w_ir W_rs2 i \Iw rsit @ r_rslt !
r_pc #—>  m_imem I 7, z > mn;rerggsle 32 : + = I = ! >(_
r_pc[13:2]|  (32bit x 4096 L = | & : S
( A 2 wrd I (32bitx32) | woms2|E , Y. : ) 32
I 5 25 2 ram i é/Z m_memory
F#AEY m_memory RATES. — l ; m_dmem [l w Idd
: w_1rs2 r_rrs2 : (32bit x 4096)
| ! : ; w_rslt2
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Optimization for Multi-cycle Processors

@) () (oo (uew) (us)
k\\\\‘\-___;

Simple State Machine Diagram

ADD, ADDI

ALL ALL M
‘ ADD, ADDT, LW

Optimized State Machine Diagram

0.1 Xx 3 +0.1 x5 +0.8x4-=24.0
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Comparison of the two processor architectures

m_proc05 (codel71.v)

w_imm g | w_imm32
)= 1
+ // g
32 w_rsl
5 w_rrsl
12 m_amemory w_ir 2 i 7 \I
L. i imem /, £ WIS m_regfile | 32 s W_£§|t
r_pe[13:2]|  (32bitx 4096) | 32 LI RSP EE S
( ) Y w_rd (32bitx 32) | w.rrs2|§ 12 *] 32
5 %2 7 m_amemory J
W_Irs2 32 m dmem w_ldd
7 o
(32bit x 4096) |32
w_rslt2
m_procl0 , | |
IF | ID . EX | MEM | WB
w_imm g | w_imm32
’ 7 i 2 | = e e
! > ! : :
32 w_rsl
' 5 W_rrslg | E
w_ir . | |
Lt pe }/2 > mﬁn;fnrgfnry y » w_rs2 m_regfile | 32 . +\|W_£§It I r_rslt :
r_pe[13:2] | (32bit x 4096) | 32 > m_regs = ) 32 | S
| 5 %2 1 T_ain i 7 m_memory
l : 32 m_dmem I w_lIdd
! w_rrs2 r_rrs2 5 (32bit x 4096) = 32
| ! : ; w_rslt2
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m_proc05 add, addi, Ilw, sw 20335200 LY AU ILAR

codel71.v X, FEREAAEYZFESILSITm_proc05 ZELB L THEAE) LG DHIHE
mainl5.xdc AlE, REAAE)ZEESKIITm_proc0b ZiEiL T BRAM &4515E

50MHz clock freq.

XO0¥2

U
0 U
L

[
[ =
[} =
[} [}
= =
[} [
] 0
0

[
= =
m| [
O 1
0,
B

codel71lv MEAFAE)ET—EAEYZE m_memory
SEELT=hR
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An overview of pipelining (topic of the next lecture)

* Non plpelmlng EPM 7 8 9 10 11 12 1 2 AM X

(Multi-cycle) B e e e e e e e e e o = s e B

order ﬂ %l -
Jo=M

=

m

& PM i 8 9 10 11 12 1 2 AM
Time—] | | | | "

Task l
order —
» o=l

* Pipelining

(A=
c Jo=l

| o ne= |

@@;dapfzd from Computer Organization and Design, Patterson & Hennessy, © 2005 264
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4 Z :Vivado O &#EEA T3>

Settings -> Synthesis -> Strategy : Vivado Synthesis Defaults
Settings -> Implementation -> Strategy: Vivado Implementation Defaults

Settings

Settings

Project Settings
General
Simulation
Elaboration
Synthesis
Implementation
Bitstream

> IP

Tool Settings

Project

IP Defaults

Board Repository
Example Project Repository
Source File

Display

‘WebTalk

Help

Text Editor

3rd Party Simulators

v

Colors

w

Selection Rules
shortcuts
Strategies

v

Remote Hosts
‘window Behavior

v

Synthesis

Specify various settings associated to Synthesis

Constraints

Default constraint set:

Report Options

constrs_1 (active)

Strategy: I Vivado Synthesis Default Reports (Vivado Synthes... «

Options

() write Incremental Synthesis

Incremental synthesis:

Mot set

[]

Strategy: Vvivado Synthesis Defaults (vi..,

Description:

~Synth Design (vivado)

Vivado Synthesis Defaults

tcl.pre

tclpost

flatten_hierarchy rebuilt
-gated_clock_conversion off
-bufg 12
fanout_limit 10,000
-directive Default

to see & descrip

1 of it

((E:lE:l

<

Project Settings
General
Simulation
Elaboration
Synthesis
Implementation
Bitstream

> IP

Tool Settings

Project

IP Defaults

Board Repository
Example Project Repository
Source File

Display

WebTalk

Help

Text Editor

3rd Party Simulators

Colors
Selection Rules
Shortcuts
Strategies
Remote Hosts

‘Window Behavior

Implementation
Specify various settings associated to Implementation

Constraints

Default constraint set: constrs_1 (ac -
Report Options
Strategy: |G Vivado Implementation Default Reports (Vivado ...~
Options
-~

Incremental implementation: Mot set

[]

Strategy: % Vivado Implementation ... +

Description:
*Design Initialization (init_design)
tclpre
tcl post
~0Opt Design (opt_design)

is_enabled %

tel.pre
tcl.post

verbose O

-directive Default

More Options

ct an option &l o see & description of it

Default settings for Implementation.

H
32|

HH|
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4 Z :Vivado O &#EEA T3>

A
JOvyHOEEREIED=ODOHEA T avIEROBEY. THA2aTART 2%
X, Sh5DVivadoDA T a wBULEEDICERBLTEHLLY.

« Sefttings -> Synthesis -> Strategy :
Flow_PerfOptimized_high

« Settings -> Implementation -> Strategy:
Performance_ExplorePostRoutePhysOpt

+ FEL CheOBEILA 7L aVE L ET 58, REARERERRO KA
E<GAOT, BYITHELS T ERENBS.
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m_proc09 (multi-cycle processor) Y ILFH AL

o SHAUILTIGEENET S IPC=0.2 DRILFHAUILOTOEYY, add, addi, lw, sw ?«E'U'Tl'f—b\
- RLEZORNEVEHEZET D ATYINTOv Y OBERIKREZRDS.

IF ! ID . EX MEM . WB
! w_imm g | w imm32
4 32 > QI
=]
32 w_rsl !
15 w_rrsll E !
12 m_amemory w_ir W_rs2 \I It B |
—r_pc o m_imem z I /5/ m_regfile 32 , + W_£§tl r_rslt : _
r_pc[13:2]|  (32bit x 4096 . m_regs Z _I_>) 32 B s \
( ) DL wrd I @abitx32) | wors2 | . L] 12 ) 32
5 % ; r_an ' 7 m_amemory ,
I | 32 m_dmem w_ldd
W_ITs2 r_rrs2 (32bit x 4096) |32
| ! L ow_rslt2

Simple State Machine Diagram '\
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An Overview of Pipelining X
\

* Non plpelmlng | EPM 7 )
(Multi-cycle) B e e e e e e e e e o = s e B

order R ﬂ %l -
: Jo=M

* Pipelining

» 0=l

(A=
c Jos=M
| o T5=M

@@;dapfzd from Computer Organization and Design, Patterson & Hennessy, © 2005 269
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Single Cycle Processor
\

i«— one clock period —»}

Program
axecution . 200 400 600 '-.__:80[) 1000 1200 1400 1600 1800
order Time ] T T 1 | T T T ™
(in instructions)
Iw x1, 16(x0) |™ o "Reg| AL | D% |Reg
< ™ | Instruction Data
1w x2, 32(X@) 800 ps fetch |79 ALY access | o8
h 800 ps v lnsgﬁm

——— een

lw x3, 48(x0)
800 ps
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m_proc07 N—ZX5A/>DFTAtyP (T I A9)L)

\
o @RIV FAF), TA—FEARZTURFTIYF(ID), EIT(EX), AEUTI7EA(MEM), 5’”*\
N (WB) OAEBEHTESadd, addi, sll, srl, lw, sw, beq, bne@wIZxEL=F0tEyH

Ik ID ; EX MEM B
T | ; | s
| 32 |
c 1 LS V\(_tpC !
x ! 7 | !
! 32 : :
32 | g | w_imm '
by 1) |
o 1
S 1
w_rsl r
| z w_rrsl
32 1o m_amemory w_ir! W rs2 - 7 . :
—|r_pc m_imem §2 i 5’ mn—]rergg'se 32 ! = w_rslt2
r_pc[13:2 i L < i ‘
_pc[13:2]|  (32bit x 4096) ) w_rd (32bit x 32) /W_rr_)|s2l 5' R . : e
ez 5 2 TR v B e
codelél.v | | (32bit x 4096) |32 !
_ 31 30 25 24 21 20 19 15 14 12 11 8 7 6 0
- unct7 rs2 rsl unct3 r opcode | R-type
f 60MHz . : 3 TR
IPC = 1.000
Perf = 60.00 | imm[11:0] | sl | funct3 | rd | opcode | I-type
| imm[11:5] ‘ rs2 | sl | funct3 | imm|[4:0] | opcode | S-type

@ [ imm[12] [ imm([10:5] | rs2 | rsl | funct3 | imm[4:1] [ imm[11] [ opcode | B-type
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Single-cycle versus pipelined execution

Program
execution —. 200 400 600 800 1000 1200 1400 1600 1800
order Time ! I l | | . I I —
(in instructions)
I xL, 16(x@). |insincton g | D2 fog
g - .
1w x2, 32(x0) 800 ps " eten[Rea| AU | O | Reg
- Instruction
lw x3, 48(x9) 800 ps fetch
800 ps
Program
execution —. 200 400 600 800 1000 1200 1400
Time I I I I , | >
order
(in instructions)
lw x1, 16(x0) '”ﬁf;;‘;:"” Reg| ALU ELE?;:S Reg
= .
1w x2, 32(x8) 200 ps| fen | [Res| AL | om2 |Reo
™| |nstruction Data
lw x3, 48(X0) 200 ps | fetch Reg | ALU access Reg
- ————— L -

200 ps 200 ps 200 ps 200 ps 200 pg

@%dapf@d from Computer Organization and Design, Patterson & Hennessy, © 2005
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Hazards make pipelining hard

s MEEEYLEYAUILT

(hazard) &SN

===

=17

« &/ \Y—F (structural hazard)

TEHRVWEIGRANEFET D ChE/NT—

F—N\FYTEFTTEMBDHAELEE/N—F I T7HYR—FL TGS
. BRTERIZKYELS.
« T—45-/\Y—F(data hazard)
o T—ADZTELOFKICK>TEHELS/N\T—F

cm_ram[@]={7'de, 5'de, 5'de, 3'beeo, 5'do, 7'belleell}; // add x@, x0, x0 // NOP

cm_ram[l] {12'd3, 5'de, 3'beee, 5'd4, 7'beeieeil}; // addi x4, x0, 3 // x4 = 3
cm_ram[2]={12"'d4, 5'de, 3'beeo, 5'd5, 7'beeleeil}; // addi x5, x0, 4 // x5 =4

cm_ram[3]={7'de, 5'd5, 5'd4, 3'bee@, 5'd30,7'be110011}; // add x30,x4, x5 // led = x4 + x5

Hl1E s \ Y —K(control hazard)

+ FIRERT, v TWMRICEOTELSNT—F

SEIEF, COXMLTEZEZS.

cm_ram[1]={12"'d5,
cm_ram[2]={12"d1,
cm_ram[3]={12"'d1,
cm_ram[4]={7"h7f,5'd4,
cm_ram[5]={7'de, 5'de,

5'de,
5'de,
5'ds,
5'ds,
5'ds,

3'b000,
3'b000,
3'b000,
3'b001,
3'b000,

5'd
5'd
5'd
5'b
5'd

'd4, 7'b0010011};
'd5, 7'b0010011};

5, 7'b0010011};

'd30,7'b0110011};

//
//

addi x4,
addi x5,

// Ll:addi x5,

'b11101, 7'blleeeil}; //

//

bne x5,

add x30,

X0,
X0,
X5,
x4,
X5,

5 // x4 =5

1 // x5 =1

1 // X5 = x5 + 1

L1 // goto L1 if x5!=x4

x0 // led = x5

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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m_proc05 add, addi, lw, sw Z 0¥

g 5T )L A4 ILER

\

module m_proce5 (w_clk, w_ce, w led);

input wire w_clk, w_ce;
output wire [31:0] w_led;

reg [31:0] r_pc = 0;
wire [31:0] w_ir;
wire [4:0] w_op5
wire [4:0] w_rsl
wire [4:0] w_rs2

w_ir[6:2];
w_ir[19:15];
w_ir[24:20];

wire #4 w we = w_ce & (w_op5==5'b01100 || w_op5==5'be0160 || w_op5==5'boeoen);
wire [31:0] w_imm, w_rrsl, w_rrs2, w_ain, w_rslt, w_ldd, w_rslt2;

m_amemory m_imem (w_clk, r_pc[13:2], 1'de, 32'd0, w_ir);

m_immgen m_immgen® (w_ir, w_imm);

m_regfile m_regs (w_clk, w_rsl, w_rs2, w_rd, w we, w_rslt2, w_rrsl, w_rrs2);

assign #3 w_ain = (w_op5==5'b01100) ? w_rrs2

assign #9 w_rslt = w_rrsl + w_ain;

: w_imm;

m_amemory m_dmem (w_clk, w_rslt[13:2], (w_op5==5'b01000), w_rrs2, w_1ldd);

