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1. CMOSIBIERE (254) HEEFANAND-2124E| ]
1) BABESDTENINANDEE TR TERAGMUXER?  (34)

(MUXRREE=TMHAA, B, SEL, —TH@LiOUT: ZHHASEL = 0, RUmHiOUT = A, =i 5) BIEENSESE: S DA 4) BRI, S A, B. C. D FRBNEESE F

ASEL = 1, MYSHHOUT = B, HIRAEHEAFHANANDEE TLIIMUX, BEHERL T =1->0 HBEIER. Big: R 1689 NMOS 3 PMOS RAEHAERE N C, Wit F L

MUXEBESE, 21768, &b, ) BEBEA Cr. AB Z[BEBZE Cas. BC Z/ABE Coc IMHEMNT RFMERGENRTEMELLC; R
2) EEHESPUNFIPDNAJAOLBIEJHBEE (OUT = AxB+C) (+HO0R, *JHAND, L% I 189 NMOS RAEESHEE = RIH 28 PMOS BAE =R, (59)
KAINV) |, FHTEENTFRACRIZIEIN (Logical Effort, g) . (39) I\ &51 EEE*H_’,{E/EFEE _ﬁ_':F'Hj'
ABCD 2 —RFM
(AOIBHE JE—NETZAVELE T, HAEHMEIZAIAND, OR. INVELE, ) EDD 1;)? = y - = =
3) BRI TEREE, Vdd = 1V, NMOSEHEHE iy = 0.3V, PMOSHIEEEVne = - HYZEIR
0.3V: 1) Vin = OB, ValIVbHRIRE/D? 2) Vin = 183, ValIVbHEIREA? (49) Evan: XFARNRERER, BCEIA1, DEIAAO,
T AR 135048 F 5 SRAFER
_| — Vs
_AEII i T
Vin T1 T1 ]_[T
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1b) &g r = 3, F—REEVRANBER 5C, IR 40C, HEIZHHRAIRIEIER D
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3. REMMSRBIEST (25 5)

I(A)RB)

EIHEE )RR RE

1) REM@MAR AND, OR. XOR, [Fg%. #iffFaRiX 5 MABIKER, 5ol EIRRKSHBIEANR
ite AL AL B, Clock, HitH{NA X, *fFS7 AND,! FF51INV) (59)

<4 >



{EdVi5EP

3) sEiXERIRIT: FIFA Radix-4 Booth wEg, [EEA 8bit *MUEEHLEL-30 x 26 UL R (H+-30 7
WakEy. 26 k). A AZATEBOFRNGER. Q Hk#. (109)

3a) 15-30 0 26 BEAL D TS bit &;

3b) {RIRLA TS ST AEBs FIRINANA ST,
Step i A=7? Q=7 Q-1=? | TEEE

EIL‘,LT RARZHEF STV RIIZER, R
S5O, RINERM D
Hﬁi)n?aﬁ%‘ EERpA]

B ER REHE

;e;)t’, X ¥
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4, FREE - EMERITESERT (15593)

FREP, BFI TR INERAFC LR SE R EER, XWTESRBIENGE, HESR
TR REANEE. REECHATRERITMA X 75 8 LFEERE (%M3 INT8), @MY
7916 LURRZE (FP16 B 1bit fFS4L. Sbit f84fi. 10bit BH) WERITEST. XY
LUTRANARE, EARaR MEm@ st Tt 8 8Tikit, FRIA Python, C/C++ERAAL
A TR AT AN RIEIAESIIE, ARMRITNERITE R TAHER SHERRGE%
BHANRE, FESRNR/TEIRENTTERE T REEAAELER. THETER.

4a) WAF FREEFBIER I HIESKEREL Y = sin(X)?

4b) WMEFIFAH S BRI EFESIREE Y = VX?

IFSZEREIRTMERF/TiA: CORDIC, HENEHE
SEHIRRUERE DA EA BREBIES
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RENFHESEE

- A$/IF (Synchronous Timing)

CLK I 1

In R, e Combfnaj'ﬁonaf > R,
Logic Out
A Es HEZLE (FFMZLE[JHR)
(Register)
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- A$/IF (Synchronous Timing)

Timing Metrics " q—ou
1 clock
clock \ / \
) tsu E thold ti;ne
In E @@ 5
: stable § ‘
A ot : time
Out output E output
stable stable .
time

CH

BEH FREHE

UNIY

::éat;.%‘ff

PEKING UNIVERSITY

CLK ) }

In

R Combinational R
1 Logic > out

Tc-q T tploglc min 2 Thold
min

Tz tc-q T tplogic,max T iy
max

<9>
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In R1 R2
Combinational
/\ JAN
CLK f tork 1 tcike
tc -q f!ag.-‘c
I‘-:: —-q, cd t!ogfc, cd
tsu, thold

Minimum cycle time:
[ tc-q + tsu + 1L;ﬂr;:gf.f'c -0

{Edb =R

Worst case is when receiving edge arrives early (negative o)

BEBEH REHE

in R1 Comb .' R2
ombinationa
JAN JAN
CLK 1‘ tcrki 1‘ tcike
tc -q tfogfc
tc -q, cd tfc-gicf cd
tsu, thoid

Hold time constraint:
f(c-r;f, cd) T t(fogr’c, cd) = tholg T+ ©

Worst case is when receiving edge arrives late (positive skew)
Race between data and clock

cd: contamination delay (fastest possible delay)
<10 >
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IRSHNSEGNT — F=h—DELERIT

