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module test full adder;

wire  Co,S;
module full_adder (co, s, a, b, ¢); reg  ab,c;
inputa, b ,c; initial begin

a=1’bl; b=1"b0; c=1"bl;
#10 a=1’bl; b=1’bl; c=1"b0;
#10 a=1’b0; b=1’bl; c=1"b0;
#10 a=1’b0; b=1’b0; c=1"b1;

output co, S ;
xor x1(nl,a, b);
Xor X2 (s,nl,c);
nand x3(n2, a, b) ;

nand x4(n3,n1, c); #10  $stop;
nand x5(co, n3,n2);  end
endmodule full adder full adder instance (co,s,a,
b, €);
endmodule

© Digital Design and Computer Architecture, 2" Edition, 2012
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systemverilogSEI

FRER:

module full_adder4(a,b,cin,s,cout);

input[3:0] a,b;

input cin;

output[3:0] s;

output  cout;

wire[3:0] s;

assign {cout,s} =a+ b + cin;
endmodule

SR 12 B AR AT SE I 2

M FREIR -

module test_full adder4;
reg[3:0] a,b;

reg cin;
wire[3:0] s;

wire cout;

Initial begin

a=4’h5; b=4’hb; cin=1"b1;
#10 a=4’ha; b=4"hc; cin=1"b0;
#10 a=4’h8&; b=4"h6; cin=1’b0;
#10 a=4’h4; b=4’hf; cin=1’b1;
#10 $stop; end
full_adder4 nl(a, b, cin, s, cout);
endmodule
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1 7S systemverilogSE )

i, AT ARIR

module test_ mux4;
module mux4(a,b,c,y); reg a,b.c:
input a,b,c; initial begin
output y; a=1"b0; b=1"b0; c=1"b0;
wire v, #10 a=1’bl; b=1’bl; c=1"b0;
assign y= ((~a)&(~b)&(~c) ) | (a&b&C) ;  #10 a=1"b0; b=1"b1; c=1"b0;
endmodule #10 a=1’bl; b=1’bl; c=1"bl;

#10 $stop;
end

mux4 nl(a, b, c,Yy);
endmodule
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module test_decode4;
module decode4(al,a0,y3,y2,y1,y0); reg al,ao0;
Input al,a0; initial begin
output y3,y2,y1,y0; al = 1’b0; a0=1"b0;
wire  y3,y2,y1,y0; #10 al =1°b0; a0=1"bl;
assign yO= ~al & ~a0; #10 al = 1’bl; a0=1"b0;
assign yl= ~al & ao0; #10 al = 1'bl; a0=1"bl;
assign y2=al & ~a0; #10 $stop;
assign y3=al&ao0; end
endmodule decode4 nl(al, a0, y3,y2,y1, y0);

endmodule
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FIRIR . MIARIR -
module DLatch_DFF(clk,a,dlatch,dff); module test_Dlatch_DFF;
Input clk,a; regclka;
output dlatch,dff; Initial begin
reg  dlatch,dff; a=1’b0; clk=1"b0; #10 a=1’b0;
always @(clk or a) #5 a=1bl;#20 a=1’b0;
if(clk) dlatch <= a; #3 a=1bl;#7 a=1’b0;
always @ (posedge clk) #2 a=1"bl;#10 S$stop;
dff <= a; end
endmodule always #10 clk = ~clk;
— DLatch_DFF nl(clk, a, dlatch, dff);
e endmodule

ftest_Dlatch_DFF/dff
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FSM 15| F B systemverilogSE I}

module traffic(clk,Reset,Ta, Th,La,Lb);

input clk,Reset, Ta, Th; 3E1‘§i;%

output[1:0] La,Lb;

parameter S0=2"b00,S1=2"b01,S2=2"b10,S3=2"b11;
reg[1:0]
always_ff @(posedge clk or posedge Reset)

current_state,next_state,La,Lb;

if(Reset) current_state <= SO;
else current_state <= next_state;
always_comb
case(current_state) always_comb
SO: if(Ta) next_state = SO;
else next_state = S1;
S1: next_ state = S2;
S2: if(Tb) next_state = S2;
else next state = S3;
S3: next_state = SO;

endcase

case(current_state)

endcase
endmodule

SO: begin La = 2°b00; Lb =2’b10; end
S1: begin La=2’b01; Lb=2"b10; end
S2: begin La=2’b10; Lb =2’b00; end
S3: begin La=2’b11; Lb=2’b01; end

“timescale 1ns/10pS <y sis g4+
module test_traffig; ;)I'I\IJ ﬁt;l:%i;%
reg  clk,Reset,Ta, Th;
wire[1:0] La,Lb;
initial begin

clk = 1'b1; Reset=1'b0;

#1 Reset = 1'b1; #7 Reset = 1'b0; end
initial begin

Ta=1'D1;Th=1'b0;

#10 Ta=1'b1;Th=1'b1,;

#5 Ta=1D0;Th=1'b1,

#15 Ta=1'b1;Th=1'b0;

#15 Ta = 1'b0;Th=1'b0;

#10 $stop; end
always #2.5 clk = ~clk;
traffic nl(clk,Reset,Ta,Th,La,Lb);
endmodule

4 Jtest_traffic/dk Mo Data-
4 Jtest_traffic/Reset Mo Data-
4 Jtest_traffic/Ta Mo Data-
4 Jtest_traffic/Tb -No Data-
4 ftest_traffic/nijnext state  |No Data-
4 ftest_traffic/n1/current_state |-No Data-
4 Jtest_trafficiLa Mo Data-
4 Jtest_traffic/Lb Mo Data-
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EIRAL hierarchy, B

R4 regularity:

— Hierarchy of simpler components

— Well-defined interfaces and functions

— Regular structure easily extends to different

sizes
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o BENALIEINTESS (CPAS): A, B, S %