: w_rslt;

12

XNIA

32

m_amemory

wire [4:0] w rd = w_ir[11:7]; assign #3 w_rslt2 = (w_op5==5'booooo) ? w_ldd
always @(posedge w_clk) #5 if(w_ce & r_pcl!=24) r_pc <= r_pc + 4;
reg [31:0] r_led = ©;
codel71.v alw:.;]ys @(posedge w_clk) if(w_ce & w we & w_rd==30) r_led <= w_rslt2;
assign w_led = r_led;
endmodule
g | w_imm
4 32 1o
+ A 0
32 w_rsl
% w_rrsl
12 m_amemory w_ir w_rs2 : \Iw rslt
r_pc # m_imem % /5’ mn;rerg;'sle 32 w ain |+ =2
r_pc[13:2]| (32bit x 4096 L z| WAl ) 32
( ) y w_rd 5 (32bitX32) /w_rrs2 S
S 32
W_Irs2

m_dmem
(32bit x 4096)

7L(—9 32
w_ldd

32

w_rslt2
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m_procll 2RT— D1 TS54> T 0ty

\

e« IFZ1RT—, FDD ID, EX, MEM, WB 21 RT—I LT /4754701 yY
« add, addi, lw, sw ZEB3 5T 0ty

IF | EX
: w_imm g | w_imm32
4 32 8 &
I ><I >
i
w_rsl
32 .’:| I A ) w_rrsl
m_amemor : 3
L 12 _amemory g = , w_rs2 m_regfile | 32 +\|W—r§’|t
l 113:2)| azbitx d006) | 2B 5| ® i s ) % :
r_pc[13: ' = ) 8 |
(32bit x 4096) g word | (32bitx32) | worrs2 |2 . 12 ) 3
1= 7% 2 r_amn m_amemory
: ?,2 m_dmem —~~ w_ldd
: w_Irs2 (32bit x 4096) |32
| w_rslt2

icclgccz 1cc3 cc45cc55 CC6 .
insnl [ IF | EX ' | | '

| .
insn2 | [ IF | EX ] |
insn3 | IF | EX ,
insn4 | | i [IF [ EX | |
insns | 1 1 1 [ZF [ EX
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m_procll add, addi, lw, sw 03 52D /N1 TZ4A4 R

\

module m_procll (w_clk, w_ce, w led);
input wire w_clk, w_ce;
output wire [31:0] w_led;

reg [31:0] r_pc = 9;
reg [31:0] IfEx_pc=0;
reg [31:0] IfEx_ir=0;

wire [31:0] w_ir;

wire [31:0] w_imm, w_rrsl, w_rrs2, w_ain, w_rslt, w_ldd, w_rslt2;

wire #4 w we = w_ce & (w_op5==5'b01100 || w_op5==5'b00100 || w_op5==5'booe00);
always @(posedge w_clk) #5 IfEx _pc <= r_pc;

m_amemory m_imem (w_clk, r_pc[13:2], 1'de, 32'd0, w_ir);

always @(posedge w_clk) #5 IfEx_ir <= w_ir;

m_immgen m_immgen® (IfEx_ir, w_imm);
m_regfile m_regs (w_clk, w _rsl, w_rs2, w_rd, w_we, w_rslt2, w rrsl, w_rrs2);
assign #3 w_ain = (w_op5==5'b01100) ? w_rrs2 : w_imm;

wire [4:0] w_op5 = IfEx_ir[6:2]; assign #9 w_rslt = w_rrsl + w_ain;
wire [4:0] w_rsl = IfEx_ir[19:15]; m_amemory m_dmem (w_clk, w_rslt[13:2], (w_op5==5'b01000), w_rrs2, w_1dd);
wire [4:0] w_rs2 = IfEx_ir[24:20]; assign #3 w_rslt2 = (w_op5==5'be0000) ? w_ldd : w_rslt;
wire [4:0] w_rd = IfEx_ir[11:7]; always @(posedge w_clk) #5 if(w_ce && IfEx_ir!=32'h@00f0033) r_pc <= r_pc + 4;
reg [31:0] r_led = 0;
codel8l.v always @(posedge w_clk) if(w_ce & w_we & w_rd==30) r_led <= w_rslt;
assign w_led = r_led;
endmodule
IF I EX
| . = | .
w_imm | 3 w_imm32
| — 5| 3 -
4 32 8 &
I ><I S
=
3 w_rsl
.=:| I % w_rrsl
12 m_amemory = w_rs2 . \IW rslt
r_pc # m_imem n E %' mrﬁrerggsle 32 + = _
r_pc[13:2]| " (32bit x 4096 | L = | & \
( ) | gl w_rd (32bitx 32) | wiorrs2 g , 12 %] %
- 5 % o ram 7 m_amemory
| 32 m_dmem —~ w_ldd
I W_rrs2 (32bit x 4096) |32
I

w_rslt2
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m_procll add, addi, lw, sw ZLIEF H2ED /1TS54 R
\

module m_procll (w_clk, w_ce, ) wire [31:0] w_imm, w_rrsl, w_rrs2, w_ain, w_rslt, w_ldd, w_rslt2;

input wire w_clk, w_ce; wire #4 w_we = w_ce & (w_op5==5'b01100 || w_op5==5'be0100 || w_op5==5'boooe0);
always @(posedge w_clk) #5 IfEx_pc <= r_pc;
m_amemory m_imem (w_clk, r_pc[13:2], 1'de, 32'd0, w_ir);

reg [31:0] r_pc = 9; always @(posedge w_clk) #5 IfEx_ir <= w_ir;
reg [31:0] IfEx_pc=0;
reg [31:0] IfEx_ir=0; m_immgen m_immgen® (IfEx_ir, w_imm);
m_regfile m_regs (w_clk, w _rsl, w_rs2, w_rd, w_we, w_rslt2, w rrsl, w_rrs2);
wire [31:0] w_ir; assign #3 w_ain = (w_op5==5'b01100) ? w_rrs2 : w_imm;
wire [4:0] w_op5 = IfEx_ir[6:2]; assign #9 w_rslt = w_rrsl + w_ain;
wire [4:0] w_rsl = IfEx_ir[19:15]; m_amemory m_dmem (w_clk, w_rslt[13:2], (w_op5==5'b01000), w_rrs2, w_1dd);
wire [4:0] w_rs2 = IfEx_ir[24:20]; assign #3 w_rslt2 = (w_op5==5'be0000) ? w_ldd : w_rslt;
wire [4:0] w_rd = IfEx_ir[11:7]; always @(posedge w_clk) #5 if(w_ce && IfEx_ir!=32'h@00f0033) r_pc <= r_pc + 4;

reg [31:0] r_led = 0;

codel8l.v always @(posedge w_clk) if(w_ce & w_we & w_rd==30) r_led <= w_rslt;
assign w_led = r_led;
endmodule
cm_ram[1]={12'd3, 5'de, 3'bee8, 5'd4, 7'bee1e01l}; // 04 addi x4, x0, 3 // x4 = 3
cm_ram[2]={12"d4, 5'de, 3'bee8, 5'd5, 7'bee1eell}; // 08 addi x5, x@, 4 // X5 = 4

cm_ram[3]={7'de, 5'd5, 5'd4, 3'booe, 5'd30,7'bel11ee11}; // Oc add x30,x4, x5 // led = x4 + x5

ECC]' | cc2 ICC3 : cca ECCS : ccoh : : r_pc IfEx_pc IfEx_ir w_rrsl w_ain r_rslt2 r_led
P9: insn® | IF | EX i E i i ! : 00000000 V0PV VPPV 0PV VVVVRPO 0VRVRO33 VVOVVVOO
' . ! ! ! : : 00000004 00000V 0VPVLRO33 0VVVVVRO VPVVVO VPRV VPV
04: insnl; | IF | EX | : ! i : 00000008 000004 00300213 0VPOVO0D ©OOOPOO3 PPOVPOR3 VOO0V
98: insn2 i : | 1F | EX ] i i . 000000OC 00VVVV8 0400293 0VVVVVRO VVVVLVL V0VRVRV4L VPO
' ! ' f | ! I : 00000010 000VVVOC 00520133 0VVOVVO3 0VVVCVV4 00V00VO7 00V
Oc: insn3.: i i | IF EX | ! : 00000014 00000010 00VPO33 VOVOOVO OOPOVEO VVOPRORO 0VPVRD7
10: insn4d| ; ; ; | IF | EX
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Hazards make pipelining hard

 MREEVLEHAVILTETTEEVLIGRENEFEETSH. CnEd/N\T—F
(hazard) &SN

cm_ram[@]={7'de, 5'de, 5'de, 3'beeo, 5'do, 7'belleell}; // add x@, x0, x0 // NOP
cm_ram[1]={12"d3, 5'de, 3'beee, 5'd4, 7'beeieeil}; // addi x4, x0, 3 // x4 = 3
cm_ram[2]={12"'d4, 5'de, 3'beeo, 5'd5, 7'beeleeil}; // addi x5, x0, 4 // x5 = 4
cm_ram[3]={7'de, 5'd5, 5'd4, 3'beeo, 5'd30,7'be110011}; // add x30,x4, x5 // led = x4 + x5

o HIfEl/ Y —F(control hazard)
+ FIRERT, v TWMRICEOTELSNY—F

cm_ram[1]={12"'d5, 5'de, 3'booo, 5'd4, 7'b0010011}; // addi x4, x0, 5 // x4 =5
cm_ram[2]={12"'d1, 5'de, 3'booo, 5'd5, 7'beeleell}; // addi x5, x0, 1 // x5 =1
cm_ram[3]={12"'d1, 5'd5, 3'beeo, 5'd5, 7'b0010011}; // Ll:addi x5, x5, 1 // X5 = x5 + 1
cm_ram[4]={7"h7f,5'd4, 5'd5, 3'beel, 5'blilel, 7'blileeell}; // bne x5, x4, L1 // goto L1 if x5!=x4
cm_ram[5]={7'de, 5'de, 5'd5, 3'beee, 5'd30,7'b0116011}; // add x30,x5, x0 // led = x5
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FEH /N F—F DXL B R 1
3
« DIEARMNHEETLET, ARG SDEFENTDIzVvFEIEDS (R
r—ILEE D).
« ZOT7OYHERTIE, QIEGSOHBEEIC1HAIILOERINELS.

cm_ram[1]={12'd5, 5'de, 3'beeo, 5'd4, 7'b0010011}; // 04 addi x4, x0, 5 // x4 =5

cm_ram[2]={12'd1, 5'de, 3'beeo, 5'd5, 7'b0010011}; // 08 addi x5, x0, 1 // x5 =1

cm_ram[3]={12"'d1, 5'd5, 3'boeo, 5'd5, 7'b0010011}; // 0c Ll:addi x5, x5, 1 // x5 = x5 + 1

cm_ram[4]={7"'h7f,5'd4, 5'd5, 3'beel, 5'bli1lel, 7'blleeell}; // 10 bne x5, x4, L1 // goto L1 if x5!=x4

cm_ram[5]={7'de, 5'de, 5'd5, 3'be0@, 5'd30,7'b0110011}; // 14  add x30,x5, x0 // led = x5

ccl ; cc2:cc3 i ccdicc5 ; ccb; cc/; ccl ; cc2:cc3 i ccdicc5 ; ccb; cc/;
04: insnl[ IF | EX | | | | | . 04: insnl[ IF | EX | | | | | |
@8: insn2| | IF [ EX | | i | . @8: insn2! | IF | EX | .
@c: insn3: ' | IF | EX | i i E @c: insn3: | | IF [ EX |
10: bne | IF | EX | | 10: bne ! | IF | EX |

| | | ! E | | !
14: insns ! [ IF [ EX | ©Oc: insn3| [ IF [ EX |

N L =] S+ - B3 A\
DENTHRILDIGZE DIENBILDIZE
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FIEINF—F O Xt B2

\
* DIENPBILERELTHIRGTORFIHTOUEEZEDD. \
© ZTONBEHTHIOBEICE, RENELLO TREKIZECHL.