(NEBLLITFISRIT, KT HEHRNERE AR TEIR30s (0.033
Hz B%d)
2
NSlight: 1=FgdbmAZLT; 0=mitMLLIT
EWlight: 1=2RFAMAALZLT; 0=RFAAMAFLILT
PN TN
Nscar: 1=fFltRBESE, 0=-FitELTESE
Ewcar: 1=RAMRBESE,; 0=-FItRLTEE
AL
BT IREIS— P AREENIERS—HREEE
B, REFHEIRREAZ <13>
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g = ﬂiﬂlﬁﬂ"ﬂ’JEE
ISHSEFIT — I=Hl—PELERKT
2k o FEHEHINIRE
NSlight: 1=Falt[@ALLT; O=fadtMmLLLT « Nsgreen, EWgreen
EWlight: 1=RAMALLT; 0=REAMNLIIT
21NN
Nscar: 1=FHERIESS, 0=FIHLAIEES  Ewcar=0, NSCar=0 or 1 NSCar=0, EWCar=0 or 1
Ewcar: 1="RAMSBES; 0=FtRLFS NSCar=1, EWCar=0 or 1 '
Ay
BN TR E— AT Y B — TS s Sgreeh E\Wgregn

B, RSB AZE
EWCar=1, NSCar=0or 1
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IRESHNSEBIN - =Bl — LT

. EEINRD Currentstate | NScar | EWear | Nextstate
NSgreen 0 0 NSgreen
NSgreen 0 1 EWgreen
[ J
ng reen\ EWg reen NSgreen 1 0 NSgreen
NSgreen 1 1 EWgreen
EWgreen 0 0 EWgreen
EWgreen 0 1 EWgreen
EWgreen 1 0 NSgreen
EWgreen 1 1 NSgreen

EWCar=0, NSCar=0or 1

NSCar=0, EWCar=0 or 1  outputs
NSCar=1, EWCar=0.or. 1 Currentstate [ Nsite | EWite |
1 0

NSgreen

gre 1 EWg reen EWgreen 0 1

NextState = (CurrentState - EWcar) + (CurrentState - NScar)
EWCar=1, NSCar=0or 1

NSlite = CurrentState

AR S SR EWlite = CurrentState

TON SN

<15>
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AT AFEIRSH
FHlFENER

IRSHNSEGNT — F=h—DELERIT

Curront stats | Wecar | EWew | Nextstato

NSgreen 0 0 NSgreen NSlite q NSecar
NSgreen 0 1 EWgreen

NSgreen 1 0 NSgreen EWlite ) EWear
NSgreen 1 1 EWgreen ©

EWgreen 0 0 EWgreen

EWgreen 0 1 EWgreen

EWgreen 1 0 NSgreen o

EWgreen 1 1 NSgreen

Curront state [ Weiwe | Ewite |

NSgreen

EWgreen 0 1

Clock

NextState = (CurrentState - EWcar) + (CurrentState - NScar)

NSlite = CurrentState

P g EWIlite = CurrentState 6
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Step 1 — M RBHEHRAIEIRE
Step 2 — AE— MRS EH EHRAIEIRE
Step 3 - {RIBREHRES H F— RSB IERIAT

Step 4 — E[HSEFREEEKE

RESBEE— I Lo &
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S5 EIER

- REMIZHGEIZIEREI - FS (XFSE)
329 22 21 20
A BN
102 101 100 0O 0 O 0
O 0 1 1
3x100 + 2x10 + 9x1 = 329 o 1 o0 o
o 1 1 3
MOST . r— least 1 0 0 4
significant 1 O 1 significant
RN 1 0 1 5
22 21 20 1 1 0 6
1 1 1 7

1x4 + Ox2 + 1x1 =5

BIEBEH FEHE

u‘”u.,r »
NIECE R

o PEKING UNIVERSITY

An n-bit unsigned integer
represents 2" values:

from O to 2"-1

<18 >



S5 EIER
- REMBTHBIEERD - R (THFS5E)

carry

N YY)
10010 10010 1111
+ 1001 + 1011 + 1
11011 11101 10000
YN
10111
+ 111
11110

BiEBH FEHE <19 >
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With n bits, we have 2" distinct values.

FSSIGN »
NEF T

PEKING UNIVERSITY

 assign about half to positive integers (1 through 2n-1-1)

and about half to negative (- (2"-1-1) through -1)

« that leaves two values: one for 0, and one extra

IEEH

just like unsigned — zero in most significant bit
00101 =5

Uik -3/

sign-magnitude — set top bit to show negative,
other bits are the same as unsigned

10101 =-5
BIEBEH FEHE <20 >
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With n bits, we have 2" distinct values.

FSSIGN »
NEF T

PEKING UNIVERSITY

 assign about half to positive integers (1 through 2n-1-1)

and about half to negative (- (2"-1-1) through -1)

« that leaves two values: one for 0, and one extra

IEEH

just like unsigned — zero in most significant bit
00101 =5

Uik -3/

sign-magnitude — set top bit to show negative,
other bits are the same as unsigned

10101 =-5
BIEBEH FEHE <21>
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sign-magnitude 5 14 7] &1 ?