— AT AL L A5 Ripple-carry (slow)
— JeAT L NV 28 Carry-lookahead (fast)
— B SR INVE 75 Prefix (faster)
o SCATHEAI AN ET NNV AS B P E 7 B A B
GIEIE SR EID)
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N In
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mpata RS

o RF1bit B INVA & 18 I AL BE A B K

e advantage: Simple

e Disadvantage: slow

o BRHRAL S HEAL B BR BT HIVE B

A|31 B|31 Aﬁo Bs Al‘l ||31 'Al‘o ||3o
. Ty v y Ve
out + + + + in
Cqo Crw G Co -
5 i SystemVerilog &
Sa1 S30 S So HiTestbench
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where t,, is the delay of a 1-bit full adder
L 2H SO AN 25 1) 38 BG4 )i [
AT — 3200 M T A R E 2D R AT A 32 2 n 2%, wnepu

IR Z3Ghz, A4 — IR RE, KZ93335 0 (0.33344F0)
Je oVE SE R — IR TR L Iz B



0 1 0 0 1
0 1 1 1 0
1 0 0 0 1
1 0 1 1 0
1 1 0 1 0
1 1 1 1 1

c=AB+Ac ,+B.c. ., c=AB+(A+B)c ,



c=AB+(A+B.)c ,

¢;=AB+(A+B) (A B, + ¢ ,(A +Biy))

Co=A,*B,



515 LLLZ”]/%EE GERTHEAL N 28 CLA)

A A SRS SR EKHER (B—FD #ErR#AH C,,

- HAUE TSRS A AL, s R T AL

— Generate (G;) and propagate (P;) signals for each column:
o RS 5 Column i will generate a carry out if A, and B; are both 1.

G; =

o fEFR(55: Column i will propagate a carry in to the carry out if A;orB;is 1.

P. =

o BELLHIH: The carry out of column i (C) is:

C. =



SATIHINOERE Gtz scia)

C;=AB+A+B)ci; cy=A,*B,

|

¢;=AB+(A+B)) (A 1B + c,(A +Biy))
C,=AB; +(A +B,)C=G; + P;C;,

=G; +P; (G, +P1C))
B AT CLSEEE ] A7 5 ey e A7 208 v PAAL 17 21 s AR a3 A7 A
CAIABIE 5. 1HH T A ) il — A 2 03247 B 34 6417
I Z AN 16407 /801 JART IR BEAT EE R AT 5, BELR
WEAE— N8 B BN el AL el LL 1, MBS — 4Nk
AAPERE 15 1T,




BRAE S R S

W& R
R — N PAEAZE R AL N BT L N ge = AR g A
NFRH A LA generate G,

mﬁﬁAﬂfﬁﬁh%Aﬁ ere A, FRH AR RRBEAL
propagate P;

31 28 31 28 2? 24 27 24

4-bit CLA|Cx|4-bit CLA|C
Block Block

C,

4-bit CLA|C
Block
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o Example: Xf F4LLIFH LR S=4E S
(P5.q and Gy.):

FEAEERER A IR BRFPBTE S (AL
Aae ) #REefEFEIEAL - P,.q = PsP, PP,

FEAE A R AL KA B A BB e — A
HEDL, ﬁ%ﬂ%m‘ﬁ“f&ﬂﬂf}%&- v HL BT TH B 5 =4
THEAL, PLBRISHE

T G3+GP3+GPP3+GPPP3
=G3+P;3 (G, + P, (G, + P,Gy))

\

\

N
\
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RERL S IHES

o FHRHNERESHIEERES, I MRIER
KRN, PO AL C,
Pij = PiPiiPia P
Gij =G+ P (Gi1 + Py (G, + Py, . Gj))
Ci =Gy + PGy CHAL T HIFAE: B,
BLIRAEHEIA))




32-bit CLA with 4-bit Blocks

31 28 31 28 27 24 27 24 BS:O A3:0
BRI : 73
C,=AB, +(A +B,)C,,=G, +P,Cy, %AlbltCLA 274b|tCLA]£ #b.tCLACMb.tCLA}C
Block Block Block Block in
A5 5 7
Gij =G+ P (G + Py (G, *+ Py .. G)) - v
%/?ﬁ/%:—g‘: Pi;j — PiPi_]_ Pi_2 PJ B; A; B A“z B, A“l B‘o Aq
i Vo % T o V¥ T
JH, =Gy +P Cous M \SHSHSHS%

C3=Gj + P3Gy » R

Gg.p = G3+ Py (G, + P, (G, + P1Gy))s 63% Ss

P =P.p,P.P s 3

3.0 — P3Py GC Szz

s ( E C1

: — P,

5 Hi SystemVerilog & H:Testbench, — G,
HrAr4-bit CLATE N FH, R '

Fat—Ar e indssith  Cou Pso /. P
— Cin !ﬁ El




SeATHEALINVEZRCLA it toimi s )

e Step 1: Compute G; and P, for all columns
e Step 2: Compute G and P for k-bit blocks

e Step 3: C,, propagates through each k-bit
propagate/generate logic (meanwhile

computing sums &

AT

BIAT P

{£7%)

e Step 4: Compute sum for most significant k-

bit block



JeAT A INVE 28 CLA

e Step 1: Compute G; and P, for all columns
G =AB
P.=A +B,



JeAT A INVE 28 CLA

e Step 1: Compute G; and P, for all columns

e Step 2: Compute G and P for k-bit blocks,
LV 2 4-bit blocks

P3.0 = P3P, PPy
Gs.0 = G3+ P3 (G, + P, (G + P,Gy))



JeAT A INVE 28 CLA

e Step 1: Compute G; and P, for all columns
e Step 2: Compute G and P for k-bit blocks

e Step 3: C,, propagates through each k-bit
propagate/generate Iogic (meanwhile
computing sums) b

4-bit CLAC,7/4-bit CLAC23 714-bit CL 3|4-bit CL C
Block Block Block Block in
KBTI - Sa126

C =Gy +P;Ciy




JeAT A INVE 28 CLA

e Step 1: Compute G; and P, for all columns
e Step 2: Compute G and P for k-bit blocks

e Step 3: C,, propagates through each k-bit
propagate/generate logic (meanwhile
computing sums)

e Step 4: Compute sum for most S|gn|f|cant k-
bit block




AT BEA VA 2 B 2B IR

For N-bit CLA with k-bit blocks:

tCLA (831): tpg T tpg_block T (N/k - 1)tAND_OR T ktFA
— by delay to generate all P;, G;

— by biock - delay to generate all Py, Gy,
— tanp or - delay from G, to Gy of final AND/OR gate in k-bit CLA block

An N-bit carry-lookahead adder is generally much faster than a

ripple-carry adder for N > 16

2840 X 328 AT AL IR 2R AN AL B A B 13258 e AT BEAL I A8 B AE IR

BB 25 N T T FL % (I ZEIR 9 100ps, AN+ i 4E3R /2 300ps .