« BT, TOZTIEARIDIGE, BE>TIzyF L= RO i T ZHIER
(flush) LT, EELLY pc DEFDITVFEEBERT D 1H AL DOERNFELE
I 5.

cm_ram[1]={12"d5, 5'de, 3'beee, 5'd4, 7'bo016011}; // 04 addi x4, x0, 5 // x4 =5

cm_ram[2]={12"'d1, 5'de, 3'beee, 5'd5, 7'be010011}; // o8 addi x5, x0, 1 // x5 =1

cm_ram[3]={12"d1, 5'd5, 3'beee, 5'd5, 7'b0016011}; // Oc Ll:addi x5, x5, 1 // x5 = x5 + 1

cm_ram[4]={7'h7f,5'd4, 5'd5, 3'be@l, 5'b11101, 7'bl1ee01l}; // 10 bne x5, x4, L1 // goto L1 if x5!=x4

cm_ram[5]={7'de, 5'de, 5'd5, 3'beeo, 5'd30,7'b0116011}; // 14 add x30,x5, x0 // led = x5

,ccl ; cc2;cc3 : ccd.cc5>  ccb, cc7/, .ccl . cc2,cc3 : cc4d.,cc5> . ccb, cc7/,

04: insnl [ IF | EX | | | | . 04: insnl[ IF | EX | | | '
@8: insn2 | | IF | EX ; | | . @8: insn2; | IF | EX ;
@c: insn3| | | IF | EX | | | . oc: insn3| | [ IF | EX | | |
10: bne | | | [ IF | EX | . 10: bne | | | [ IF | EX | |
14: insn5: | i | [ IF | EX | i 14: insn5: | i | flush !
18: insn6 ! i i i | IF | EX @c: insn3! i i i | IF | EX

E@F’ el s AN AVEOR: 1= TIEARILDIZE
c
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04:
08:
Qc:
10:
14:
18:

<

HIE/ N —RF DXt EEE3
\\
o DUEDRILFRILETRILT, %@%iﬁllb‘IEL,L\H&EL’CﬁHEZn‘h\

SDRGEMTDUNIEZTEDS.

o TOHNIEDFERMNFRERUCHZEIZIE, FRINKINTEEITELEL

o ZOFERTIE, FRINKBDIGE, BHE>TITYFLEEROGEZEHIR
(flush) LT, IEELWLN pc DEGFEDITvF BRI L. 1 HAVILDOEENFEE.

cm_ram[1]={12"d5,
cm_ram[2]={12'd1,

cm

ram[3]={12"'d1,
cm_ram[4]={7"'h7f,5'd4,
cm_ram[5]={7'de, 5'de,

5'de, 3'be00, 5'd4, 7'b0010011}; // 84  addi x4, x0, 5 // x4 =5

5'de, 3'beed, 5'd5, 7'be010011}; // @8  addi x5, x0, 1 // x5 =1

5'd5, 3'bee0, 5'd5, 7'be010011}; // @c Ll:addi x5, x5, 1 // x5 = x5 + 1

5'd5, 3'beel, 5'bl1101, 7'blleee1l}; // 1@  bne x5, x4, L1 // goto L1 if x5!=x4
5'd5, 3'bee0, 5'd30,7'be110011}; // 14  add x30,x5, x0 // led = x5

insnl

insn2;

.ccl : cc2;cc3 : ccd.cc5> . ccb, cc/

IF | EX

.ccl . cc2,cc3 : cc4d.,cc5> . ccb, cc7/,
04: insnl[ IF | EX | ' | | |

| IF

EX

.01 1 es:insn2]  [IF | EX i

insn3!

bne

insn5
insné6

DA HILEF AL TRYIDIGE

SC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH

T IF

T EX | i | . ec: insn3] | I IF | EX | .
[TF [ EX .1 1e:bne | ¢ i [IF[EX ,
| [IF [ Ex | . 1c: insn3; g § g [IF [Ex |

| [TF [ EX | 16: bne | | | | | IF [_EX |

DN ILETFRILTHRYIDGE




FE N —F A~ x40

2
© BEBSOAETFRERNSHAR, AUE1—4T—FFIF 0D 2%
HE TS,
© COBETIE, BB2ERATS
¢ BEHTAIERELTHRBRORERDOLBEEDD
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m_procl3 2B M/N\ATSA R \
\

 add, addi, sll, srl, lw, sw, beq, bnefi Iz EL-70tEyH
« IFZ1RT—, ZDOH#®D ID, EX, MEM, WB 1 RT—L 4T 5/ (T340 70ty

IF D : EX : MEM . WB
w_npc :
32 |
=z| 32 o )% :
c S 7> wW_tpc |
3 9l 32 : :
a _ | :
32 = 5 w_imm i i
4 :l ] { I : :
g I |
* w_rsl i r i
= > W_rrsl |
32 4, m_amemory | =’ > W_rs2 fil Z | - i
L) e 1 o imem BZI‘ - /5, mn;rergglse 2 | =| Worsit2
r_pc[13:2 i ! " ' | | I |
_p [ ] (32bItX4096) HLI>_j 2 W_I'(i (32bitX32) /W_rrSIZ % w_ain : . 32
= % ; , s m_amemory !
; w_ITs 1 3 m_dmem w_ldd
codel82.v i i / (32bit x 4096) 32 i
IfId

Pipeline register
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m_procl3 2ERD /N1 TSA1 R

o DIEHARIL (w_tkn==1) DIFE, FE>TIzYyFLI=RDGSZHIFR (flush) LT, IELLY pc D
MEDITTVFEERTS. 19 A1IILDERNEETS.

o BHERMICIE, w_tkn==1 OFIZ, TzyFI_EdicH%E 0 (NOP) TLEZY 5.
« always @(posedge w clk) IfEx ir <= (w_tkn) ? @ : w_ir;
« WMRIZAE VL (valid bit) ZFFTEHKL.

wire [31:0] w_imm, w_rrsl, w_rrs2, w_ain, w_rslt, w_ldd, w_rslt2;
wire #4 w_ we = w_ce & (w_op5==5'b@1100 || w_op5==5'b00100 || w_op5==5'boe0oes);

\

module m_procl3 (w_clk, w_ce, w _led); always @(posedge w_clk) #5 IfEx_pc <= r_pc;
input wire w_clk, w_ce; m_amemory m_imem (w_clk, r_pc[13:2], 1'de, 32'de, w_ir);
output wire [31:0] w_led; always @(posedge w_clk) #5 IfEx ir <= (w_tkn) ? @ : w_ir;
reg [31:0] r_pc = 0; m_immgen m_immgen® (IfEx_ir, w_imm);
reg [31:0] IfEx_pc=0;
reg [31:0] IfEx_ir=e; m_regfile m_regs (w_clk, w_rsl, w_rs2, w_rd, w_we, w_rslt2, w_rrsl, w_rrs2);
assign w_ain = (w_op5==5'b01100) ? w_rrs2 : w_imm;
wire [31:0] w_ir; assign w_rslt = (w_f3==3'b001) ? w_rrsl << w_ain[4:0]
wire [4:0] w_op5 = IfEx _ir[6:2]; (w_f3==3'b101) ? w_rrsl >> w_ain[4:0] : w_rrsl + w_ain;

wire [4:0] w_rsl = IfEx_ir[19:15];
wire [4:0] w_rs2 = IfEx_ir[24:20]; m_amemory m_dmem (w_clk, w_rslt[13:2], (w_op5==5'b01000), w_rrs2, w_ldd);
wire [4:0] w.rd = IfEx_ir[11:7]; assign w_rslt2 = (w_op5==5'b00oo00O) ? w_ldd : w_rslt;

wire [2:0] w_f3

IfEx_ir[14:12];

wire w_tkn = ({IfEx_ir[12],w_op5}==6'b@11000 & w_rrsl==w_rrs2) || // BEQ
({IfEx_ir[12],w_op5}==6'b111000 & w_rrsl!=w_rrs2); // BNE

always @(posedge w_clk) #5

codel82.v if(w_ce &% IfEx_ir!=32'heeefee33) r_pc <= (w_tkn) ? IfEx_pc + w_imm : r_pc+4;

reg [31:0] r_led = 0;
always @(posedge w_clk) if(w_ce & w_we & w_rd==30) r_led <= w_rslt;
assign w_led = r_led;

endmodule
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m_procl3 2ERD /N1 TSA1 R

/home/tu_kise/cld/2023/baseline/program5.txt

initial begin
cm_ram[@]={7'de, 5'de, 5'de, 3'beee, 5'de, 7'be110011}; // 00 add x0, x0, x0 // NOP
cm_ram[1]={12"'d5, 5'de, 3'be00, 5'd4, 7'bee10011}; // 04 addi x4, x0, 5 // x4 =5
cm_ram[2]={12'd1, 5'de, 3'beeo, 5'd5, 7'bee10011}; // 08 addi x5, x0, 1 // x5 =1
cm_ram[3]={12"'d1, 5'd5, 3'beee, 5'd5, 7'bo010011}; // 0c Ll:addi x5, x5, 1 // x5 = x5 + 1
cm_ram[4]={7'h7f,5'd4, 5'd5, 3'bo@l, 5'bl1101l, 7'blleeel1l}; // 10 bne x5, x4, L1 // goto L1 if x5!=x4
cm_ram[5]={7'de, 5'de, 5'd5, 3'booo, 5'd30,7'b0110011},; // 14 add x30,x5, x0 // led = x5
cm_ram[6]={7'de, 5'de, 5'de, 3'beee, 5'de, 7'b@110011}; // 18 add x0, x0, x0 // NOP
cm_ram[7]={7'de, 5'de, 5'de, 3'beee, 5'de, 7'b@110011}; // 1c add x0, x0, x0 // NOP

end

clock

1:
2:
3:
4:
5:
6:
7:
8:
9:

r_pc w_ir w_rrsl w_ain r_rslt2 r_led

: 00000000 00000033 0VDVVVO 000D 0OV 00OV
: 00000004 00500213 000D ©VOVVVO5 0VPVVRS 000
: 00000008 00100293 0VVPVOVO 0OVl 0VPPRO1 00
: 000000OC 00128293 0VVPVOO1 0OVl ©VPVLLV2 0V
: 00000010 fed29ee3 00OLLOVO2 fffffffc 20000000 00000
: 00000LOC 00128293 00VVLVVD2 0VVVVVO1 VVVVVVO3 00V
: 00000010 fed29ee3 00OOLOVO3 fffffffc 30000000 ©0V0OOLO
: 00000LOC 00128293 0VVVOVO3 VVVVVVO1 VVVVVVO4 00000000
: 00000010 fed29ee3 000000R4 fffffffc 40000000 000D
: 000000OC 00128293 0VVVVOV4 00OVl 0VVVVOS 0V
: 00000010 fed29ee3 00OLLOOS fffffffc 50000000 ©0OOVOOO
: 00000014 00028133 00VVVOOS 0OV 0VVVRS 000
: 00000018 00V00VO33 VVVVVO 0VVOVVOO 0PV 005

r_pc IfEx_pc IfEx_ir w_rrsl w_ain r_rslt2 r_led

00000000 00000000 0000VVOO 00VOVVVO 0PV 0VPV33 VOV
00000004 00000000 0000033 0VVVVVVO VDOV ©VVVVVO 00O
00000008 00000004 00500213 000D ©VVOVOO5 00VVVORS 000000
0000000C 00000008 00100293 0VVOVVVO 0VVVVPO1 ©VPVRO1 00O
00000010 00RO C 00128293 0VOVVVO1 0VVCPVO1 ©VRVVO2 00V
00000014 00000010 fed29ee3 00OVVVO2 fffffffc 20000000 0000
0000000C 00000014 0000VO0D 00OV 0DVVVVOD ©VRVV33 00V
00000010 0VVPOC 00128293 0OV VVVOVVO1 ©VROVVO3 00V
00000014 00000010 fed29ee3 00OVVOO3 fffffffc 30000000 000D
: 000000OC 00014 0VVVVVVO 0VVVOVVO VOV 0VVPRO33 VBV
: 00000010 000VVOC 00128293 VVDVVVLVO3 VVVOVVO1 0VVVVOR4 0000
: 00000014 00000010 fed29ee3 00VOOVV4A fffffffc 40000000 ©OOVOOLO
: 000000OC 00014 00VVVVVO 0VVVOVVO VOOV 00VPRO33 VROV
: 00000010 0000PLOC 00128293 0VVOVVV4 0OVVVVO1 00VVVOL5 000V
: 00000014 00000010 fed29ee3 0PVOVOO5 fffffffc 50000000 ©VVOLLOO
: 00000018 000014 00028133 0VVOVOOS VOOV 0005 000V
: 0000001c 000018 0VVPO33 VVVOVVVO VOOV 00DV 0005

1
2:
3
4
5:
6
7
8:
9

R R R R
WNR®

m_proc07 "—RXS4> D70ty HDFER
m_procl3 2ERD /A TS AU RDFER
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m_procl4 SERD/INATSA R

add, addi, sll, srl, lw, sw, beq, bnefiFIZHIGLI-T Oy (T—274+T—T12 7 L) x
IF,ID, EX, MEM, WB DZENZTNERT—I LT BN/ (T54/4>T 0ty

AT—U IF EID ORIDNATSA LD RAIZIE IfId_ hoiaESAH1ZFIHRT 5.

AT—Y ID TAMSNAERICIE Id_ MDIRFEDRRIEFRT .

B IF IfId ID IdEx EX ExMe MEM Mewb B
N
g Ifld_pe ) Id_tpc I IdEX_tpc
_ _ 5
g Id_imm =
4 [0} I ><I
I >
1d_rs1 ﬁl
= Id_rrs1 I IdEX_rrs1 2 s £
_}M r_pc mﬁamr(:]?r(r)lry = I‘ ld_rs2 | regfile © > 5 ExMe_rslt I 2 ol
I o — |
& | (32bit x 4096) 28 = m_regs "I . @ ° - =R
& = (32bit x 32) IdEX_imm S A — = X
d. — — > I |
8| ld_rrs2 IdEX_rrs2 m_dmem - I
- ¢ I (32bit x 4096)
Id_rd IdEx rd MeWhb _rd
I I ExMe_rd I—I

ﬁ, codel85.v
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BEEDINATSATAyHENATSTALIRA

A

Pipeline register
B IfId IdEx ExMe MelWb
IF ID EX MEM WB
5| E's =/ D's £1C's £ B's 5A's
2| logic 2| logic ol logic = logic %|logic
] IF ] ID ] EX ] MEM | wB
5 Es £ Ds  £5 ¢s  £5 Bs §EAs
cc1 | logic  » & logic o logic - 5 logic v % logic
cc2 [ IF ] ID [ EX | | MEM | wB
S/ F's gl E's S D's £ C's SB's
1 logic n| logic 2 logic 5| logic u|logic
287
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m_procl4 SEED/INATS5A R D FfE/ N — D x4

o BEEDINATS5470twy Y TlE, EXAT—U (ETlEccbDER) THIBEDERAHMS. \
ZE & (flush, 7)) 3 A ET, EGam S (EELLELY

« CO, ID & IF TAELTULSHiHZ NOP IZ

HEH D T) ZEITLAELY.