O i 4 5% (+0 and ~0) 00101 (5) 01001 (9)
e + 11011 (-5) +10111 (-9)
Adding a negative number => subtraction 00000 (O) 00000 (O)

Need to “correct” result to account for borrowing

Two’s complement representation developed to make circuits easy for
arithmetic.

for each positive number (X), assign value to its negative (-X),
such that X + (-X) = 0 with “normal” addition, ignoring carry out

BIEBEH FEHE <22>
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If number is positive or zero,
- normal binary representation, zeroes in upper bit(s)

If number is negative,
« start with positive number
- flip every bit (i.e., take the one’ s complement)
 then add one

00101 (5) 01001 (9)
11010 (1’'s comp) 10110 (1’'s comp)
+ 1 + 1
11011 (-5) 10111 (-9)

BIEBEH FEHE <23>
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- ERE - Fixed-point

How can we represent fractions?

« Usea "binary point” to separate positive
from negative powers of two -- just like “decimal
point.”

« 2' s comp addition and subtraction still work.
« if binary points are aligned 21 =0 5

22=0.25
| F 23=0.125
00101000.101 (40.625)
+ 11111110.110 (-1.25)

00100111.011 (39.375)

No new operations -- same as integer arithmetic.
BIEEH #5516 <24 >
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- 1SRl XSRS : Z =4 - Floating-point

BIEEH REHE

Large values: 6.023 x 1023 -- requires 79 bits
Small values: 6.626 x 10-34 -- requires >110 bits

Use equivalent of “scientific notation” : F x 2F
Need to represent F (fraction), E (exponent), and sign.
IEEE 754 Floating-Point Standard (32-bits):

1b 8b 23b

S| Exponent | Fraction

N = —1° x 1 fraction x 28XPonent=127 "1 < exponent < 254

N = —1° x 0.fraction x271%° exponent =0

< 25>



S5HIERED
- $5RIKFERIAVEL: Z=E) - Floating-point

Single-precision IEEE floating point number:

10111111010000000000000000000000
o !

« Sign is 1 — number is negative.
« Exponent field is 01111110 = 126 (decimal).
« Fraction is 0.100000000000... = 0.5 (decimal).

Value = -1.5 x 2(126-127) = -1 5 x 2-1 = -(0.75.

BIEEH REHE

<26 >
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- Ripple Carry/liZsSH 1

A0 BO A1 B1 A2 B2 A7 B7
c 1-bit 1-bit 1-bit | ] 1-bit
! adder Co0 adder Co1 adder Cos | adder
I I I I
S0 S1 S2 S7

Worst case delay linear with the number of bits
tg = O(N)

tacider = (N '1)tcany + toum

Goal: Make the fastest possible carry path circuit

BEER REHE

% PEKING UNIVERSITY

« C,=AB+BC; + AC; = AB + (A + B)(;
« S=ABB®C;=ABC;+C,(A+B + ()

* 28 transistors
VDD
A— b-B
5
b-c
A—q o
¢ A

<28 >
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niEEm&sT
- BFPGKRINNERRRITE

A0 BO
1-bit
“ T adder [ Coo Generate (G) = AB
| Propagate (P)=A@®B
S0
. C (G.P) = G+pc, DIT= Aok
— Generate: C,,; = 1 independent of C, 0 i P=atg
« G=Ae*B S((ﬂp):})@(}ﬁ
— Propagate: C,,, =C,,
* P=AD®B
— Kill: C,,. =0 independent of C,
* K=~Ae+™~B

,EEZFE\E EE %ﬁ#@ <29 >



niEEm&sT
- BFPGKRINNERRRITE

ST
§ %
S A
N Q: P
12 L}
o
15908

PEKING UNIVERSITY

Carry—RippIe using P and G

Co,=G+P-C_| Co,l': 6! r f,I Cla
GDO _Cm
P = Ay By A B, A B, A ?‘ Ca Jz = 6?- + P; CO )
0:0 — — - - " Ii
1| 1 1L a8 J
_ = -—1 =1 [
Cu!r G}':D ‘ :_;r\:_;' ’::;“\: UG\_J;' UG\_FI G{?_ Setu ) 6
4 1 3 2 1’—‘ 1 o I o = GI T P' G’
J L T ? W _ Gr:n = G,_-l' Pe Gy:0
- i Carry chain
30 GI.D GCI.IJ
e I o\
| ) | C,(G.P) = G+PC, -\}‘P’ Aok
y 'c F=hze

S(G,P) = P®C,

O

+(N-1)t__ +max(t_ ., t

tadder= setup carry’ sum)

carry

B ER REHE <30>
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- BFPGKATNIAIE A
(15 14 13 12 11:.:{) 9 8 7T 6

Pii Gji Pijs1 Gijeq

Black cell
2 1 K:j+1 ji
= N4 \Ti/"”]
2:1 K:i W \/
G:-'-'-lr' GI."' Pz 6| Pk:i Gk:i
= 0
=l '

Pos= Pz,PI P :
£

Gray cell
kij+1 ji Gy Picjs1 Gicje1
| : k:i
E ] Gk:i‘|>*Gk:i
P % P
|15:'D14:CI 13:012:011:010:0 90 80 7:0 60 50 40 3:0 220 1:0 00

| .
K:i l, ;"l
\/ ki
Carry RippleBYPGE]
<31>
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(15141312111093?55432 1 0)

] -
‘q' S —_— ___—_:—_:_,_,.——__

.—___- ] __i

158 147 13:6) 125] 114
8's —>

| s —

15:014:d13:012:011:010:0 9:
0140120

(8:1) + (1:0)

_E_'_‘_‘-'—-_._‘_‘j
(15:8) + (7:0) @
(15:12) + (11:8) + (7:4) + (3:0) . (8:5) +(4:1) + (1:0)

(15:14) + (13:12) + (11:10) + (9:8) + (7:6) + (5:4) # (3:2) + (1:0) (8:7) + (6:5) + (4:3) + (2:1) + (1:0)

{ENLRR C (G,P) = G+ p/cl.\—\f”: Ab k
P=atp
S(G,P) = P®C,

BEBEH REHE

& R »
N A 75 F

PEKING UNIVERSITY

(24, (W)

Gisie= 613:6 t
fi3:4 65:0

Gnr:e = Oi3:io +
Fr;:a G.qu
Pi3:c = Prs:ie Py,

Gsig= 65:¢ +

I'z;: 2 610

(2=

13:¢ Gio
VAN VAN
13:10 q:p ST 1o

/\

13:12 N:lo ...