1) 3247 AT PR IV 45 1E 15 32x300ps=9.6ns

2) 3200 AT HEAINE R I AEIR . t),=100ps, to) 110q=600pS 5 tayp or=200ps
Mt o =100+600+ (32/4-1) x200+4x300=3.3ns PRIT3%

tCLA ( ): tpg T tpg_block+ (N/k )tAND_OR (




A 2 NV 28 Prefix Adder(PA)

o JE I SRATHEALINIAAR I AEAMERIZ R, W]
CAIEAT BRI N2 e A

o RHHETRMTT SRR SN (Cy), A5
THEAZ A

S; =(A®B;) 8 C,_,

e 115G and P for 1-, 2-, 4-, 8-bit £, etc. until all G,
(carry in) known

o Vllog,N NBBRHATIIE  Costirairs s s




BUZX N A2SPA

S, = (A,®B,)® C,_,

e & X: Column-1holds C,, so

C4=G,=Cy, Cyf=Gy+PC F Go+P(G ¥ Gy

MIERLFIFE Carry in to cdlumn i = carry out of column i-1:
Ci1=Gi1a
G;_1..1: generatge signal spanning columns i-1to -1
e Sum equation: N B i
Ejﬁ% ‘I‘}%@ﬁ“%ﬁ G-l:-l, GO:-l’ Gl:-li GZ:-li Gg;-1, G4:—1’ G5:-19
(called prefixes fi4%) (P11 Po.1 P1gs Poty Pags Pyoq,
P5:_1, o.o)



BUZX N A28 PA

o X THfEZ5: Generate and propagate signals for a block
spanning bits I:]
Gy = Giy +Piy Gynyy  (HURME: 5% JATHROMIEE
Pii = Pi-kPk-1:j Bl: Giyq = Gig #Pisk Grera
o AV Pi11=PitkPrara
— Generate: block I:] will generate a carry if:
e upper part (I:k) generates a carry or
* upper part (I:k) propagates a carry generated in lower
part (k-1:})
— Propagate: block I:] will propagate a carry if both the upper
and lower parts propagate the carry



16-Bit BUZX NI AR

&l: Giy.q =Gy #Piyx Gra Gij=Gik+PikGir;j S, =(A®BB,) DG,
Pii11 = PitPra Pi;j = PiPrr;



16-Bit USRI A=R

13- 12 1 10-1] 91 81 71 é‘gjﬁ:
/////, / ‘/I/.///T/U-/ 86:A6®86®GS:-1

Si5=Ass D Bis D Gig:g

Legend i [ | | [ i W
j ij -
A B PP ZjGiZI( Gk—1:] Gy Pix GK—1ZJ G,4AB
riﬁ:j uﬁ ') Hi SystemVerilog /¢
/| ) HTestbench
AN
PII Il
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ENEHDZN={HFISIS

tPA = 1:pg T IogzN(tpg_prefix) T tXOR
(HG,;.., BREE)
t,,: delay to produce P;, G; (AND or OR gate)

Ly prefix- delay of black prefix cell (AND-OR gate)

tyor - 1T 58 i HLEL S

A B, PP S l,‘.5U. o

=01

1l




TNy 28 2E 1R X B

FEIR Xt LY: 32-bit ripple-carry, CLA, and prefix adders
* CLA has 4-bit blocks
e 2-input gate delay = 10 ps; full adder delay = 30 ps
t = Ntg, = 32x30 ps
= 960 ps
teea = tog F tog biock T (NK = 1)tanp or + Ktea
=10 + 60+ (7)20 + 4(30)] ps
= 330 ps
tba =ty F100,N(tog prerix) + txor
= [10 + log,32(20) + 10] ps
=120 ps

ripple
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Symbol Implementation [F=]
A3
BS
A B A,
fa  fa B,
— Equal
— A,
| B,
Equal
AO
B

o
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ALU %ﬁ%iﬁ%ﬁmithmetic Logic Unit
ALV BIEHEE: BREMEANZHEZHEASE

_A/\VI‘EE_JDV\] (ﬂ*ﬁmﬁ'ﬂ‘? M) 5 mHd. R
 Addition

e Subtraction
e AND
 OR



ALU: SR 45 5.0

ALUControl,., Function

00 Add

01 Subtract ALUControl
ALU 2

10 AND

11 OR Result

Example: Perform A + B
ALUControl = 00
Result=A+B



ALU: FH R IZ 45 5T

ALUControl,., Function

00 Add

01 Subtract

10 AND N 1

11 OR N §
Example: Perform AORB Cout \_YS_/ §:

g k}% YN IN
11 10 01 00
5 ALUControl

AN

Result




ALUControl,., Function

00 Add

01 Subtract

10 AND |

11 OR 1 §
e oo AORE R

Mux selects output of OR gate as Result, so -
Result=AORB N NooNv N

11 10 01 00
5 ALUControl

AN

Result




ALUControl,., Function

00 Add
01 Subtract
10 AND AL
S
11 OR 7 S
Example: Perform A + B Cou \\_Y S_/ C;g'_

g k}% YN IN
11 10 01 00
5 ALUControl

AN

Result




ALU: ENIZAEERTT

ALUControl,., Function

00 Add
01 Subtract
10 AND AN 1
>
11 OR - §
Example: Perform A + B Cout \_Y_/ 3
ALUControl,., = 00 | Sum
ALUControl, = 0, so:
C, toadder=0 N N OIN N
2" input to adder is B \ 11 10 01 00 /LL—ALUC H
Mux selects Sum as Result, so 2 oo

Result=A + B AN

Result




Flag Description

A B

AN

,{’N
\/ 2 ALUControl

N Result is Negative

Z Result is Zero

C Adder produces Carry out
Vv Adder oVerflowed

Result ALUFlags
{N,Z,C,V}



ALUControl, Sumgy ALUControl,

Yonuonnv

5 HiSystemVerilog /%

HTestbench, JFLHA.