2EBDINATSA>

SEANRIOBE 0

Qc:
10:
14:
1c:

SEEDINATSA4>

SEAFEIL DB S x‘

Qc:
10:
14:
18:
1c:

insn3 !

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH

vccl ;cc2 1CcC3

 cc4.cc5 , ccb, cc/,

cc4;cc5; cc6b,cc/ , cc8 . cc9 cclo ccll

: insnl| IF | EX ! ! ! ! !
insn2 | [ IF | EX | | | |
insn3 | | IF | EX | | | |
bne | | IF | EX i !
insns | : *'Fluf:»h
insn3§ ; i IF [ EX

. ccl cc2 . CC3 ;
1nsn1| IF | 1D | EX IMEM WB |
insn2 | [ IF [ 1D | EX [ MEM | WB | |
insn3| | IF | ID | EX | MEM | WB |
bne | [ IF | ID | EX y MEM
insn5§ : IF flush
insné | | flush

WB |

IF

ID | EX | MEM | WB |
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m_procl4 SEED/INATSA U RDTAT BT S L

¢ TR NY—FEET=OHIZNOP ZiEAT 5.

/home/tu_kise/cld/2023/baseline/programé6.txt

initial begin
cm_ram[ ©]={7'de, 5'de, 5'de,

cm_ram[ 1]={12'd5, 5'de,
cm_ram[ 2]={12'd1, 5'de,
cm_ram[ 7]={12'd1, 5'd5,

cm_ram[12]={7"'h7f,5'd4, 5'd5,

cm_ram[17]={7"'de, 5'de, 5'd5,

cm_ram[18]={7'de, 5'de, 5'de,

cm_ram[19]={7"'de, 5'do, 5'de,
end

3'b000,
3'b00e,
3'b000,

3'b00e,

3'b001,

3'b00e,
3'b000,
3'b000,

5'do,
5'd4,
5'ds,

5'ds,

7'b0110011}; //
7'b0010011}; //
7'b0010011}; //

7'b0010011};

5'b0110 1, 7'b1100011};//

5'd30,7'b0110011}; //
5'de, 7'b0110011}; //
5'de, 7'b0110011}; //

// L1:

add
addi
addi

addi

bne

add
add
add

X0,
X4,
x5,

x5,

X5,

X30,

X0,
X0,

X0,
X0,

x5,

X4,

x5,
X0,
X0,

X0

L1

X0
X0
X0

//
//
//

//

//

//
//
//

NOP

X5

x5

goto

led =

NOP
NOP

X5 + 1

L1 if x5!=x4

x5
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m_procl4 SERD/INATSA R

AT—Y ID TARMSNAERICIE Id_ MoirFSRAZ=FIRT 5.

module m_procl4 (w_clk, w_ce, w_led);
input wire w_clk, w_ce;
output wire [31:0] w_led;

reg
reg
reg

reg
reg
reg
reg
reg
reg
reg

reg
reg
reg
reg
reg

reg
reg
reg
reg
reg

[31:
[31:
[31:

[31:
[31:
[31:
[31:
[31:
[31:

[4:

[31
[31
[31
[31
[4:

[31
[31
[31
[31
[4:

0]
0]
0]

0]
0]
0]
0]
0]
0]
0]

:0]
:0]
:0]
:0]
0]

:0]
:0]
:0]
:0]
0]

r_pc
IfId_pc
IfId_ir

IdEx_pc
IdEx_ir
IdEx_tpc
IdEx_rrsl
IdEx_rrs2
IdEx_imm
IdEx_rd

ExMe_pc
ExMe_ir
ExMe_rslt
ExMe_rrs2
ExMe_rd

MelWb_pc
MeWb_ir
MeWb_rslt
MeWb_1dd
MeWb_rd

@; // program counter
0; // IfId pipeline registers

(]

J

5 // IdEx pipeline registers

I

e

e

e

O OO0
.. .

e

5 // ExMe pipeline registers
5

0
0
9;
0
0

. e

)

5 // MeWb pipeline registers

e

0
0
9;
e
0

. we

)

IF

IfId

AT—UIF L ID ORIDNNATSA LD RAZIE IfId_ M oiaFESARTEFIRT 5.

r_pe m_amemory
m_imem

(32bit x 4096)

r_pe[13:2]

'_l W&\Wb sl

MeWb_rd

D IFEX EX ExMe MEM
32
. +
Ifld_pc 1d tpe IdEx_tpe
32
3 Id_imm %
o —3 &
3 <
T
Id_rsl r
Id rs2 [ regfile . ExMe rslt
| m_regs
—s| (32bitx 32) 12 m_amemory
N m_dmem
(32bit x 4096)
ExMe_rd

/home/tu_kise/cld/2023/codel85.v
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m_procl4 SERD/INATSA R

AT—UIF L ID ORIDNNATSA LD RAZIE IfId_ M oiaFESARTEFIRT 5.
AT—Y ID TARMSNAERICIE Id_ MoirFSRAZ=FIRT 5.

/*********************** IF Stage *********************************/
IF IfId

wire [31:0] If ir;

m_amemory m_imem (w_clk, r_pc[13:2], 1'de, 32'de, If ir);
always @(posedge w_clk) #5 if(w_ce) begin

IfId pc <= (Ex_taken) ? @ : r_pc;
z| 32 IfId ir <= (Ex_taken) ? {25'de, 7'be010011} : If ir;
< end
x

32

A

r_pc m_amemory
*’I m_imem

(32bit x 4096)

If ir

v
.

r_pc[13:2]

ﬁ; /home/tu_kise/cld/2023/codel85.v
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m_procl4 SERD/INATSA R

AT—UIF L ID ORIDINATZA LD RAIZIE IfId_ D oiaFESRRTEFRTS.

AT—Y ID TARMSNAEIRICIE Id_ MoirFSRAZFIRT 5.

IfId

ID IdEx
32
Ifld_pc + I
— 1d_tpe IdEX_tpc
g | Id_imm
’)
o
S
I Id_rs1
Id_rrs1 I IdEx_rrsl
— .M) m_regfile
= m_regs ->I .
= (32bit x 32) IdEx_imm
&)I IdEX_rrs2
Id_rd I IdEX_rd

/*********************** ID Stage *********************************/
wire [4:0] Id_op5 = IfId_ir[6:2];
wire [4:0] Id_rsl = IfId _ir[19:15];
wire [4:0] Id _rs2 = IfId_ir[24:20];
wire [4:0] Id_rd IfId ir[11:7];
wire Id we = (Id_op5==5'b01100 || Id_op5==5'be0100 || Id_op5==5'bo0000d);
wire [31:0] Id_imm, Id_rrsl, Id _rrs2;
m_immgen m_immgen® (IfId_ir, Id_imm);
m_regfile m_regs (w_clk, Id rsil, Id rs2, MeWb_rd, 1'bl, Wb_rslt2,
Id_rrsl, Id_rrs2);
always @(posedge w_clk) #5 if(w_ce) begin
IdEx_pc <= (Ex_taken) ? @ : IfId pc;
IdEx_ir <= (Ex_taken) ? {25'de, 7'bo010011} : IfId ir;
IdEx_tpc <= IfId_pc + Id_imm;
IdEx_imm <= Id_imm;
IdEx_rrsl <= Id_rrsil;
IdEx_rrs2 <= Id_rrs2;
IdEx rd <= (Id we==0 || Ex_taken) ? @ : Id _rd; // Note
end

/home/tu_kise/cld/2023/codel85.v
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m_procl4 SERD/INATSA R

IdEx

EX ExMe
IdEX_tpc
c
R;
i
[
1l u’j
4L
T
IdEX_rrsl §|
aid
IdEX_imm =
3 allE
c
x
IdEX_rrs2 \I
|dEX_rd R I

/*********************** Ex Stage *********************************/

wire
wire
wire
wire
wire
wire
wire

wire

[4:0] Ex_op5 = IdEx_ir[6:2];

Ex _SLL = (IdEx_ir[14:12]==3'b001);

Ex_SRL = (IdEx_ir[14:12]==3'bl01);

Ex BEQ = ({IdEx_ir[12], Ex_op5}==6'b011000);

Ex BNE = ({IdEx_ir[12], Ex_op5}==6'b1116000);

[31:0] Ex_ain = (Ex_op5==5'b01100 || Ex_op5==5'b11000) ? IdEx_rrs2 : IdEx_imm;

[31:0] Ex_rslt = (Ex_SLL) ? IdEx_rrsl << Ex_ain[4:0]
(Ex_SRL) ? IdEx_rrsl >> Ex_ain[4:0] : IdEx_rrsl + Ex_ain;
Ex_taken = (Ex_BEQ & IdEx_rrsl==Ex_ain) || (Ex_BNE & IdEx_rrsl!=Ex_ain);

always @(posedge w_clk) #5 if(w_ce) begin
ExMe_pc <= IdEx_pc;
ExMe_ir <= IdEx_ir;
ExMe_rslt <= Ex_rslt;
ExMe_rrs2 <= IdEx_rrs2;
ExMe_rd <= IdEx_rd;

end

/home/tu_kise/cld/2023/codel85.v
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m_procl4 SERD/INATSA R

Mewb /*********************** Me Stage *********************************/
ExMe MEM ] WB wire [4:0] Me_op5 = ExMe_ir[6:2];
wire Me_we = (Me_op5==5'b@110@ || Me_op5==5'bo0100 || Me_op5==5'bo0000) ;

wire [31:0] Me_ldd;
m_amemory m_dmem (w_clk, ExMe_rslt[13:2], (Me_op5==5'b01000), ExMe_rrs2, Me_ldd);
always @(posedge w_clk) #5 if(w_ce) begin
MelWb_pc <= ExMe_pc;
MeWb_ir <= ExMe_ir;
MeWb_rslt <= ExMe_rslt;
MeWb_1dd <= Me_ldd;
MeWb_rd <= ExMe_rd;
end

ﬁ /*********************** wb Stage *********************************/
o N wire Wb_LW = (MeWb_ir[6:2]==5"'b00000);
% 'EI wire [31:0] Wb_rslt2 = (Wb_LW) ? MeWb_ldd : MeWb_rslt;

I ExMe_rslt I = o always @(posedge w_clk) #5

g s if(w_ce & & IfId ir!=32'h000f0033) r pc <= (Ex_taken) ? IdEx tpc : r_pc+4;
k= 3
21 mamemory |3
m_dmem = I
I > (32bit x 4096)
I I MeWb_rd endmodule
ExMe_rd _I

/home/tu_kise/cld/2023/codel85.v
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m_procl4 BERD/INAT 54>

t DL Ex_taken EFRR

/home/tu_kise/
cld/2023/baseline/
programé.txt
DETHR

CSC.T341 Computer Logic

clock:

[y

W oNOULDA WN

r_pc
00000000
00000004
00000008
0000000C
00000010
00000014
00000018
0000001c
00000020

. 00000024
: 00000028
: 0000002c
. 00000030
. 00000034
. 00000038
: 0000001c
. 00000020
. 00000024
: 00000028
1 0000002c
: 00000030
. 00000034
: 00000038
: 0000001c
. 00000020
. 00000024
: 00000028
: 0000002c
. 00000030
. 00000034
. 00000038
: 0000001c
. 00000020
. 00000024
: 00000028
1 0000002cC
. 00000030
. 00000034
: 00000038
: 0000003c
: 00000040
. 00000044
: 00000048
: 000004C
. 00000050
. 00000054
. 00000054

IfId_pc

00000000
00000000
00000004
00000008
0000000c
00000010
00000014
00000018
0000001c
00000020
00000024
00000028
0000002c
00000030
00000034
00000000
0000001c
00000020
00000024
00000028
0000002c
00000030
00000034
00000000
0000001c
00000020
00000024
00000028
0000002c
00000030
00000034
00000000
0000001c
00000020
00000024
00000028
0000002c
00000030
00000034
00000038
0000003C
00000040
00000044
00000048
0000004c
00000050
00000054

IdEx_pc

00000000
00000000
00000000
00000004
00000008
0000000c
00000010
00000014
00000018
0000001c
00000020
00000024
00000028
0000002c
00000030
00000000
00000000
0000001c
00000020
00000024
00000028
0000002c
00000030
00000000
00000000
0000001c
00000020
00000024
00000028
0000002c
00000030
00000000
00000000
0000001c
00000020
00000024
00000028
0000002c
00000030
00000034
00000038
0000003c
00000040
00000044
00000048
0000004c
00000050

ExMe_pc

00000000
00000000
00000000
00000000
00000004
00000008
0000000C
00000010
00000014
00000018
0000001c
00000020
00000024
00000028
0000002c
00000030
00000000
00000000
0000001c
00000020
00000024
00000028
0000002c
00000030
00000000
00000000
0000001c
00000020
00000024
00000028
0000002c
00000030
00000000
00000000
0000001c
00000020
00000024
00000028
0000002c
00000030
00000034
00000038
0000003c
00000040
00000044
00000048
0000004c

Id_rrsl

00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000001
00000000
00000000
00000000
00000000
00000002
00000000
00000000
00000002
00000000
00000000
00000000
00000000
00000003
00000000
00000000
00000003
00000000
00000000
00000000
00000000
00000004
00000000
00000000
00000004
00000000
00000000
00000000
00000000
00000005
00000000
00000000
00000000
00000000
00000005
00000000
00000000
XXXXXXXX
XXXXXXXX