<32>
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P, Gy P, G, Black cell Pj:i Gj:i Pk:j+'1 Gk:j+1
2 1 Kj+1 i ’J_ﬁ
- ‘ - 7 A
2:1 ‘ i W \/
rl' l: PQ.PI P21 G4 Gl:lr' Gat Pg 6| P Gy
Gray cell
k:j+1 J| Gj;i PK;J‘+1 Gk;J‘+1 Buffer
| : K:i
: = Gk:i<|>;GK:i
| . i
K:i '. | Pxii *I>* P
\‘/ k:i
Gk:i
PGEIZ4E-Radix 2

BEBEH REHE

< ) »
N e 7 ) ¥

PEKING UNIVERSITY

G’m:i=
g(Gm:n+1' Gn:k+1' Gk:j+1' Gj:ir Pm:n+1' Pn:k+1r Pk:j+1)

Pm:i= p(Pm:n+1' Pn:k+1' Pk:j+1r Pj:i)

Radix 4

<33>



One backward tree  One forward tree
L

niEEm&sT

. EFPGKRIESEIRITS L — SZPGRINTESE

Brent-Kung

(15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0)
i

2 Iog{n)

90

|15014({307?011010090 80 7:0 60 50 40 3.0 20 1:0 0:0]

Sklansky

log,(n) &2

(15 14 13 12 11 10 9

|15:014:013:012:011:010:0\9:0 8:0 7:0 6:0 50 4:0 3:0 2:0 1:0 0:0

\

* Uneven sizing (10:8) + (7:0)
* Large fanout

Han-Carlson

log,(n) +1

(15 14 13 12 11 10 9

Full tree every
other

+ 1 stage
ripple

|15:014:013:012:011:010:0 9:0 8:0 7:0 6:0 50 4.0 3:0 2.0 1:0

0:0|

Low fanout, tradeoff between logic levels and wiring

Reduces wire length by half | = half power compared to Kogge Stone

« Kogge-Stone: low logic levels, low fanout, high wiring

 Brent-Kung: low fanout, low wiring, high logic levels

« Sklansky: low logic levels, low wiring, high fanout

BEER REHE

<34 >
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Example: 1100 : 12,
0101 : 5,
1100 )
0000
1100
0000

00111100 : 60,

M x N-bit multiplication
— Produce N M-bit partial products

multiplicand
multiplier

partial
products

product

— Sum these to produce M+N-bit product

m

B ER REHE

C

Q‘\”"if, »
N A 75 F

o PEKING UNIVERSITY

<35>
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Multiplicand: Y = (Ym-1, YM2, o+ Y1, Yo)
Multiplier: X = (XN-1, XN-2, o, X1, X0)
M-1 N-1 N-1 M-I
SDED LI
Product: P Z.}jz X,2 X,),2
=0 i=0 i=0 j=0
Yo Yo Y2 Yo Yio Yo multiplicand
Xs X, X X X, X _ multiplier
Xo¥s  Xo¥a Xo¥s Xo¥a XYy XY
Y5 XYy XYs XY, XY, XY,
N5 XYa XYy XYy XYs XY partial
X¥s XYy X¥; XY, XY XY, products
XYs XYoo XYy X¥o XYy XY
XsYs Xs¥q Xs¥3 X5Y, XYy X5V i
Pt Pw P Pg Pr Ps Ps Py Py Pp Py P product
BEBH FREHE

Each dot represents a bit

PIFEE

PEKING UNIVERSITY

0000000000000 00 0«4/,
0000 e0e00000000c 4 °
00000000 OOGOOGROIOOINC 4
000000000000 OO0 O« °
[
parial products 1188 G G o e G e e e e e e e el :
o
000000000 O0COOSOEOS O« NE
0000000000000 00 0« o =
0000000000000 00 0« ol =
000 000000000000 O« {
Q
o000 0000000 0000« e
00 0000000000000 0« °
0000000000000 00 0«
! 0
0000000000000 0 00« °
00000 0000CQCROOOO® O OK °
000000000000 000 08« ® X,

<36 >
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- RiEEmRITRYZ O EER SN 2NN

Multiplicand:
Multiplier:

M-1 N-1 N-1M-1
_ j il it]
= ? — 3
Product: P 2 V2 2 X;2 z , 2 X,y,2
j=0 i=0 i=0 ;=0
Ys Yo Ys Yo Yi Yo multiplicand
X X X X X, X multiplier
Xo¥s  Xo¥y XYy Xo¥a Xg¥q XY
XYs XYy XYy XiYa XYy XY
X¥s XY, XYy XY, XY, XY, partial
X¥s X¥s XV XV XYy XY products
X¥s X¥a XYy XY, XY, XY,
Xs¥s Xs¥s Xs¥s Xg¥, XY, XY i
Py Pw Pa Ps Pr Ps Ps Ps P P Py Py product

BEBEH REHE

Y = (Ym-1, YM-2, -r Y1, Y0)
X = (XN-1, XN-2, -+, X1, X0)

=)

77

\E ¥z ¥i Yo
-
R V74 | | _
X0 v 1
e
/I :
// | }
X1
/ : CSA
(= Array
]
X2 /‘ I
( |
|
I T,
X3 a
J
-
| s -
rd
—_— e - - g - — = = CPA
{ | . . .. J_‘:!? _
L | I
pr P 5 Pa P2 Pz P Po
AB  ————-
Sin A Cin critical path A B A B
vy 4
B ¥ Sin
A - Cout Cin = Cout Cin
+ Cout Cin Sout
Cout Sout Sout Sout
<37 >



TR »
ANEZFES]

508 PEKING UNIVERSITY

Tt
* WA ER S FIRINATREL?