BN32bitsfii A\ Crid f+F
S0

COUT
N N AN
11 10 01 00
5 ALUControl
Results, AN

NZCV

F4
N Z Result ALUFlags




HARZES/LALU: | egative

Az N In N =1 if:
Result is negative

So, N is connected to
most significant bit (&
=8 AL of Result

ALUControl, Sumgy ALUControl,

U V.

Yonuonnv

v Q IN AN
1110 01 00
LJ \ /L§—ALUCOntro/

Resultg, AN

J | e

V C N Z Result ALUFlags




HARZSHIALU: “ero

A B .
A N In Z=1Iif:
B .
= all of the bits of Result
are 0
ALUCOIWOEL Sumgy ALUControl,

U V.

Yonuonnv

v Q IN AN
11 10 01 00
LJ \ /L§—ALUCOntro/

Resultg, AN

NzZCV

L

V C N Z Result ALUFlags




T IRASHLALU: : Carry

A B .
A N In c=1if:
By :
C,.: of Adderis 1
AND
ALUCOIWOEL Sumgy ALUControl,

ALU is adding or
subtracting (ALUControl
is 00 or 01)

U V.

Yonuonnv

v Q IN AN
11 10 01 00
LJ \ /L§—ALUCOntro/

Resultg, AN

J | e

V C N Z Result ALUFlags




ALUControl, Sumgy ALUControl,

CO ut

AN

Yonuonnv

V=1Iif:
tban: M AH E
R 5HAEIN 4R
AR AT 5 145 RS
PR
LRSS, Hodn:
4 +5=0100 + 0101
=1001 =-7

11 10 01 00
5 ALUControl

Resultg,

AN

y

Z

Result

NzZCV

L

ALUFlags



RS AHIALU: oVerflow

B V=1if:
ALU is performing addition or subtraction

ALUControk, Sumgf ALUControl, ( iFj:h ’/fi; T jJ D ﬁ%‘ ?}&ﬁ% ’ﬁf )

D U V (ALUControl, = 0)




ALUControl, E/ Sumg; X\LUControl,
| 1L~ \_._L’ V

V=1Iif:

ALU is performing addition or subtraction
(ALUControl, = 0)

AND

A and Sum have opposite signs (75 FH )




V=1if:

ALU is performing addition or subtraction

ms; ALUContro,  (ALUControl, = 0)

AND

A and Sum have opposite signs

AND

A and B have same signs $#47addition OR

A and B have different signs $4{Tsubtraction

ALUCghtroly




RS AHIALU: oVerflow

B V=1Iif:

ALU is performing addition or subtraction
ms; ALUContro,  (ALUControl, = 0)
AND
A and Sum have opposite signs
AND

A and B have same signs /{7 addition
(ALUControl,, = 0) OR

A and B have different signs 447 subtraction
(ALUControl, = 1)
v tbén: 5+6=0101+0110=1011=-5

ALUCghtroly

(-6)-7=1010-0111=0011=3




BHEALER: shifts value to left or right and fills empty spaces with 0’s
— Ex: 11001 >>2 =
— Ex: 11001 << 2= LSR LSL

HARFEALRE: same as logical shifter, but on right shift, fills empty spaces
with the old most significant bit (msb) (XA &7 & ey ER1ER A
— Ex: 11001 >>>2 =

— Ex: 11001 <<<2 = ASR ASL

TEIAFL L 2% rotates bits in a circle, such that bits shifted off one end are
shifted into the other end

— Ex: 11001 ROR 2 =
— Ex: 11001 ROL 2 =

ROR ROL




B ar BTt

A, A A A

3 2°'1°°0 Sharntl:O

4 4
AS:O Y

— NAZFZ AL A% AT LA NASN: LI B2 4 B
MR PELog, NOLIE L IME, o AMAL0FEB)
FIf7N-1:




P o 55 VL A A RV A

e A< N=Ax2N
— Example: 00001 << 2 =00100 (1 x 22=4)
— Example: 11101 << 2 =10100 (-3 x 22=-12)
e A>>>N=A+2N
— Example: 01000 >>> 2 = 00010 (8 ~22=2)
— Example: 11100 >>>2=11111 (-4 ~2%2=-1)



o WA FeHP1hsR AR FRB I E
» ML AL EAR N RIf 45 41

Decimal Binary
230  multiplicand 0101
X X
460 partia| 0101
9660 0101
+ 0000
result 0100011
230 x 42 = 9660 5x7=35



+

A, A, A A

x B, B, B, B

A.B, A,B, AB, AB,
A;B; AB AB; AB,
A,B, A,B, AB, AB,

A,B; AB; A B, AB,

P

7

Ps

P, P, P, P, P, P,




A/B=Q+R/B
Decimal Example: 2584/15 =172 R4

172 R4

15(2584
15
108
105

34

30

4




H W N =

A/B=Q+R/B
Decimal Example: 2584/15 =172 R4

RETSANO, B FREE A S B R B &AL
TR RBER R EB, BHMERD

mEoNsH, WEQRo, samun /2 R4

ENDRASM, TEakuEs  15]2584
HED , I BRI B BN 15
DR AL 108
-105

34

-30

A




A/B=Q+R/B
Decimal: 2584/15 =172 R4 Binary: 1101/0010 = 0110 R1
0002 0001

— 15 0___ ~0010 O0______
_13 32 10 1111 32 10

0025 0011

A A N 0010 Q1__




A/B=Q +R/B

R’'=0
i = N- 0001
for i N)ltoO 0010 0
R={R <<1,A; 1111 3777
D=R-B 0011
ifD<0,Q=0; R'=R 0010 01 __
else Q=1; R=D 0001
—R’ 0010
RR 010 911
R RER AN & 0000
i 7RI NAB mAZNELE]0, A[N-1:0] 0001
RIJENMERR GRS —MHME, BEEERA 20010 0110 RT
R EE % 1111 2200

PAa bR EUEER, FAIREERZ R A



4 x 4 [Fi15es

ABETIRYER, AfB, PERQ, MAKR egend 8
0 B, 0 B, 0 B, A; B -C - . + in

D

N

L1 | of | af of af Reooons .