Id_rrs2

00000000
00000000
XXXXXXXX
XXXXXXXX
00000000
00000000
00000000
00000000
XXXXXXXX
00000000
00000000
00000000
00000000
00000005
00000000
00000000
XXXXXXXX
00000000
00000000
00000000
00000000
00000005
00000000
00000000
XXXXXXXX
00000000
00000000
00000000
00000000
00000005
00000000
00000000
XXXXXXXX
00000000
00000000
00000000
00000000
00000005
00000000
00000000
00000000
00000000
00000000
00000000
00000000
XXXXXXXX
XXXXXXXX

Ex_ain

00000000
00000000
00000000
00000005
00000001
00000000
00000000
00000000
00000000
00000001
00000000
00000000
00000000
00000000
00000005
00000000
00000000
00000001
00000000
00000000
00000000
00000000
00000005
00000000
00000000
00000001
00000000
00000000
00000000
00000000
00000005
00000000
00000000
00000001
00000000
00000000
00000000
00000000
00000005
00000000
00000000
00000000
00000000
00000000
00000000
00000000
XXXXXXXX

0)|—'—|/— -+

EZ1Tiva

MeWb_pc :
00000000 :
00000000 :
00000000 :
00000000 :
00000000 :
00000004 :
00000008 :
0000000 :
00000010:
00000014 :
00000018
0000001c:
00000020:
00000024 :
00000028 :
0000002c:
00000030:
00000000 :
00000000 :
0000001c:
00000020:
00000024 :
00000028 :
0000002c:
00000030:
00000000 :
00000000 :
0000001c:
00000020
00000024 :
00000028 :
0000002c:
00000030:
00000000 :
00000000 :
0000001cC:
00000020
00000024 :
00000028
0000002
00000030
00000034 :
00000038
0000003cC:
00000040
00000044 :
00000048 :

Ex_rslt

00000000
00000000
00000000
00000005
00000001
00000000
00000000
00000000
00000000
00000002
00000000
00000000
00000000
00000000
00000040
00000000
00000000
00000003
00000000
00000000
00000000
00000000
00000060
00000000
00000000
00000004
00000000
00000000
00000000
00000000
00000080
00000000
00000000
00000005
00000000
00000000
00000000
00000000
00000020
00000000
00000000
00000000
00000000
00000005
00000000
00000000
XXXXXXXX

Wb_rslt2
00000000
00000033
00000033
00000033
00000000
00000005
00000001
00000000
00000000
00000000
00000000
00000002
00000000
00000000
00000000
00000000
00000040
00000000
00000000
00000003
00000000
00000000
00000000
00000000
00000060
00000000
00000000
00000004
00000000
00000000
00000000
00000000
00000080
00000000
00000000
00000005
00000000
00000000
00000000
00000000
00000020
00000000
00000000
00000000
00000000
00000005
00000000

w_led

00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000005
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Hazards make pipelining hard (topic of the next lecture)

o MRTEYLEHAVILTEITTEEVEITRANFET H. han\Y—F

(hazard) &SN

« T—A/\HY—F(data hazard)
« T—ADZRITELOFIMICE>TELENY—F

A

cm_ram[@]={7"'de, 5'de, 5'de, 3'beee,
cm_ram[1]={12"d3, 5'do, 3'booo,
cm_ram[2]={12"d4, 5'de, 3'beeo,
cm_ram[3]={7'de, 5'd5, 5'd4, 3'beeo,

5'd
5'd
5'd
5'd30

0,
4,
5,
30

7'b0110011};
7'b0010011};
7'b0010011};
,7'b0110011};

//
//
//
//

add x0, x0,
addi x4, x0,
addi x5, x0,
add x30,x4,

I

X5

// NOP
// x4 = 3
// X5 = 4

// led = x4 + x5

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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m_procl4 SERD/INATSA R

« add, addi, sll, srl, lw, sw, beq, bnefi FIZHIGELI-FT Oy Y (T—2T7+T—T 12 L) \
« IF,ID,EX,MEM, WB OFNFNERT—ETBBEND/N(TS540Tawy.

« m_amemory ZFIALTULSA, TOHAAL DR AIZHEHEIND dmem [ERIEAAE) ELTEIET S.
ZDT1=, BRAMMDFIHSNS.

IF IfId ID IdEx EX ExMe MEM Mewb B

\ 2
+_/

g Ifld_pc e I TEx._tpo
_ ) _gi_,
g Id_imm =
4 :B 5 l ™
=} L
S~
I >
1d_rs1 ﬁl
= ~ Id rrsl I IdEX_rrsl 2 S 2
r_pc mﬁ)an:;r:;ry = I‘ ld_rs2 | regfile - > ) ExMe_rslt I < ol
/ [ - J
I & | (32bitx4096) | 32| I m_regs ->I - @ < - LS
= = (32bitx 32) dEx-imm rb 21 m_amemory |2 J_)x
hand = /S | |
[S] 7 7 ;
7 ld_rrs2 IdEx_rrs2 m_dmem I
. ¢ (32bit x 4096)
Id_rd IdEx_rd MeWb _rd
I I ExMe_rd ’I_I

ﬁ, codel85.v
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m_procl4 SERD/INATSA R

« m_amemory ZFFALTLSH, TOHAIMNLDRE(ZEKEEINS dmem (FRIFAAEIELTEET S.
D=8, BRAMMWFIASNS.

Mewb /*********************** Me Stage *********************************/
ExMe MEM ] WB wire [4:0] Me_op5 = ExMe_ir[6:2];
wire Me_we = (Me_op5==5'b@110@ || Me_op5==5'bo0100 || Me_op5==5'bo0000) ;

wire [31:0] Me_ldd;
m_amemory m_dmem (w_clk, ExMe_rslt[13:2], (Me_op5==5'b01000), ExMe_rrs2, Me_ldd);
always @(posedge w_clk) #5 if(w_ce) begin
MelWb_pc <= ExMe_pc;
MeWb_ir <= ExMe_ir;
MeWb_rslt <= ExMe_rslt;
MeWb_1dd <= Me_ldd;
MeWb_rd <= ExMe_rd;
end

ﬁ /*********************** wb Stage *********************************/
o N wire Wb_LW = (MeWb_ir[6:2]==5"'b00000);
% 'EI wire [31:0] Wb_rslt2 = (Wb_LW) ? MeWb_ldd : MeWb_rslt;

I ExMe_rslt \I' = o always @(posedge w_clk) #5

g s if(w_ce & & IfId ir!=32'h000f0033) r pc <= (Ex_taken) ? IdEx tpc : r_pc+4;
k= 3
12) m_amemory  |=
m_dmem = I
I 2| (32bit x 4096)
I I MeWb_rd endmodule
ExMe_rd _I

/home/tu_kise/cld/2023/codel85.v
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m_procl4 SERD/INATSA R

« add, addi, sll, srl, lw, sw, beq, bnefi FIZHIGLI-FT Oy Y (T—2T7+T—T 12 L)
« IF,ID,EX, MEM,WB OFNFNERT—IETEBED/NN(TS5A40T0wyH.

« m_amemory ZFFALTULSA, TDHAMLL DR AIZEHEINS dmem [ERIEAAE)ELTEIET S.
ZDT1=, BRAMMDBFIFHSNS.

Name #, SlicelUTs  slice Registers  F7 Muxes  F8 Muxes Slice LUT as Logic LUT as Memory  Block RAM

(20800) (41600) (16300) (8150) (8150) (20800) (8600) Tile (S0)

v m_main 1042 1445 40 20 462 294 148 4
» clk_wo _Wiz_ 0 0 0 0 0 0 0 0

> IF dbg_hub B 448 741 0 0 228 424 24 0

~ p (m_ 14 381 292 40 20 138 257 124 4
m_dmem (m_ame 33 0 0 0 14 33 0 4

m_imem (m_ame 100 0 40 20 29 20 20 o]

m_regs (m_regfile 44 0 0 0 11 0 44 0

» vio_00 - 205 408 0 0 108 205 0 Q

0
0
=t
(]
—_
(]
—_
(]
[
(]
=
[
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m_procl4 SERD/INATSA R

AT—UIF L ID ORIDNNATSA LD RAZIE IfId_ M oiaFESARTEFIRT 5.
AT—Y ID TARMSNAERICIE Id_ MoirFSRAZ=FIRT 5.

/*********************** IF Stage *********************************/
IF IfId

wire [31:0] If ir;

m_amemory m_imem (w_clk, r_pc[13:2], 1'de, 32'de, If ir);
always @(posedge w_clk) #5 if(w_ce) begin

IfId pc <= (Ex_taken) ? @ : r_pc;
32

IfId ir <= (Ex_taken) ? {25'de, 7'beeleell} : If ir;

XNA

end
32

4 @
r_pc m_amemory
*’I m_imem

(32bit x 4096)

If ir

v
.

r_pc[13:2]

ﬁy /home/tu_kise/cld/2023/codel85.v
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Hazards make pipelining hard

o MR/EBEVGEHAVILTEITTELGVELIGIRANEFET 5. Chax/N\PF—F

(hazard) &SN

« T—A/\HY—F(data hazard)
« T—ADZRITELOFIMICE>TELESNY—F

cm_ram[@]={7'de, 5'de, 5'do, 3'beee,
cm_ram[l] {12'd3, 5'do, 3'booo,

cm_ram[2]={12"'d4, 5'de, 3'beeo,
cm_ram[3]={7'de, 5'd5, 5'd4, 3'beeo,

5'd
5'd
5'd
5'd30

Q,
4,
5,
30

7'b0110011};
7'b0010011};
7'b0010011};
,7'b0110011};

//
//
//
//

add x0, x0,
addi x4, x0,
addi x5, x0,
add x30,x4,

I

X5

// NOP
// x4 = 3
// X5 = 4

// led = x4 + x5

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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JOtwyY NS E 0BT 5-00%

ARKEEB DDA TV 2\%
\

« IF (Instruction Fetch)
AR TEIIVFT S
« ID (Instruction Decode)
MRETI—R (@S LEMNS, LORIT7AILDIEEZHGEAHT
(Operand Fetch)
« EX (Execution)
M HIRIEDEITERIXTFLADERZTIT?.
« MEM (Memory Access)
WETHNIL, AT (T—R2AF))DARZIURIZTIERT 5.
« WB (Write Back)
HWEThHNIEL, HEREZLVARITFAILIZESZIAD.

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH 303



(1) m_procl4d SEEDINATSA R : T— 2K F D F LG

o MROMIZSED NOP eimaEALI=-TRI S L

X4

pr\ogr\am7.txt cm_ram[©]={7'de, 5'de, 5'de, 3'beee, 5'de, 7'belleeil}; // ©o: add x@, x0, x0 // NOP
cm_ram[1]={12'd3, 5'de, 3'be00, 5°d5, 7'be010011}; // ©4: addi x5, x0, 3 // x5 = 3
cm_ram[2]={12'd4, 5'de, 3'beeo, 5'd5, 7'boeleoll}; // 08: addi x5, x0, 4 // x5 = 4
cm_ram[3]={7'de, 5'de, 5'de, 3'bA00, 5'de, 7'bA110011}; // Oc: add x0, x0, x0 // NOP
cm_ram[4]={7'd@, 5'de, 5'de, 3'beed, 5'de, 7'be110011}; // 10: add xO, x0, x@ // NOP
CC7 cm_ram[5]={7'd@, 5'de, 5'de, 3'bee@, 5'de, 7'be116011}; // 14: add x@, x8, x@ // NOP
cm_ram[6]={7'de, 5’de, 5°d5, 3'beee, 5'd30,7'belleeil}; // 18: add x30,x5, x0 // led = x5
cm_ram[7]={7'de, 5'de, 5'de, 3'beeS, 5'de, 7'bO110011}; // 1lc: add xO, x0, x0 // NOP
IF IfId - ID TdEx EX Extie MEM Mewb  |AB
3 Id_imm 5
3 > ol
4 :B— = M
=} L
S~
I > T
1d_rs1 ﬁl
f. i Id_rrs1 I IdExX_rrsl 2 s =
rpcl mr_nanjemory D Id_rs2 m_regfile e ExMe rslt 2 ;|
> _imem 7 = q c =zl =
) (De2itxasse | || o X5.| (3abitx 32 _>I IdEX_imm 3 o g '
= = (A0l - rb 121 m_amemory §| J_)
Q 72
2 S Id_rrs2 1dEx 12 m_dmem I
= 4 @ (32bit x 4096)
Id_rd IdEx_rd _|m| MeWb_rd
[ | || I I ExMe_rd ’I_I
18: add Wb _rslt2

x30, x5, X0 14: NOP 10: NOP @c: NOP 08: addi
x5,x0,4 304
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(1) m_procl4 SEED/INATSA R : T—2KEFD

N3

4L
a1
11

41

L M
\

IDRT—U D% 18: add x30,x5,x0 [FIELWLW PO REDE4A4ZEFHEAHT ENTES.