* Array multiplier requires N partial products

* |f we looked at groups of r bits, we could form N/r partial

products.
- ?
‘ oP Faster and smaller: L1 0 0
— Called radix-2" encodin
(o o) 5 g (0 1) (0 1
ad d ad ol
(o 1) / Ex: r=2:look at pairs of bits b b b b
(l 0) Y (4y-2%), partial products of 0, Y, 2Y, 3Y
gy — First three are easy, but 3Y requires adder ®
O 1) Y

,EE,*E\E EE %Eﬂi@, < 38 >



AEEMRIT

- AR ER D FIRINAYREL — HHigRE3 (Radix-27r)

4y-2y |
by-y |
EIEEM #5516

o

Instead of 3Y, try —Y, then increment next partial product to
add 4y

Similarly, for 2Y, try —2Y + 4Y in next partial product

Inputs Partial Product Booth Selects
(21 ET ) PP, SINGLE, | DOUBLE, | NEG,
_0 07171 0 0 0 0
o [ o | ()] @ 1 0 0
0 1 0 Y 1 0 0
0 1 1 2y 0 1 0
(1 0) © -2Y 0 1 1
1 0 1 -y 1 0 1
1 1 0 -y 1 0 1
(1 1y 1 -0 (=0) 0 0 1
=
® frus

éo“”'w& »
ANTFES

PEKING UNIVERSITY
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* WA ERSFNRNMMATREY — HHigwtS (Radix-2/r)

RERASHY LK
- FEEN. BRI ERITSIMG
© FERTERINEREREHE

. TR
. FEsSitHE

Inwta Partial Product Booth Selects

(on | =) [ Dl ) PP SINGLE, | DOUBLE, | NEG;
.--:-0——-&.\\1' - 0 0 0 0
0 0 @ @ 1 0 0
T T i Y i 5 =
0 1 1 2Y 0 1 0
(CID) | o —2Y 0 1 I
. 0 1 =¥ 1 0 1
1 1 0 =Y 1 0 1
(] 1)1 -0(=0) 0 0 i

BEBEH REHE

RZTEYxQ=-6x-7, Q23RN Y E2HEREL (4bit)
1. Y=-6=1010 Q=-7=1001T -Y=6=0110

2. FEIL QRzME, Q=10010

3. HWIRREFTSL, Y =11010, -Y =00110

3. /ELE (ANEBDF. QRFEN)

Step1: Q=10010

A=11111010 Q=1001 Q-1 =0 % ST E
Step 2: Q =10010

A =00110000 Q =1001 Q-1=0 ZAEB#H=E

ZZ8: 11111010 (-6) + 00110000 (48) =42

<40 >
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* WNfETREEDE
RERASHY LK

- FEEN. BRI ERITSIMG
© FERTERINEREREHE

A s A
© HEERENFTSU
— A
- FFENESITR
Inpyits Partial Product Booth Selects
(oer | =) (D)) PP SINGLE, | DOUBLE, | NEG;
i R Y 0 o ] 0 0 0
) . @ Q@ 1 0 0
0 1 0 Y 1 0 0
0 | 1 ] 1 2Y 0 1 0
(1| o) o -2y 0 1 1
1 0 3 Y 1 0 1
1 1| 0 =Y 1 0 1
(1 1y 1 -0(=0) 0 0 1

BIEBEH FEHE

SN ZRNMRYIREL - HRSRES (Radix-2/r)

RKITEYXxQ=-6x7, QZ3

u“'u.,r »
NIECE R

o PEKING UNIVERSITY

ez, Y 2REL (6bit)

-Y =6 =000110
0

EHONAFS{z, Y=1111010, -Y = 0000110

€£4)

A = 000000000110 Q =000111 Q-1 =0 %*MEFRETE

1. Y=-6=111010 Q=7 = 000111
2. 2 Q [/5xhE, Q = 000111

3. #3

3. ELE (ABERDF. Q93
Step1: Q =0001110

Step 2: Q =0001110

A=111111010000 Q =000111 Q-1 =0 ZE®B/fFES\

Step

£58R = 000000000110 (6) + 111111010000 (-48)

3: Q=0001110

] =

~ ' 1

= -42

<41 >
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module barrel shifter

(
input logic [7:0] a,
input logic [2:0] amt, 5 3!’ 8 y
output logic [7:0] y —~ z
)i .
8-bit
always comb 3 Barrel
case (amt) Shifter
' r Yy = a; e
y = {al0], a[7:1]};
y = {a[l:0), a(7:2]};
y = {al 1, al7:3)};
y = {a[3:0], a[7:4] };
y = {a[4:0], a[7:5]};
y = {a[5:0], a[7:6]};
3'b y = {a(6:0], al7]}:
dafault y = a;
endcase
endmodule

BBEE A <42>
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« Wire Geometry

1 pm

Mg

M7

ME
M5

]
M3
K2
M1
Transisicrs

Intel 90 nm Stack Intel 45 nm Stack

EEA
[

1

Crm

BH FEHE

ZEMENITER

p = resistivity (£2*m)

[

R=£
I w W
Rp = sheet resistance (€2/0)
— Ois a dimensionless unit(!)