7 o H 1 < NFETRRBET AL, INGEMAE N _| = ©
0 Qy-0< }T _ - .
’ D=1101, 1|N=1,R’=000A3 AR R

ol B o!é’z/iﬁ% £ Bo R=00A3A: R

Division: A/IB=Q + R/B
0 Q,-o< }T_ i i ] [ D=1111,iN=1,R"=00A3A2 ’=0
. fori=N-1t00
ol B 1] & 1 B A B Rr-0A3A2A1 R={R’ <<1,A}
. i || i » D=R-B
10,0}t i i i D=0011, 1l/N=0,R’=0011 if D < 0 then Ql—o R’ —R
T _ _ ~ else Qi=1,R’=
0 18;3 1 (ﬁz 1 19;1 ool‘o f;o R=011A0 R=R’
10, *DQ‘F — — — ™ b=0010, HIN=0,R"=0010 5 H SystemVerilog % H:

. . , , Testbench, J1+&E H bk

Z545: 14/4=3+2/4

El1110(A)/0100(B)=0011(Q)+0010(R’)/0100(B)
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o LTS it 2L
— SEE

o £

o T 1T I

/NEERTR e ?



N ANBURVER R ?

« SE R binary point fixed (/NS [ )

« V¥ M40 binary point floats to the right of the most
significant 1~ (N3l



TE KA

e 6.75 using 4 integer bits and 4 fraction bits:

01101100
0110.1100
22+ 21+ 214+ 2-2=6.75

e 0.50.250.125 0.0625 0.03125, AT ~1 M50
o /INE I BRI
o /NEE Iy 5 EEEE Oy

JIII'I'II

=G L R A Y



& KA

e Represent 7.5,, using 4 integer bits and 4
fraction bits.




- A T 2y 37
AT 5 0E BT
« R
— Sign/magnitude

— Two’s complement

e Example: Represent -7.5,, using 4 integer and 4 fraction
bits
— Sign/magnitude:

— Two’s complement: (¥ME)
1.+7.5;

2. Invert bits:
3.Add 1tolsb: + 1




T AL

o LT E KBRS N ] E I BR
o SRALLT Rk A T R T RO

e For example, write 273, in scientific notation:
273 =2.73 x 102
e |n general, a number is written in scientific notation as:
+ M x BE
- M=REH
— B =%
— E =g
— In the example, M=2.73,B=10,and E=2



B

1 bit 8 bits 23 bits

Sign Exponent Mantissa

e Example: represent the value 228, using a 32-bit floating
point representation

We show three versions — final version is called the IEEE 754
floating-point standard




/“’ RN

Convert decimal to binary
228,,=11100100,

2. Write the number in “binary scientific notation”:
11100100, = 1.11001, x 27
3. Fillin each field of the 32-bit floating point number:
— The sign bit is positive (0)
— The 8 exponent bits represent the value 7

— The remaining 23 bits are the mantissa

1 bit 8 bits 23 bits
0| 00000111 11 1001 0000 0000 0000 0000

Sign Exponent Mantissa




T RAER IS 2

e First bit of the mantissa is always 1:

— 228,,=11100100, = 1.11001 x 27
e S0, no need to store it: implicit leading 1

e Store just fraction bits in 23-bit field

1 bit 8 bits 23 bits
0| 00000111 110 0100 0000 0000 0000 0000
Sign Exponent Fraction



T R 3

e Biased exponent: bias =127 (01111111,
- fRENE= &+ N td (riSTERRSIEZRMAED

— Brid . Exponent of 7 is stored as:

127 + 7 = 134 = 0x10000110,
e The IEEE 754 32-bit floating-point representation of 228,

1 bit 8 hits 23 bits
0 10000110 110 0100 0000 0000 0000 0000
Sign  Biased Fraction
Exponent

in hexadecimal: 0x43640000



Floating-Point Example

Write -58.25, in floating point (IEEE 754)




T R T

Write -58.25, in floating point (IEEE 754)

1.

2.

3.

Convert decimal to binary:
58.25,,=111010.01,
Write in binary scientific notation:
1.1101001 x 2>
Fill in fields:
Sign bit: 1 (negative)
8 exponent bits: (127 + 5) =132 = 10000100,
23 fraction bits: 110 1001 0000 0000 0000 0000
1 bit 8 bits 23 hits
1| 10000100 110 1001 OO00 OO0O0O 0000 0000
Sign Exponent Fraction

in hexadecimal: 0xC2690000




R BURFIR TR

Number Sign Exponent Fraction

0 X 00000000 |00000000000000000000000
00 0 11111111 |{00000000000000000000000
- 00 1 11111111 |{00000000000000000000000
NaN X 11111111 | non-zero




T R AR

o RIEEERH:
— 32-bit
— 1 sign bit, 8 exponent bits, 23 fraction bits
— bias =127

o XURBEE R
— 64-bit
— 1 sign bit, 11 exponent bits, 52 fraction bits
— bias =1023



T R N

e ¥a: number too large to be represented (% NTCF)
o ¥i: number too small to be represented (£:40)
o HANEEH:

— [\~

— [a b

- MEE

— T
e Example: round 1.100101 (1.578125) to only 3 fraction bits

— Down: 1.100

— Up: 1.101

— Toward zero: 1.100

— To nearest: 1.101 (1.625is closer to 1.578125 than 1.5 is)