pr\ogr\am7.txt cm_ram[©]={7'de, 5'de, 5'de, 3'beee, 5'de, 7'belleeil}; // ©o: add x@, x0, x0 // NOP
cm_ram[1]={12"'d3, 5'de, 3'beed, 5°d5, 7'be010011}; // ©4: addi x5, x0, 3 // X5 = 3
cm_ram[2]={12'd4, 5'de, 3'beeo, 5'd5, 7'boeleoll}; // 08: addi x5, x0, 4 // x5 = 4
cm_ram[3]={7'de, 5'de, 5'de, 3'beeo, 5'de, 7'be110011}; // ©c: add x@, x0, x@ // NOP
cm_ram[4]={7'de, 5'de, 5'de, 3'be0O, 5'de, 7'be110011}; // 10: add x©, x0, x0@ // NOP
CC8 cm_ram[5]={7'd@, 5'de, 5'de, 3'bee@, 5'de, 7'be116011}; // 14: add x@, x8, x@ // NOP
cm_ram[6]={7'de, 5’de, 5°d5, 3'beee, 5'd30,7'belleeil}; // 18: add x30,x5, x0 // led = x5
cm_ram[7]={7'de, 5'de, 5'de, 3'be00, 5'de, 7'bA110011}; // 1lc: add xO, x0, x0 // NOP
IF IfId - ID TdEx EX Extie MEM Mewb  |AB
3 Id_imm 5
3 S b
4 ) i S
g a w
I > T
1d_rs1 ﬁl
fl x5~ Id_rrs1 I IdEx_rrs1 El '§ %
I’_pC m_amemory _/ Id_rSZ m I’egfl|e 4 e > |.|>j ExMe_rslt g _Ql
m_imem 7 - — q = ENAE
N | (32bitx 4096) | 327 T 32;)_{eg§2 ‘>I r— = - § -
= = AL ) - rb 121 m_amemory §| J_)
(&) 72
S 1d_rrs2 IdEX_rrs2 demem I
= @ (32bit x 4096)
Id_rd IdEX_rd _|m|MeWb_rd
[ | || I I ExMe_rd ’I_I
Wb _rslt2
18: add
14: NOP 10: NOP 0c: NOP
x30, x5, x0
c 305
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(2) m_procl4 BERD/INATSAUR: LU RAZ /(78R

« ETOMIC2ED NOP simZiEALI=TRT 3 4.
o IDRT—UDd#iH 14: add x30,x5 x0 [FIELLGENL O REIDE3ZEHAHLTLES.

pr\ogr\amg.txt cm_ram[@]={7'de, 5'de, 5
cm_ram[1]={12"'d3, 5
cm_ram[2]={12"d4, 5
cm_ram[3]={7'do, 5'de, 5'
5
5
5

do, 3'be00, 5'de, 7'be110011}; // ©0: add x0, x0, X0 // NOP
de, 3'beee, 5°d5, 7'bee1e01l}; // @4: addi x5, x0, 3 // X5

do, 3'beee, 5'd5, 7'bee1ee1l}; // ©8: addi x5, x8, 4 // X5

do, 3'bee0, 5'de, 7'be110011}; // Oc: add x0, x0, x0 // NOP
de
ds
de

cm_ram[4]={7"'de, 5'do,

CC7 cm_ram[5]={7"de, 5’de,

cm_ram[6]={7'de, 5'de,

, 3'bee@, 5'de, 7'be110011}; // 10: add x@, x0, x@ // NOP
, 3'boeo, 5'd30,7'be110011}; // 14: add x30,x5, x0 // led = x5
, 3'beee, 5'de, 7'be110011}; // 18: add x@, x@, x@ // NOP

IF IfId - ID TdEx EX Extie MEM Mewb  |AB
3 Id_imm %
3 > ol
4':2[:}_ 2 Tt
=} L
S~
I >
Id rsl ﬁl
2 x5~ Id_rrs I IdEX_rrsl Z s £
I r_pc mﬁ}an:rir:;ry - I‘ Id_rs2 m_regfile 3 > 2 ExMe_rslt 2 o
o [@2oitxd00) |27 S| x5 | e, _>I IdEx_imm 3 = g
= E (32bitx 32) - rb }/2> m_amemory §| J_)
7 ld_rrs2 IdEx_rrs2 m_dmem I
= 4 ¢ (32bit x 4096)
Id_rd I IdEx_rd I MeWb _rd
L L | ExMe rd I—l

Wb _rslt2

14: add 10: NOP oc: NOP 08: addi
@j x30, x5, x0 x5,x0,4
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m_procl4 SERD/INATSA R

AT—UIF L ID ORIDINATZA LD RAIZIE IfId_ D oiaFESRRTEFRTS.

AT—Y ID TARMSNAEIRICIE Id_ MoirFSRAZFIRT 5.

IfId

IdEx

ID
32
Ifld_pc + 1 tpe
g | Id_imm
U
o
S
I Id_rs1
Id_rrs1
—4 drs2 1 m_regfile
= m_regs >
f—f (32bit x 32)
Id_rrs2
—>
Id_rd

IdEX_tpc

IdEx_rrsl

IdEX_imm

IdEX_rrs2
IdEx rd

/*********************** ID Stage *********************************/
wire [4:0] Id_op5 = IfId_ir[6:2];
wire [4:0] Id_rsl = IfId _ir[19:15];
wire [4:0] Id _rs2 = IfId_ir[24:20];
wire [4:0] Id_rd IfId ir[11:7];
wire Id we = (Id_op5==5'b01100 || Id_op5==5'be0100 || Id_op5==5'bo0000d);
wire [31:0] Id_imm, Id_rrsl, Id _rrs2;
m_immgen m_immgen® (IfId_ir, Id_imm);
m_regfile m_regs (w_clk, Id rsil, Id rs2, MeWb_rd, 1°bl, Wb_rslt2,
Id_rrsl, Id _rrs2);
always @(posedge w_clk) #5 if(w_ce) begin
IdEx_pc <= (Ex_taken) ? @ : IfId pc;
IdEx_ir <= (Ex_taken) ? {25'de, 7'beel1ee11} : IfId ir;
IdEx_tpc <= IfId_pc + Id_imm;
IdEx_imm <= Id_imm;
IdEx_rrsl <= Id_rrsil;
IdEx_rrs2 <= Id_rrs2;
IdEx rd <= (Id we==0 || Ex_taken) ? @ : Id _rd; // Note
end

/home/tu_kise/cld/2023/codel85.v
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(2) L RBIT7AILIZINA 1R AD R RE BN

¢+ ETRAALIVREIBELEHRAHLLORAIBEN—HITHLEIC, ESRALEZHENT S.
Thahb, ESRATEZNA/NRTDHEIITEBEL-ED a—I)L m_rf_bypass ZRAL5.

module m regfile (w_clk, w rrl, w rr2, w wr, w we, w wdata, w_rdatal, w_rdata2);
input wire w_clk;
input wire [4:0] w_rrl, w_rr2, w_wr;
input wire [31:0] w_wdata;
input wire w_we;
output wire [31:0] w_rdatal, w_rdata2;

reg [31:0] r[0:31];

assign #8 w_rdatal = (w_rrl==0) ? 0 : r[w_rrl];

assign #8 w_rdata2 = (w_rr2==0) ? @ : r[w_rr2];

always @(posedge w_clk) if(w_we) r[w_wr] <= w_wdata;
endmodule

module m_rf _byass (w_clk, w_rrl, w_rr2, w_wr, w_we, w_wdata, w_rdatal, w_rdata2);
input wire w_clk;
input wire [4:0] w_rrl, w_rr2, w_wr;
input wire [31:0] w_wdata;
input wire w_we;
output wire [31:0] w_rdatal, w_rdata2;

reg [31:0] r[0:31];
assign #8 w_rdatal = (w_rrl==0) ? @ : (W_rrl==w wr & w we) ? w_wdata : r[w_rrl];
assign #8 w_rdata2 = (w_rr2==0) ? 0 : (w_rr2==w_wr & w_we) ? w_wdata : r[w_rr2];
always @(posedge w_clk) if(w_we) r[w_wr] <= w_wdata;

endmodule
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(2) m_procl4 BERD/INATSAUR: LU RAZ /(78R

- WMHEDEIZ2MED NOP siZEALIZTAY 5L, m_rf_bypass ZAW5.
« IDRT—2 D% 14:add x30xBx0 [FIEELWL ORI DE4AEHEAHHEES.

pr\ogr\amg.txt cm_ram[@]={7'de, 5'de, 5
cm_ram[1]={12"'d3, 5
cm_ram[2]={12"d4, 5
cm_ram[3]={7'do, 5'de, 5'
5
5
5

do, 3'be00, 5'de, 7'be110011}; // ©0: add x0, x0, X0 // NOP
de, 3'beee, 5°d5, 7'bee1e01l}; // @4: addi x5, x0, 3 // X5

do, 3'beee, 5'd5, 7'bee1ee1l}; // ©8: addi x5, x8, 4 // X5

do, 3'bee0, 5'de, 7'be110011}; // Oc: add x0, x0, x0 // NOP
de
ds
de

cm_ram[4]={7"'de, 5'do,

CC7 cm_ram[5]={7"de, 5’de,

cm_ram[6]={7'de, 5'de,

, 3'bee@, 5'de, 7'be110011}; // 10: add x@, x0, x@ // NOP
, 3'boeo, 5'd30,7'be110011}; // 14: add x30,x5, x0 // led = x5
, 3'beee, 5'de, 7'be110011}; // 18: add x@, x@, x@ // NOP

IF IfId ID TdEx EX _ExMe MEM Mewb  |AB
3 | Id_imm %
o I
> L
I 9}
Id_rsl Tzl
fl x5~ Id_rrsl I IdEX_rrs1 El = =
I r_pc Rl I‘ Id_rs2 m_rf_bypass 4 - > i ExMe_rslt S o
N (32rgi_tlxngl96) 32 Q:' x5 | m_regs ->I = @ < - _>.
o i Xx_imm =
g 2 (32bit x 32) _ rb 12 [ amemory 2 J—>
i,_l Id_rrs2 IdEX 752 demem
4 ° (32bit x 4096)
Id rd I IdEx_rd I MeWb_rd
[ | || ExMe_rd B

Whb_rslt2

14: add 10: NOP oc: NOP 08: addi
@3 x30, x5, x0 x5,x0,4
CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH 309



(3) m_procl4 BERD/INATSA U WBIA+T—T425

« @TOMICHED NOP i ALI=-TOT 34,
« IDRT—2Ma% 10: add x30 x5 x0 (FELKGWL PR FZDESZHRALELTLES.

\

pr\ogr\amg.txt cm_ram[©]={7'de, 5'de, 5'de, 3'beee, 5'de, 7'belleeil}; // ©o: add x@, x0, x0 // NOP
cm_ram[1]={12'd3, 5'de, 3'beed, 5°d5, 7'be010011}; // ©4: addi x5, x0, 3 // x5 = 3
cm_ram[2]={12'd4, 5'de, 3'beeo, 5'd5, 7'boeleoll}; // 08: addi x5, x0, 4 // x5 = 4
cm_ram[3]={7'de, 5'de, 5'de, 3'bA00, 5'de, 7'bA110011}; // Oc: add x0, x0, x0 // NOP
cm_ram[4]={7'de, 5°de, 5°d5, 3'boee, 5'd30,7'be11e011}; // 10: add x30,x5, x0 // led =
CC6 cm_ram[5]={7°d@, 5°de, 5°de, 3’°beed, 5’°de, 7°bo110011}; // 14: add x@, x0, x0 // NOP
IF IfId ID TdEx EX _ExMe MEM Mewb  |AB
— ()
g Id_imm w
4 o > I !
g I a w
I > T
1d_rs1 ﬁl
= X5 1d_rrsl I IdEX_rrsi B g g
Ir _pc maan:ri?r(r)lry = I‘ Id_rs2 m_rf_bypass 3 = > 5 ExMe_rslt I < g
— 4 S C % ;
g—" (32bit x 4096) ¥ ;I X3 32;)__:9922 _>I IdEx_imm @ 3 .
= = AR - rb }/2> m_amemory §| J_)
2 Id_rrs2 IEx 1rs2 m_dmem I
3 @ (32bit x 4096)
Id_rd I IdEx_rd I MeWb _rd
[ | || ExMe_rd I_I

Wb _rslt2

10: add Oc: NOP 08: addi 04: addi
@7 x30, x5 , X0 X5,X0,4 X5,%0,3 311
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(3) m_procl4 BERD/INATSA U WBIA+T—T4245

S OREIZIHED NOP eisZiEALI=7045 3 4.
WBARAT—UMBHARS U REALVIZCOAD—T 4204093, ELWMEAZFIATES

\

SC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH

program9.txt cm_ram[@]={7'de, 5'de, 5'de, 3'beed, 5'de, 7'belleell}; // add x@, x0, x0 // NOP
cm_ram[1]={12"'d3, 5'de, 3'beeo, 5’°d5, 7'beeleell}; // addi x5, x0, 3 // x5 =3
cm_ram[2]={12"d4, 5'de, 3'beee, 5'ds, 7'bee10e1l}; // addi x5, x0, 4 // x5 = 4
cm_ram[3]={7'de, 5'de, 5'de, 3'beed, 5'de, 7'be11ee1l}; // add x0, x8, x8 // NOP
CC7 cm_ram[4]={7'de, 5°de, 5°d5, 3'beed, 5'd30,7'be11ee11}; // add x30,x5, x0 // led = x5
cm_ram[5]={7’de, 5’°de, 5’°de, 3’°beee, 5’°de, 7°belleell}; // add x@, x0, x0 // NOP
IF —~ ID IdEx EX i MEM  Mewb B
g Id imm ®
4 :B> o S !
0} I
3 I Lb
IR
| — -
4 d
= Id_rrs1 I IdEx_rrsil :Z] 4 N~ §I = &
= >>< \ 4 Q
r pc mr_namemory : m_rf_bypass ) > (X W ExMe_rslt —aly
_imem 7 - = ENOE-
& [ G2oitx4098) | ¥ o P o _>I IdEX_imin e S S
) = g (CHEILER - rb 121 m_amemory 1;’, J_)
[&) V4
g 1d_rrs2 W ey rreb m_dmem I
= i @ (32bit x 4096)
Id_rd IdEx_rd MeWb _rd
’I! I ExMe_rd I—|
Whb rslt2
10: add @c: NOP 08: addi
X3@)X5JX@ x5,x0,4
c 311