Count number of squares
— R=Rpg* (# of squares)

e

1 e inregus i Binei
RL=R LW

(\"N‘lf€ »
NEF T

PEKING UNIVERSITY

f—t—
I
/)
& P i’ Bl i
R =R I C
R ILAW
<43 >
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« Wire Repeaters

 Rand Care proportional to /

. . . ? _—
e RC delay is proportlonal to /2 How many repeaters should we use- oD e
: * How large should each one be? > -
— Unacceptably great for long wires wr
] ] * Equivalent Circuit L_‘ wo
* Breaklong wires into N shorter segments _ Wire length /N
— Drive each one with an inverter or buffer * Wire Capacitance C,*//N, Resistance R, *//N
Wire Lengtt | — Inverter width W (nMOS = W, pMOS = 2W) R L Go 4
D>@ $ ? * Gate Capacitance C*W, Rei:‘s’giln‘c‘%'w/ t' NG’! o ("‘;;" tTWITW
river ecelver _R_. { cw L
—Do— ‘ RWN[ P (% ‘"w)(-s-: W))
AN
| N Segments R J_ J_ J_

1
Segment W J;CW l%/v ﬁ %N ﬁg $CW

Driver Repeater Repeater Repeater Receiver

RIBE R A <44>
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« Wire Repeaters

PEKING UNIVERSITY

* Write equation for EImore Delay
— Differentiate with respect to W and N

FAEBEH FaHE <45 >



CONTENTS . ERMNEFRESITEIE
. BIRASIEITSEW
FiTEETlAN %

. AigitiiiES Verilog




S RITRE

» RESKSH2AE - =I5/R. &=FE. AMD,

’

FSH AT
Timing

=

RBEHFSHIGTESFTE

il

BIEEH FEFHE

C

Vet (FAE)

i b Tape out

(T »
NELF TR

PEKING UNIVERSITY

PCRLIBEECPUE

Qualcommw

FNSOCEH

<3

NVIDIA.

BB GPU

<47 >



TR ;Cﬁi&ﬁiji
- EirRIEERERFIVEEES

- eon — - . ZERBR . $EER . ZERIR
LI e . BEEIARN - BE=Z - BEZE
. MEEEE e H[E|Imagination e Hi[E|Imagination - EESB
b .+ E BN . 5 . EEEE
. BT « X[EMips o R (Rifl+ « 8T8
. REFIE e Synopsys %Hi@.*sl') . EF;L,\IEIB;‘T{
« Z£[E|Cadence o HTYEF o AT E(K
o ZE[E|Mentor Grap o ERFFK o KT
___hics o SCINAHFL « GHEKE
« HAREHH « JL 5 BUFR . BEREL
BRGHWEDARIHTREE oM -mee ot
o FUH AR o IKHERBF
S E AT . B | wxnn
« BHRE . BE M

EEEEEEI %ﬁ#@ <48 >



TR 9 SN({JNWER;ITY
1911‘557]1455)&# (EDA) RiRH GG XREEER, BrttHEE 2B A E S

SYNOPSYSE SILVACO Bcliosoft
(adence “(adence fnﬁmfﬂm M

' manage
g H; O l’-ir'-jjl II IGMSHE- &AL‘]’AIR $EHEKER
A KEYSIGHT ‘iDownS r€am

3 I\nsvs DEFACTO 3 AGNISYS

jfnnpsvs Intd

RS TR
5(hEIR

it

SYNaPsys )
adence sl T
UK ER
— €DA
€DA lech
Altum. | VoS Semiforell\Clo bt

. ey

4 =HliE A 2 Hofte

<49 >



RES R - £HE8. RAERS LIy
- EHEBESH, EREREREARRARCHEIGITAD

A2 HUAWE] [ R e SR ]
| | | |

'/--?tﬂ_SDCEH\' BiEER nE e &3 A a7’ Al H g loTHH E
hey 4 | ——
( ﬁ geEn | (RaEmEsch| | wmss RS EER =1 EM{EE~ L ER
’ ¥ H P . 7 —— STATE GRID INFO & TELECOM GROUP
- B - &
ERESHEFEHERRAE
H'S'L ’CON Nate2O F RIS FEENESEEE !wﬂgﬂgﬁm nlns:g;ﬂﬁﬁ;fﬂﬁ %;‘;Eiﬂz_;;ﬁﬁrﬂ BELING SMARTCHEP SICROELECTRONICS TECHNOLOGY Gk, LTD.
e Fhg AN / i
REXEH
T
BanEE HIEX R 22/FPGA =i HiEEE

SANECHIRS
unilc

e T

uE yl:'i. S \ iy BEHEXGH

WAEHI2SRACIDNAND  HERE BN AR —REE R TAI32 SIFEFETFXtacking 01
TSlNGHUA UNIGROUP s DRAMiSH E=HREH BITET RIS

128/=3D NANDINZ DDR4 RE=HNTFGH G4E=HEINT

B ER REHE <50>



RER “-REEF" dilE: SiEeERRT
- BEESHEGTESGHRCPU, GPU, FPGARNESE SRR T BRIERRS
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What is HDL, Verilog?