V- e BUIE:

SEE M AT N

S, ERJEE

R

N G 75 BTN B R AL

EE AN

e R, I 75 EE R EE S
s NghE R

TR D AN N2 A RO S

© N O Uk WDbNRE
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Add the following floating-point numbers:
Ox3FC00000
0x40500000



F RABUINEY -1

1. Extract exponent and fraction bits

1bit 8 hbits 23 bits
0 01111111 100 0000 0000 0000 0000 0000
Sign Exponent Fraction
1 bit 8 bits 23 bits
0 10000000 101 0000 0000 0000 0000 0000
Sign Exponent Fraction
For first number (N1): S=0,E=127,F=.1
For second number (N2): S=0,E=128,F=.101

2. Prepend leading 1 to form mantissa
N1: 1.1
N2: 1.101




- R EBUIE -1

3. Compare exponents
127 — 128 = -1, so shift N1 right by 1 bit

4. Shift smaller mantissa if necessary
shift N1’s mantissa: 1.1 >>1=0.11 (x 21)

5. Add mantissas
0.11 x 21
+ 1.101 x 21
10.011 x 21




- R EBUIE -1

6. Normalize mantissa and adjust exponent if necessary
10.011 x 21=1.0011 x 22

7. Round result
No need (fits in 23 bits)

8. Assemble exponent and fraction back into floating-point

format
S=0,E=2+127=129=10000001,, F=001100..
1 bit 8 bits 23 bits
0 10000001 001 1000 0000 0000 0000 0000
Sign  Exponent Fraction

in hexadecimal: 0x40980000



oy L5 BT AR

Application |>"hello
Software |world!”
Operating

Systems

&

Architecture

Micro-
architecture

Digital
Circuits

L1
A4

vV
L]

Analog
Circuits

Devices

Physics

|||




S L A R T

o TF— RSN

e Example uses:
- B R
— FEFF T3 keeps track of current instruction executing

Symbol Implementation

N ﬁ ClTK
— N N 0
Q N J ,
1—4
Reset

| Reset

CLK
|

2




T8 28 Verilog (FSM style)

module counter (i1nput 1logic clk, reset,

output logic [N-1:0] q);
logic [N-1:0] nextqg;

// register
always ff (@ (posedge clk, posedge reset)
1f (reset) g <= 0;

else q <= nextqg; _
Symbol Implementation
// next state CH< y oLk
assign nextqg = g + 1; \\TN \
Q% - 9
endmodule N 14&//J (r
Reset Reset




1T %123 Verilog (better idiom)

module counter (input

output logic

always ff @ (posedge
1f (reset) g <=
else q <=

endmodule

logic

[N=1:0]
clk, posedge reset)

Symbol

CLK
I

reset,

Implementation

Reset

CLK
\’N

=}

r

T

Reset




FAVALRES

o BRI EIRAEE) AL
o IR HB o BRI B

o Hi&: HIHFHES: converts serial input (S.) to parallel
output (Qg.p.1)

Symbol: Implementation: fifi & % & B 5K
' CLK— | | |

Qr~= Sin N ‘ ‘ “..._ Tsout
_1S. S

Q Q1 Quaa




e When Load =1, acts as a normal N-bit register

e When Load = 0, acts as a shift register

e Now can act as a serial-to-parallel converter (S, to Q,.,.1) Or
a parallel-to-serial converter (D,.,., to S, .5 =1 /B % H)

S, —ﬂ Tﬂ _F ﬂ —( ‘ﬂ _( Sout




module shiftreg(input logic

input logic

input logic [N-1:0]

output logic [N-1:0]

output logic

always ff @ (posedge
1f (load) g <=

clk)
d;

clk,
load, sin,
d,

d,
sout) ;

else q <= {g[N-2:0], sin};
assign sout = g[N-17;
Do D1 D2 DN—l
endmodule
Load
Clk

) B B 5 By 1 By -




o HELHEAINIR
o INAFZERAIMIE (AT iT5uifik & #% Scan-DFF)

Dy D, D, D1
oLk | | | |
CLK L \; \;
Tost ' D QF D o D ah D Q
es o0 e
CLK p ol Sin —_— Sin Sout Sin Sout Sin Sout | Sin Sout Sout
D ™
' I Q |SinSout - Test Tt’T‘SF T‘?‘Sf T‘?S“ TFl,‘Sf
Sir1 T
est
Sout I OD 01 OE ON—1

(a) (b) (c)

Figure 5.37 Scannable flip-flop: (a) schematic, (b) symbol, and (c) N-bit scannable register




Rl

o EIRATE R AIBL A E:
— Dynamic random access memory (DRAM)ZZS FERL T 0] it 2
— Static random access memory (SRAM)F# S BEAL UG ) A7-fif 2
— Read only memory (ROM) R 2171t 7%

e M-bit data value read/ written at each unique N-bit address
o FoR2VNHMAE CGEE) , MK

Address L Array

b

Data




Rl

o T AEAFNEAS R TTIE S R K
o FE—/MHIT (7% 1bitE YR
e N address bits and M data bits:

— 2N rows and M columns

— Depth: number of rows (number of words)

— Width: number of columns (size of word)
— Array size: depth x width =2V x M

mey/(IF

22 x 3-bit array
Number of words: 4
Word size: 3-bits

Address —2

Array

Data

Address ﬂNA

Array

M

Data

Address Data

11
10
01
00

o/1/o| 4
1/0|0
depth
111]0
011
-—p

width




ER ARl

1024-word x
Address —2 32-bit
Array
$32
Data

10247 x320FEFI IR 5, BEFEAIE K/ 32Kb



A PR A AL LG

bitline 174k
wordline |
= 4p stored
bit
bitline = bitline =
wordline = 1 1 wordline = 0 [
stored stored
bit=0 bit=0
bitline = bitline =
wordline = 1 I wordline = 0 I
stored stored

bit=1 bit=1




A PR A AL LG

bitline 174k

wordline |
=4p stored
bit

TENL, MIALZm i A\ Bl HHE RS, M F IR NTESZ

bitline = Q bitline = Z
wordline =1 1 wordline = 0 [
stored stored
bit=0 bit=0
bitine= 1 bitline = Z
wordline = 1 I wordline = 0 I
stored stored

bit=1 bit=1




Rl

Wordline:
BG—MLReE 5

B iTmemeory s
X N 48— bk
BIRRE—NFLA S

Address —2

2:4
Decoder

11

10

01

00

bitIine2 bitline1 bitline0
Wordline3
[ [ [
stored stored stored
) bit=0 bit=1 bit=0
wordllne2
1 1 1
stored stored stored
Wordlinel bit=1 bit=0 bit=0
[ [ [
stored stored stored
) bit=1 bit=1 bit=0
wordllneo
x x x
stored stored stored
bit=0 bit=1 bit=1