(4) m_procl4 BERD/INAT AU MEMZ4+T—T 427
\

e« MHDMBIZOED NOP fisZiEALI=-7O5 35 4.
e ExAT—2NaE 0c:add x30xBx0 [FIEELL WL RIDEIZHZEAHELTLES.

programle.txt cm_ram[@]={7'de, 5'de, 5'de, 3'bee0, 5'de, 7'be110011}; // ©00: add x0, x0, x@ // NOP
cm_ram[1]={12"d3, 5'de, 3'beee, 5°d5, 7'beeleell}; // 04: addi x5, x0, 3 // x5 = 3
cm_ram[2]={12"d4, 5'de, 3'beed, 5'd5, 7'be010011}; // ©8: addi x5, x0, 4 // x5 = 4
cm_ram[3]={7"'de, 5°do, 5°d5, 3'beee, 5'd30,7'bel1eell}; // oc: add x30,x5, x0 // led =
CC6 cm_ram[4]={7'de, 5'de, 5'de, 3'be00, 5'dd, 7'bA110011}; // 10: add x©, x0, x0 // NOP
B IF Ifld - ID TdEx EX Fxtte MEM MeWb B
g Id_imm o
4 2 Ik
3 Lb
= £
Id rsl 3 §|
= X5 1d_rrs1 I IdEX_rrst :Z] 3 . s £
r_pc m_amemory - 1412 | 1 rf bypass ) > |5 ExMe_rslt S o
m_imem 7 — — q = ENAE
o | @20itx4008) |27 S| X5 | oI _>I IdEx_imi e S em
= = g (CHEILER - rb 121 m_amemory 1;’, J_)
(&) 7
g Id_rrs2 —— m_dmem I
= 3 @ (32bit x 4096)
Id_rd ‘I IdEx_rd I MeWb _rd
o L ,L ExMe rd I_|
Wb rslt2
oc: add 08: addi 04: addi

ﬁ, x30,x5,x0 x5,%0,4 X5,x%0, 3
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(4) m_procl4 BERD/INAT AU MEMZ4+T—T 427

o WHOMIZOED NOP szt ALI-TRI S 4. \
¢« MEMAT—UDoARI U RZALUIZCOAT—T 42079 %. ELWMEAZFIATES.

programle.txt cm_ram[@]={7'de, 5'de, 5'de, 3'bee0, 5'de, 7'be110011}; // ©00: add x0, x0, x@ // NOP
cm_ram[1]={12"d3, 5'de, 3'beee, 5°d5, 7'beeleell}; // 04: addi x5, x0, 3 // x5 = 3
cm_ram[2]={12'd4, 5'de, 3'beed, 5'd5, 7'be010011}; // ©8: addi x5, x0, 4 // x5 = 4
cm_ram[3]={7"'de, 5°do, 5°d5, 3'beee, 5'd30,7'bel1eell}; // oc: add x30,x5, x0 // led = x5
CC6 cm_ram[4]={7'de, 5'de, 5'de, 3'bee@, 5'de, 7'be110011}; // 10: add x©, x8, x0 // NOP
B IF Ifld ID TdEx EX _ExMe MEM MeWb B
g | Id_imm %
4 2 Il
g Ui
= £
Id_rs1 3 §|
'=| x5~ Id rrsl I IdEx_rrs{l ->;§] 4 \EI '§ %
r_pc m_amemory | = d_rs2 > * Sm ExMe rsit 2~ o
I m_imem 7 I‘ - m_rf_bypass 4J q E —)‘ILU — IE> §
& [ G2oitxd009) |7 ot x5 | e _>I IdEx_imin e 5 I
=, = >| (32bitx 32) - rb m_amemory 1;’, J_)
(&)
g 1d_rrs2 W ey rreb m_dmem I
= 3 i @ (32bit x 4096)
Id_rd IdEx_rd MeWb _rd
[ [ 'I! I ExMe_rd I_|
Wb rslt2
oc: add 08: addi 04: addi

@, x30,x5,x0 x5,%0,4 X5,x%0, 3
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m_procl4 SERD/INATSA R

e rrsl ERIFRIZ rrs2 DI=OIZE T —3E 0+ T—T420 3 5.

pr\ogr\amle.txt cm_ram[©]={7'de, 5'de, 5'de, 3'beee, 5'de, 7'belleeil}; // ©o: add x@, x0, x0 // NOP
cm_ram[1]={12"'d3, 5'de, 3'boeo, 5°d5, 7'beeleell}; // 04: addi x5, x0, 3 // X5 3
cm_ram[2]={12'd4, 5'de, 3'beeo, 5'd5, 7'boeleoll}; // 08: addi x5, x0, 4 // x5 = 4
5'd30
5'de,

cm_ram[3]={7'de, 5°d5, 5°d5, 3'bee0, 9,7'b0110011}; // ©c: add x30,x5, X5 // led = x5 + X5
cm_ram[4]={7'd®, 5'de, 5'de, 3'b0eo, 7'b0110011}; // 10: add x0, x0, x0 // NOP

CC6

B IF Ifld ID TdEx EX _ExMe MEM MeWb B
g | Id_imm %
4 . bl
g Ui
>
= > :
Id_rs1 M) =
fl X5~ Id_rrs1 I IdEx_rrs1 —\>§ 4 .2 = =
r_pc m_amemory | *= 1d_rs2 | 1 o pypass >0 Tl |5m Exve_rsit S A 2
m_imem 7 . - - IdEx_imm q c — =
~ f 32 = m_regs > = > 4 < _
&' | (32bit x 4096) - X5 | aoret 0n — Shes| - c
] = >| (32bit x 32) =| 4 P04 m_amemory |= 3
3| Id_rrs2 |\ Midex rrs2 | P2|S m_dmem = I
- 3 > > \! (32bit x 4096)
Id_rd IdEx_rd MeWhb_rd
|| || ’I! I ExMe_rd I_|
Wb rslt2
Oc: add 08: addi 04: addi

@, X360, x5, x5 x5,%0,4 X5,x%0, 3
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F—R N =KL T4 Fv—+

S

Time {in clock cycles)
ccz CC3 CC4

value of
register x2

Program
execution
arder

{in instructions)

A addi x2, x0, -20

B add x12, x2, x5

C add x13, x6, x2

D add x14, x2, x2

E add x16, x5, x2

T

m
« WTANERLE x2 ZRED S

—— \\

SHFRATEERIC, T—IDRITELOFIMNELS.

14 10 10

als

CC5 CCa
10/=20 =20

Req,

-y

=

@ﬁdapmd from Computer Organization and Design, Patterson & Hennessy, © 2005
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CC7 cCa [
-20 -20 -20
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Data Hazard and Stall
ey, e ——— — — §\

Time {in clock cycles) -
value of CC1 ccz cCC3 CC4 CCs cCe CC7 cca cCa
register x2 10Q 10 10 10 10/-20 —20 —2a —2a —20

Program
execution

arder
(in instructions)

A addi x2, x0, -20

B add x12, x2, x5

C add x13, x6, x2

D add x14, x2, x2

E add x16, x5, x2

T

ﬁz\dapmd from Computer Organization and Design, Patterson & Hennessy, © 2005 316
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4D =T 42712k BT—F/\F—F D [E]#

e

T T

Time {in clock cycles)
CCH cca cca CC4 CCs CCe

value of register x2 10 10 10 10 10/-20 -0
Value of EX/MEM: X X X —20 X X
Value of MEMANE: X X X X =20 X
Program
execution
arder
(in instructions)
- il
A addi x2, X0, -20 EI—I—“;“]:I:’ DM Reg
— 1
B add x12, x2, x5 e T_DM I
3 DM

@ﬁdapmd from Computer Organization and Design, Patterson & Hennessy, © 2005
CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH

C add x13, x6, x2 e
D add x14, x2, x2 =

L
E add x16, x5, x2 _ug

CC7 cCa cCca

—20 —20 —20
X X X
X X X

1
|
1

_———

O
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—® -~ N —\ > NS N $
AV —T 42D 2KST—F/\F—k~ D a4
Time {in clock cycles) -
cCH cc2 cca CC4 CCs cCCa cC7 cCa cca
value of register x2 10 10 10 10 10/-20 -0 —20 20 —20
Value of EX/MMEM: X X X —20 X X X X X
“alve aof MEMAWE: X X X X —20 X X X X
Program
execution
arder
(in instructions) Me
A addi x2, x0, -20 ExMe \PM—
Ex
IdE
B add x12, x2, X5 dEx -
Id
C add x13, x6, x2 TFId W e
L —
If

D add x14, x2, x2 II,I_

E add x16, x5, x2

@@;dapmd from Computer Organization and Design, Patterson & Hennessy, © 2005
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318



DA D—TAVTIZEBT—2N\F—FD

Time {in clock cycles)

(S

cCH cca cCa
value of register x2 10 10 10
Value of EX/MEM: X X X
Value of MEMAWE: X X X

Program
execution
arder

(in instructions)

A addi x2, x0, -20

B add x12, x2, x5

C add x13, x6, x2

D add x14, x2, x2

E add x16, x5, x2

CC4  CCH
10 10/-20
—20 X
X —20
Wb
—1
Mewb ff —Fed!
Me

ExMe

IdEXx

IfId =

@@;dapmd from Computer Organization and Design, Patterson & Hennessy, © 2005
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cCa

=20
X

X

319



4D =T 42712k BT—F/\F—F D [E]#

e _— .y, g,

Time {in clock cycles) -
CCAH CcC2 CCa3 CC4 CCs CCea [ CCa CCa
value of register x2 10 10 10 10 10/-=20 -0 —20 -20 -20
Value of EX/MEM: X X X —20 X X X X X
Value of MEMAWE: X X X X —20 X X X X
Program
execution
arder

(in instructions)

B add x12, x2, x5

C add x13, x6, x2

_———

D add x14, x2, x2

———

E add x16, x5, x2

@ﬁdapmd from Computer Organization and Design, Patterson & Hennessy, © 2005
CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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T+ T —T 42T TRRRTERNT—ENT—F

o O—F&HSEMNO—KRLE=T 232 ROGENESIEEICIX, TAT—T429 TET—3FWIETEAL.

o ZOIOILEHRIMNERINGENEDIZ, VIO T7@QUINAT, TEUITI)NI KT S, F=1X, 2D
FOEHEIINETINBEIZ, N—FHTT7ER—ILESES.

o SEOAVTAICHE, WS TA—FLEEZROGTNEICEFENDT, CORAM—ILERET
DWEILTRLN.

Time (in clock cycles) =
CCH cc2 Ccca CC4 CCE CCa CC7 cca cCa

Program

execution
arder
(in imstructions) M M ]
- —
A, 1660 @—Hﬂi e
— —_ =I —
= =
B add x12, X2, X5 L5 Eaan M

C add x13, X6, x2 = _E)- v g

D add x14, 2, x2 [ _D_

rE add x16, x5, x4 IE_ _d:ﬁél:

ﬁAdap‘red from Computer Organization and Design, Patterson & Hennessy, © 2005 321
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RISC-V Program for the contest