What is Verilog?
» Hardware Description Language - |EEE 1364-2005

» Superseded by SystemVerilog - IEEE 1800-2009

» Two Forms
1. Behavioral

2. Structural
» It can be built into hardware. If you can’t think of at least one
(inefficient) way to build it, it might not be good.

Why do | care?
» We use Behavioral Verilog to do computer architecture here.
» Semiconductor Industry Standard (VHDL is also common, more so in

Europe)
<h3>
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 1TA%\Verilog5itEiR# Verilog

Behavioral vs. Sturctural

Behavioral Verilog Structural Verilog
» Describes function of design » Describes construction of
» Abstractions design
» Arithmetic operations » No abstraction
(+s - s* sf)

» Uses modules, corresponding
to physical devices, for
everything

» Logical operations
(&1 | )A lH

Suppose we want to build an adder?

BIEEH FEFHE

NI )
LD
S A
~ e

> -

o <)

T59%

ez ) ¥
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Structural Verilog Behavioral Verilog

ao—1

module one_bit_adder (

input wire a,b,cin,

output wire sum,cout);

assign sum = a -~ b = cin;

assign cout = ((a - b) & cin) | a & b;
endmodule

cino

OR ..

Figure: 1-bit Full Adder medule one_bit_adder(

input logic a,b,cin,
output logic sum,cout);

module one_bit_adder (
input wire a,b,cin,

: always_comb
output wire sum,cout);

begin
wire w_0,w_1,w_2; sum = a -~ b = cin;
xor u0(w_0,a,b); cout = 1'b0;
xor ul(sum,w_0,cin); if ((a ~ b) & cin) | (a & b))
and u2(w_1,w_0,cin); cout = 1'bl;
and u3(w_2,a,b); end
or ud(cout,w_1,w_2); endmodule
endmodule

,EL\,H\IQE\EEEI %ﬁ#@ < 55>
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Data Types, Values

Synthesizable Data Types

wires Also called nets

wire a_wire;
wire [3:0] another_4bit_wire;

» Cannot hold state

logic Replaced reg in SystemVerilog

logic [7:0] an_8bit_register;
reg a_register;

» Holds state, might turn into flip-flops
» Less confusing than using reg with combinational logic

(coming up...)

Unsynthesizable Data Types

integer Signed 32-bit variable
time Unsigned 64-bit variable

real Double-precision floating point variable

Four State Logic

0 False, low
1 True, high
Z High-impedance, unconnected net

X Unknown, invalid, don't care

<hpg >
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Operators
*  Multiplication
/  Division
+ Addition
- Subtraction
%  Modulus

'
&&
Il

Exponentiation

Complement
And

Or

Nor

Xor

Xnor

Complement
And
Or

EEH FEHE

>>
<<
22>
<<

{.}
{n{m}}

i

Logical right shift
Logical left shift
Arithmetic right shift
Arithmetic left shift

Greater than
Greater than or equal to
Less than

Less than or equal to

Inequality

4-state inequality

Equality
4-state equality

Concatenation
Replication
Ternary

cva"'e »
NPT

PEKING UNIVERSITY

Setting Values

assign Statements

v

One line descriptions of combinational logic

\d

Left hand side must be a wire (SystemVerilog allows assign statements
on logic type)
Right hand side can be any one line verilog expression

v

v

Including (possibly nested) ternary (7:)

Example

module one_bit_adder(

input wire a,b,cin,

output wire sum,cout);

assign sum = a = b ~ cin;

assign cout = ((a = b) & cin) | a & b;
endmodule

< 57 >
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Setting Values Examples

Combinational Block
always Blocks

always_comb

» Contents of always blocks are executed whenever anything in the begin
ce - . X = a + b;
sensitivity list happens y = x + 8'h5;
» Two main types in this class. .. end

» always_comb

» implied sensitivity lists of every signal inside the block

» Used for combinational logic. Replaced always @x Sequent'al Block

» always_ff @(posedge clk)
» sensitivity list containing only the positive transition of the clk signal always_ff @(posedge clk)

» Used for sequential logic begin
- . \ X <= #1 next_x;
» All left hand side signals need to be logic type. y <= #1 next_y;
end

H

SE A <58>
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Blocking vs. Non-blocking statement

Blocking Assignment Nonblocking Assignment
» Combinational Blocks » Sequential Blocks
» Each assignment is » All assignments occur
processed in order, earlier VS. “simultaneously,” delays are
assignments block later ones necessary for accurate
» Uses the = operator simulation

» Uses the <= operator

BIEEH FEFHE

Blocking Example

éx"\”"e »
NELF TR

PEKING UNIVERSITY

always_comb
begin
X = new_vall;
y = new_val2;
sum = X + y;
end

» Behave exactly as expected

» Standard combinational logic

new_vall _[ L/ LI
x UL Y
new_val?2 [T L [
y [T L[

sum _[ | L[]

hrrog

Figure: Timing diagram for the
above example.

<59 >
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Nonblocking Example Bad Example
always_ff @(posedge clock) always_ff @(posedge clock)
begin begin
X <= #1 new_vall; x <= #1 y;
y <= #1 new_val2; zZ = X
sum <= #1 x + y; end
end
» z is updated after x
» What changes between clock LM ILMrmrr ) ) clock LI LILILI]
these two examples? > Z updates on negedge reset
new_vall | | clock
» Nonblocking means that x — \ X — [
:I:Jm I:Es at:{yclr:-: be?md new val? [ — ¥
e other two signals [
. y 1A 2 — 1T
—_ 7T [ . - .
sum Figure: Timing diagram for the

above example.
Figure: Timing diagram for the above example. P

H

SE A <60 >
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Latches
» What is a latch?