R et

e Random access memory (RAM): volatile 5 <
e Read only memory (ROM): nonvolatile JE 55 2%




RAM: Random Access Memory

e Volatile: loses its data when power off
e Read and written quickly

e Main memory in your computer is RAM
(DRAM)



ROM: Read Only Memory

* Nonvolatile: retains data when power off

e Read quickly, but writing is impossible or
slow

e Flash memory in cameras, thumb drives
(USB) , and digital cameras are all ROMs

Historically called read only memory because ROMs were

written at manufacturing time or by burning fuses. Once
ROM was configured, it could not be written again. This is
no longer the case for Flash memory and other types of
ROM:s.



e DRAM (Dynamic random access memory)

e SRAM (Static random access memory)

e Differ in how they store data:

— DRAM uses a capacitor 1%
— SRAM uses cross-coupled inverters & X A& A 7



e Data bits stored on capacitor

e Dynamic because the value needs to be refreshed
(rewritten) periodically and after read:

— Charge leakage from the capacitor degrades the value
— Reading destroys the stored value, 5 I 35 22 & 1A 4 il 35

bitline bitline
wordline | wordline
stored —
bit stored | NmMOs
bit |
V




bitline

wordline

stored
bit=1

||+

N/

bitline
wordline
A N B
stored
bit=0




bitline

wordline |
stored
bit
bitline bitline
wordline
— P




np. — 0 1 %_ Q 5 %_ Q
- — <
2ol o 0 “‘; = > 0 >
O— — Q Q
(a) (b) (a) (b)
bitline bitline
wordline




Memory Arrays Review

2:4 DRAM bit cell:
Decoder bitline, bitline, bitline, bitline
11 wordline3 _
| | | wordline
Add 5 stored stored stored 1
ress —— wordiine bit = 0 bit = 1 bit = 0 fl
10 2 \ \ \
stored stored stored i
. bit=1 bit=0 bit=0
wordline .
01 : ‘ ‘ ‘ SRAM bit cell:
stored stored stored
00 | | | i
stored stored stored wordline L L
bit = 0 bit = 1 bit = 1 %
Data, Data, Data,
Memory Transistors per Latency
Type Bit Cell
flip-flop ~20 fast
SRAM 6 medium

DRAM 1 slow




AT XA

BT RGP G AR & A 5t — 2 E A 2 R A1
X FF A7 2R PR N T A7 o A

F T A /N L 0 1 SRAM B 51 Bl i A 2

I /N 22 i T SRAM R B 2H ol - LU ft e s B 471 B K v




Address—2-|

2:4
Decoder
11

10

01

00

® ®-

Data, Data; Datag

bitline

wordline
1
[ 1
bit cell
containing O

bitline

wordline

bit cell
containing 1




Type [Name _______|Descripton

ROM

PROM

EPROM

EEPROM

Flash

Read Only Memory

Programmable ROM

Erasable
Programmable ROM

Electrically Erasable
Programmable ROM

Flash Memory

Chip is hardwired with presence or absence of
transistors. Changing requires building a new chip.

Fuses in series with each transistor are blown to
program bits. Can’t be changed after
programming.

Charge is stored on a floating gate to activate or
deactivate transistor. Erasing requires exposure to
UV light.

Like EPROM, but erasing can be done electrically.

Like EEPROM, but erasing is done on large blocks
to amortize cost of erase circuit. Low cost per bit,
dominates nonvolatile storage today.




Address—2<

2:4
Decoder
11

10

01

00

.

Data, Data; Datag

Address Data

11
10
01
00

010

depth




Address—2<

2:4
Decoder
11

10

01

00

L 4 @

Data, Data; Datag

Data, =A; M A,

Data, =A; + A,

Data, = A,A,
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Implement the following logic functions using a 2% x 3-bit ROM:

— X=AB
— Y=A+B 2:4
= Decoder
— Z=AB 1
A B 24—
10
01
00
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Implement the following logic functions using a 2% x 3-bit ROM:

— X=AB
— Y=A+B 2:4
- Decoder
- Z=AB 11 L ‘
A B -2

10 o o
01 o
00




{i FH A7l e (2 B s 5

2:4
Decoder bitline, bitline, bitline0
11 wordllne3 1 1 1
stored stored stored
2
Address —S— wordiine. | Dit=0 bit = 1 bit = 0
10 2 x 1 x
stored stored stored
wordline bit=1 bit=0 bit=0
01 : i i i
stored stored stored
wordline bit=1 bit=1 bit=0
00 0 i i i
stored stored stored
bit=0 bit=1 bit=1
Data, Data, Data,

Data, =A; @ A,
Data, = A, + A,
Data, = A,A




{5k FH A7 A 2 0 e T2 5

Implement the following logic functions using a 2% x 3-bit
memory array:

— X=AB

-~ Y=A+B

- Z=AB




{5k FH A7 A 2 0 e T2 5

Implement the following logic functions using a 2% x 3-bit
memory array:

— X=AB 2:4
—_ Y=A+B Decoder _ bitline, bitline, bitline,
L 11 wordline, 1 1 1
- Z=AB 2 stored stored stored
AB = wordline. | Bit=1 bit = 1 bit = 0
10 2 [ [ [
stored stored stored
wordline bit=0 bit=1 bit=1
01 - 1 1 1
stored stored stored
wordline bit =0 bit=1 bit=0
00 . 1 1 1
stored stored stored
bit=0 bit=0 bit=0