/**************************
* ok
/:* progr‘am for‘ CLD dESign Co:z:*z*;****************************/
;*:*gg B oty this code st 2023 (Version 2023-05-14a) **/
3k >k 5k >k 3k 5k 3k 5k %k %k >k k %k k %k %k k k k -
1n1tlal begin ***************************************;
cm_ram[ @] = 32'h0000003
3; // add x@
) R . cm_ram[ 1] = 32'heeees33; / Yo, o, o
eSUIT . Ox017fdoo cm_ram[ 2] = 32'h@eee0al3; /; add' X0, x0. 0
cm_ram[ 3] = 32'h00300a93T // add% ot %o, 3
cm_ram[ 4] = 32'hooeoR633; // 2331 Xi; o
‘ cm_ram[ 5] = 32'h©000059 5 R
. ; | .
#include <stdio.h> cm_ram[ 6] = 32'h40000413; ff R
cm_ram[ 7] = 32'h4aa4e413{ // agg} X o, 1004
. cm_ram[ 8] = 32'heeeE4 5 i e e o
ma1n() cm_ram[ 9] = 32'h000005i§f x add% 1o, o, o0
: cm_ram[10] = 32'heobS2023; // La1-add1 S e
. cm_ram[11] = 32'h00148493; // .S:d' R
. mem[2648]; cm_ram[12] = 32'h@e458593; // 2dd% Xi;l au s
int i= s cm_ram[13] = 327h60959cb3; st x
9, J=0, sum = 0; cm_ram[14] = 32'heeocdd3s; ff 1 o
cm_ram[15] = 32'heees8593; // Zsi' ar ot o
for(i=0: - R cm_ram[16] = 32'h9945@513f i X0, x10, 4
(J , .J<3, J++){ cm_ram[17] = 32'h00940463{ Z I:a>ddl o o L
for(i=0; i<2048; i++) { gt o i 32'nfeostoes; //  bue xe, xo, Lot
. . m_ram[19] = 32'h40000413{ B, Yo, 102
mem[l] § 1*4; cm_ram[20] = 32'h40040413{ Z L04~ajd} & x5 1024
} cm_ram[21] = 32'heoeeo4ss; // :dj% Xg’ o o
o cm_ram[22] = 32'h00000 ; ot o, o
for(i=0; i<2048; i++) { e = 32'ho0052583, x L2t B0y
105 mem[i] ; cm_ram[24] = 32'h00148493{ // i o e
} ’ cm_ram[25] = 32'hee450513; // 2L a0, a6, 8
} cm_ram[26] = 32'h00b60633; // ajgl o, X2 x
cm_ram[27] = 32'h00160613; // :dd' 2 s 1
| - - : 8 i x12, x12, 1
e o " cm_ram[28] 32'hfff60613; i .
} p ("%d %x¥n", sum, sum); cn_ran[29] = 32'h00160613; I e
cm_ram[30] = 32'h00160613f // agd]'- X2, X2 1
cm_ram[31] = 32'hfff60613; // adg]'- X2, s -
cm_ram[32] = 32'h00160613; // add]'- 2 12 1
cm_ram[33] = 32'hffe60613; // add]'- X2, s -
cm_ram[34] = 32'hfc94lae3; // g C e e e
cm_ram[35] = 32'h@15d5d33; // ni 25, o6, xoa
cm_ram[36] = 32'he01a0al3; // S; i X0, oo 1
cm_ram[37] = 32'h01140413; // adg]'- o o
/h cm_ram[38] = 32'h01240413; // de; X:J e ol
. cm_ram[39] = ' : e

ome/tu_kise/cld/2023/baseli nren(ao] - 32'holadents; /1 addi ko, 5 o
ine/program.txt CaranfaL] = s3ineraateny /) Bne o wsih o3

cm_ram[42] = 32'h00000033; // 23 rsidiveg

cm_ram[43] = 32'h0e060f33; // add o, a3, xo

cm_ram[44] = 32'hoeefee33; // ad o e

cm_ram[45] = 32'h0000ee33; // adj o 0. X0

cm_r‘am%46] = 32'h0eeoo0033; // de ng o, X0

cm_ram[47] = 32'h0000003 : o 0. o

3; /

CSC.T341 Computer Logic Desi cm_ram[48] = 32'he0000033; / o
gic Design, Department of Computer Sci cm_ram[49] = 32'he@000e33; i 2aa v, %, 0

p cience, TOKYO TECH = e



]

DA D—T42 T D= DZEE

~

n

v

\

wire [31:0] Ex_ainl = (Ex_rsl1==0) ? @ : (Ex_rsl==Me_rd & Me_we) ? ExMe_rslt : (Ex_rsl==Wb_rd & Wb_we) ? Wb_rslt2 : IdEx_rrsi;

wire [31:0] Ex_ain2 = (Ex_rs2==0) ? @ : (Ex_rs2==Me_rd & Me_we) ? ExMe_rslt : (Ex_rs2==Wb_rd & Wb_we) ? Wb_rslt2 : IdEx_rrs2;

IdEx EX ExMe MEM MeWb  |WB
ek é ~ e
Jic
N~ !
1w
L
=
|~ =
M) &
- [
1dEx_rrst | >|=| Ex_ainl ~_ '§ >
>|x * ! > ﬂl
) \_/ > | ExMe_rslt s a
IIdEx_lmm >@ . c > § =
a S~ 3 =
z m_amemory ;,
IdEx_rrs2 ‘\§ Ex ain? mfdmem I
>) Bxan (32bit x 4096)
IdEx_rd MeWb _rd
I! ! ExMe_rd I_
Wh_rslt2

323
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m_proc20 BEEMD/\A T 54 R

add, addi, sll, srl, lw, sw, beq, bnefiFIZHIGLI=T Oy Y (T—27+T—T12 T FHY) x
IF,ID, EX, MEM, WB DZNETNERT—U LT BE5EBD /(1TS54 TatwvH

ATF—U IF & ID DD NNATSA LU ARIZIE IfId_ A oiREALHIZF AT 5.

AT—Y ID TAMSNAEEZIZIE Id_ MDIRFEDRRIZEFRAT .

IF IfId ID TdEx EX ExMe MEM Mewb B
,+\|
= Ifid_pc pree I 1dEx tpe
_ S
- Id_imm &
|
4 :B‘ = M
: l 4
N
Id_rs1 ~ ﬁl
= > 1d rrsl I IdEx_rrs1] —>§ El '§ s
Y = X ® L
r_pc m_amemory | = 152 |11 of pypass O > |3 ExMe_rslt S o
m_imem 7 — - = IdEx_imm c —lzl =
& | (32bitx 4096) | 32 ! m_regs "I = - S
] 2 (32bit x 32) ) ->L>j e, = =
8 d_rrs2 IdEx_rrs2| #2S jJ m dmem |3 I
- > I (32bit x 4096)
Id_rd IdEx_rd MeWb_rd
I I ExMe_rd I_I

ﬁ, codel90.v (codel85.v #SZICHH TERETS)
c
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m_proc20 BEED/N\A T 54 R

add, addi, sll, srl, lw, sw, beq, bnefiFIZHIGLI=T Oy Y (T—27+T—T12 T FHY) x
IF,ID, EX, MEM, WB DZNETNERT—U LT BE5EBD /(1TS54 TatwvH

ATF—U IF & ID DD NNATSA LU ARIZIE IfId_ A oiREALHIZF AT 5.

AT—Y ID TAMSNAEEZIZIE Id_ MDIRFEDRRIZEFRAT .

IF IfId ID TdEx EX ExMe MEM Mewb B
< Ifld_pc +\I I
c P | d_tpe 1dEX_tpc
_ S
= Id_imm w
|
4 :B‘ = M
> I L
>
Id_rs1 ~ ﬁl
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I I ExMe_rd I_I
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c
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[PAPER Special Section on Parallel, Distributed, and Reconfigurable Computing, and Networking

RVCoreP: An Optimized RISC-V Soft Processor of Five-Stage

Pipelining

Hiromu MIYAZAKI'®, Student Member, Takuto KANAMORI™, Md Ashraful ISLAM', Nonmembers,

SUMMARY  RISC-V is a RISC based open and loyalty free instruction
set architecture which has been developed since 2010, and can be used for
cost-effective soft processors on FPGAs. The basic 32-bit integer instruc-
tion set in RISC-V is defined as RV32l, which is sufficient to support the
operating system environment and suits for embedded systems. In this pa-
per, we propose an optimized RV32I soft processor named RVCoreP adopt-
ing five-stage pipelining. Three effective methods are applied to the pro-
cessor to improve the operating frequency. These methods are instruction
fetch unit optimization, ALU optimization, and data memory optimization.
We implement RVCoreP in Verilog HDL and verify the behavior using
Verilog simulation and an actual Xilinx Atrix-7 FPGA board. We evaluate
IPC (instructions per cycle), operating frequency, hardware resource uti-
lization, and processor performance. From the evaluation results, we show
that RVCoreP achieves 30.0% performance improvement compared with
VexRiscv, which is a high-performance and open source RV32I processor
selected from some related works.

key words: soft processor, FPGA, RISC-V, RV32l, Verilog HDL, five-stage
pipelining

1. Introduction

and Kenji KISE'?, Member

version of a general-purpose instruction set.

Among these instruction sets, we focus on RV32I in
this paper because it is sufficient to support the operating
system environment and suits for embedded systems. RV32I
can emulate other extensions of M, F, and D, and can be
configured with fewer hardware resources than processors
supporting RV32G. Although several soft processors that
support RV32I have been released [5], they are not highly
optimized for FPGAs.

In this paper, we propose an optimized RV32I soft pro-
cessor named RVCoreP of five-stage pipelining which is
highly optimized for FPGAs. The main contributions of this
paper are as follows.

e We propose an optimized RV32I soft processor of
five-stage pipelining highly optimized for FPGAs. To
improve the operating frequency, three optimization
methods are applied to the processor. They are instruc-
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RV-PC: RISC-V/N\—YF)LarE1—4% $500

« Stand-alone RISC-V computer

<

Digilent Nexys A7 FPGA Board
Pmod ps2 keyboard / PS2 keyboard
USB wireless mouse

Mobile battery

VGA display

Some cables (microUSB, VGA)

Two acrylic plates, spacers
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Option, ethernet connection

https://youtu.be/Kt_iXVAjXcQ

SC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH

.

328



Syllabus (1/3)

EROBRELRDSW

2tk L

=101}
\.‘-'f."
i

FEETIZ. [RERRER| OBFETERLLAEEA-AL. LDEANRT s IHLERICDOVWTER. Fo. BELRI 2 —9%=HEL LT
B2 —Y0EFREELCOBERSOREEFTET 3.
BETE. FATHESTERESIEFEREZ Verilog HOLEM/ \— RO PRIMESET
N\ POz PR FECEEUTERREES I D.

Il —3 3 L2 EEOEEISIT. FPGAKEE =N

HiEBRE

FEETEETECEICE T TEEET S,
A1 -2 AT LAOEFER
AL TOTy OREBRET LB T 2505
A TS BRSO IOy ORERITICET 35S

N RO FEREEERAVES IR LE 1 SR T AMIRETED

F-0—F

dEa—4, ;amty FFP—FF70F v, JOLvY. JIATS5r24038, J\— RO PEMESE, Verilog HDL. FPGA

FEHKBCDEFSAH
EENEED dA=Za=o—>3xh 85MA SAaH R IE 1 EEHEE(EERD
- - v - v
BEER0#EDT

EHI & LT, 903 =207 0OES0E. 909 x1IYOFPGATR— FERAVWEEEE®SIRVET.,

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH

329



Syllabus (2/3)

BEE - RE
BERtE E|
ESE 31— A7 ADEFIEL A1 -9 AFLOEFERICONTEET 3,
g2 REBHRIHFEE(L) BEBHREES(1)
g3 N—FozPRHEE: HatmEs HATERORTFIERTE.
24 N—FOTFERES : IEFERE IEFEEREOELn®EET Z,
25/ BEDHEE(2) BEDETEE(2)
e N—FOzPRHREE: K<EONEERE F<EDNBEROTRZEET 3.

. . Uz e STV AF A= I
=7 UL T4 E P STILDZTA ;g/v«r#vjjﬁbxzrbﬁpc;\# FloowTER
£am RIEBHRIHERE(3) RIBEENEE(3)
$om @Sty hP—EFOF v FSERETELREERR SACBTET SRRy FLARERROW AT
F10E @Rty FF-FF0Fv  ERREREGT [SAICS T 2 EMEEREEMTIC OV TERT 3.

B11E | BEBINESB(4) RERENES(4)

. : = — ks T Fara : }
B1E Bty FF—FFSF 0 O-ER M TRSESERS SACBIERTIATTRSCARRECoL TR
#1136 | Oy UOEFRENER  EfmEEEI -y b BMREEEI v MCDWTIEET 3.
Z14ap | BEDESE(S) BIEBREIEE(S)
£15E | JOTyUOERERES: LIRYT7TILEAEY LSRG D7 AL EAEBYICDNTERT 3.

] - S wHOF— z i
=160 S AL O T Oy B DS — 8 T2 gzOJLU'(OJLD‘DtJb‘CDT LGINAICDNTIEET
Z17E | RIEBINES(s) REHRINES(6)

#8186 | TIAUILUALILTOTE Y HOFIE AN DI T Oy BOEEIC DV TERT 2,

Z19E TS mE A TSA D AMEIC DN TIEAET 3.

E20E BEDHEE(Y) BEDETEE((T)

T T TV P S S SATSANF— R EF—F T T—F 4 2FICD0T
BET3.

2Z|o2E | BIEBEINEL(S) RERINES(8)

CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH

330



Syllabus (3/3)

RE

TAEYF A JE -V T3 L AR — (F). REEE (BR) D2 B3-S0 £3Et F5MR £/ T1 BiEBPiL

2E2E, AREAE

=L

a

s MOEERTTE

EETROIL L —SREMETCETZER. /\— RO PRASEEAVEILEI—SIAFAREAOGENEEET 2. BB (30%) CHME
EE 30%, F/ETa TR 20%, #iXKEAER 50%

EiEd 588

CSC.T252 : BEOEER

CSC.T262 @ P JUSEE

CSC.T372 : O/ SiEM

CSC.T363 @ A1 —SF—FF0Fv
CSC.T433 @ /I E1—9F—FF0Fv

BREOST (G - bt - BEFNES)

BIEEFIIFICEIRVA. BET ZRHOREORERTFEELTVBIENFEFLL.

BEE (A, S382) %"[at]"Z @ "(EAE)CTBRLTLESW.

S#5ET: kise[at]c.titech.ac.jp

A4 AFT—

A—JITERFHNIT B &

CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH 331



References

\
« Computer Logic Design support page \
« https://www.arch.cs.titech.ac.jp/lecture/CLD/
* ACRi Room
« https://gw.acri.c.titech.ac.jp
« ACRi Blog

« https://www.acri.c.titech.ac.jp/wordpress/
- [BEHRIFRIAERE
« http://www.csc.titech.ac.jp/
« Xilinx Vivado Design Suite
* https://japan.xilinx.com/products/design-tools/vivado.html
« Digilent Arty A7-35T
* https://reference.digilentinc.com/reference/programmable-logic/arty-a7/start
« Verilog HDL
« https://ja.wikipedia.org/wiki/Verilog

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH 332