{5k FH A7 A 2 0 e T2 5

Called lookup tables (&5#k 7 LUTs): look up output at each input
combination (address)

4-word x 1-bit Array

( )
2:4
Truth Decoder bitline
Table 00 [
stored
A B|Y A Ay bit = 0
B A, 01 [
° ) 0 stored
’ : 0 bit=0
1 0 0 10 1
: ! 1 stored
bit=10
11 |
stored
bit=1
- J




e Port: address/data pair

e 3-ported memory
— 2 read ports (A1/RD1, A2/RD2)
— 1 write port (A3/WD3, WE3 enables writing)

o Register file: small multi-ported memory

CI|_K |
—— Al WES b1 i
—<— A2 RD2 (—<-
4 A3 Array

—~<— WD3




SystemVerilog Memory Arrays

// 256 x 64 memory module with one read/write port

module dmem (input logic clk,
input logic [7:0] a,
input logic [63:0] wd,
output logic [63:0] rd);

we,

logic [63:0] RAM[255:0];

always @ (posedge clk)

begin
rd <= RAM[a]; // synchronous read
1f (we)
RAM[a] <= wd; // synchronous write
end
endmodule

'E Testbenchilll] i,




SystemVerilog Register File

// 16 x 32 register file with two read, 1 write port
module rf (input logic clk, we3,

input logic [3:0] al, a2, a3,

input logic [31:0] wd3,

output logic [31:0] rdl, rd2);

logic [31:0] RAM[15:0];

always @ (posedge clk) // synchronous write
1f (we3)
RAM[a3] <= wd3;
assign rdl = RAM[al]; // asynchronous read
assign rd2 = RAM[aZ2];
endmodule

'E Testbenchilll] i,




o PLAs (F] nfEiZ E 4 7))
— 51TIRES+EL ][]
— HgescHlH 618

— W HRIEREE e

 FPGAs (Il A] 4 538 B ] B4 471
— 123G (Logic Elements (LEs)) PE%|
— N SEIAH S 2 R 5 P i
— N EBERE ] g A




e X=ABC+ABC
e Y=AB

-

~N

Inputs
i
AND Implicants OR
ARRAY N ARRAY
Ip
Outputs
A B
OR ARRAY
vV v [V 1
N ABC
L/
N ABC
L/
N AB
L/
_/ g W
AND ARRAY |




N

AND Implicants OR
ARRAY N ARRAY
\ N~ g
fp
. . c Outputs
OR ARRAY
W V 3 4 )
. . ABC °
. . s ABC °
. AB .
\

AND ARRAY




FPGA: Field Programmable Gate Array

e Composed of:
— LEs (Logic elements)i® ¥ 5. 75 perform logic
— 10Es (Input/output elements)ii A /% H 22 11
interface with outside world

— Programmable interconnectionP] 4g FE A 2% iH 1K :
connect LEs and IOEs

— Some FPGAs include other building blocks such as
multipliers and RAMs (IP,Intellectual Property )



General FPGA Layout

IOE (@)= I0E IOE IOE IQE IOE IOE
I VLel |Le| [Le]| |LE| 5
I0E IOE
— |LE| [LE| |LE| |LE| [0
I {Le| |Le]| || |LE| £
IOE IOE
— |LE| [LE| |LE| |LE| [
IOE I0E I0E I0OE IOE I0E I0OE IOE
o FPGA  /




LE: Logic Element

e Composed of:
— LUTs (lookup tables): #4740 &% 45
— Flip-flops: U ATHS 712 55
— Multiplexers: % #2LUTs and flip-flops



Altera Cyclone IV LE

4 4 LAB
MBT—4~ LE B R gz
KBTI an e
4 LAB
LE BE{EA (4 &3 1 B W%_iij%fﬁ%%
\ Y Y - L
B > { 5.
ol aBE s TN I e
B Mz »> 0 O >
Kiw3 } con  PEEE N g\ e
ENA
¥iE4 > o
Sy T
> FE AR
labelr 1 T_NL/ %
labelr 2 |
FEFE =\
SLHER | HREZE Ll A 8%
/
A fran SR (DEV_CLRn)
S R,
i B RE RS 3
Y
LE #H{ifith labelk 1 \‘
labelk 2 ——>{
labclkena 1 r\]
lablkena2 —+—>{




Altera Cyclone IV LE

e The Altera Cyclone IV LE has:

— 1 four-input LUT
— 1 registered output
— 1 combinational output



LE Configuration Example

Show how to configure a Cyclone IV LE to perform the following
functions:

— X=ABC +ABC

- Y=AB



LE Configuration Example

Show how to configure a Cyclone IV LE to perform the following

functions:
— X=ABC + ABC
_ Y=AB ®w  ® © (0
datal data2 data3 data4| LUT output
A A
A —ldatal
0 1 0 X 0
B — data 2
0 1 1 X 0 C
data 3 X
. 0 0 X 0 0 —{data4
1 0 1 X 0 LUT
1 1 0 X 1
1 1 1 X 0 N LE1 /
A) (B) Y)
datal data?2 data3 data4| LUT output 4 N\
0 0 X X 0 A —datal
0 1 X X 0 B —{data?2
1 0 X X 1 0 —{data3 ﬂY
1 1 X X 0 0 —{data4 LUT

N\ LE2 /




FPGA Design Flow

Using a CAD tool (such as Altera’s Quartus Il)
e Enter the design with a HDL
e Simulate the design
e Synthesize design and map it onto FPGA
e Download the configuration onto the FPGA
e Test the design

This is an iterative process!
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e Step 1: Compute G, and P, for all columns
e Step 2: Compute G and P for k-bit blocks
e Step 3: C,, propagates through each k-bit
propagate/generate logic (meanwhile
computing sums 1T (14T BN Ak)
 Step 4: Compute sum for most significant k- c.
bit block
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