» Memory device without a clock To avoid unintentional latches

» Generated by a synthesis tool when a net needs to hold state without

being clocked (combinational logic) PiiShER iR i e

» Generally bad, unless designed in intentionally always_comb
i i begin
» Unnecessary in this class next x = x;
if (cond)
5 SR
Latches g =
» Always assign every variable on every path
always_comb
» This code generates a latch begin
_ if (cond)
» Why does this happen? next_x = y;
else
next x = x:
always_comb end
begin
if (cond)

next_x = y;
end

H

BIEEH FEFHE <61>
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ModulefiE=:

Writing Modules

M Od U | eS » Inputs and outputs must be listed, including size and type
format: <dir> <type> <[WIDTH-1:0]> <name>;

e.g. output logic [31:0] addr;

Intro to Modules
» In module declaration line or after it, inside the module

» Basic organizational unit in Verilog

» Can be reused
Instantiating Modules

Module Example » Two methods of instantiation

1. e.g. my_simple_mux ml(.a_in(a),.b_in(b),
.select_in(s), .muxed_out(m));

module my_simple_mux (

input wire select_in, a_in, b_in; //inputs listed .
output wire muxed_out); //outputs listed 2. eg. my_simple_mux mi(a,b,s,m);
assign muxed_out = select_in 7 b_in : a_in; » The former is much safer. . .
endmodule
» Introspection (in testbenches): module.submodule.signal
BEEH FEaHE <62 >
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Keys to Synthesizability

» Remember — Behavioral Verilog implies no specific hardware design
» But, it has to be synthesizable

» Better be able to build it somehow

Combinational Logic

» Avoid feedback (combinatorial loops)

» Always blocks should

» Be always_comb blocks
» Use the blocking assignment operator =

» All variables assigned on all paths

» Default values
» if(...) paired with an else

BIEEH FEFHE

NPT

PEKING UNIVERSITY

Sequential Logic

Sequential Logic

» Avoid clock- and reset-gating

» Always blocks should

» Be always_ff @(posedge clock) blocks
» Use the nonblocking assignment operator, with a delay <= #1

» No path should set a variable more than once
» Reset all variables used in the block

» //synopsys sync_set_reset ‘‘reset”

<p3>
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Flow Control

All Flow Control

» Can only be used inside procedural blocks (always, initial, task,

function)

» Encapsulate multiline assignments with begin. . .end

» Remember to assign on all paths

Synthesizable Flow Control

» if/else

> case

Unsythesizable Flow Control

» Useful in testbenches
» For example. ..

» for

» while

» repeat

» forever
BEEH FEaHE

Synthesizable Flow Control Example

NI )
LD
& %
~ e
o <)

T59%

always_comb

begin
if (muxy == 1'b0)
y = a;
else
y = b;
end

The Ternary Alternative

wire y;
assign y = muxy 7 b : a;

Casez Example

alwvays_comb

begin
casez(alu_op)
3'b000: r = a + b;
3'b001: r = a - b;
3'b010: r = a * b;
3'bl?7: r=a " b;
endcase
end

ez XY

PEKING UNIVERSITY
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Testing

What is a test bench?

» Provides inputs to one or more modules
» Checks that corresponding output makes sense

» Basic building block of Verilog testing

Why do | care?

» Finding bugs in a single module is hard. ..
» But not as hard as finding bugs after combining many modules

» Better test benches tend to result in higher project scores

)
> —
{892

y) At %
\
PEKING UNIVERSITY

Intro to Testbench

Features of the Test Bench

» Unsynthesized

» Remember unsynthesizable constructs? This is where they're used.
» In particular, unsynthesizable flow control is useful in testbenches (e.g.
for, while)

» Programmatic

» Many programmatic, rather than hardware design, features are available
e.g. functions, tasks, classes (in SystemVerilog)

A good test bench should, in order. ..
1. Declare inputs and outputs for the module(s) being tested

2. Instantiate the module (possibly under the name DUT for Device Under
Test)

3. Setup a clock driver (if necessary)

4. Setup a correctness checking function (if necessary/possible)
5. Inside an initial block. ..

5.1 Assign default values to all inputs, including asserting any available
reset signal

5.2 $monitor or $display important signals

5.3 Describe changes in input, using good testing practice

<p5>
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« Testbenchfinitial block

initial Block Example

initial

begin
@(negedge clock)
reset = 1'bl;
in0 = 1'b0;
inl = 1'bi;
@(negedge clock)
reset = 1'b0;
@(negedge clock)
in0 = 1'b1;

end

.
2

3

Testbench'® FHH R IRIR

task
» Reuse commonly repeated
code
» Can have delays (e.g. #5)

» Can have timing information
(e.g. @(negedge clock))

» Might be synthesizable
(difficult, not recommended)

BIEEH FEFHE

function
» Reuse commonly repeated
code
» No delays, no timing

» Can return values, unlike a
task

» Basically combinational logic

task Example

task exit_on_error;
input [63:0] A, B, SUM;
input C_IN, C_OUT;
begin
$display("@Q@@ Incorrect at time %4.0f", $time);
$display("Q0@ Time:%4.0f clock:%b A:%h B:%h CIN:%b SUM:%h"
"COUT:%b", $time, clock, A, B, C_IN, SUM, C_0OUT);
$display("00@ expected sum=%b", (A+B+C_IN) );
$finish;
end
endtask

function Example

function check_addition;
input wire [31:0] a, b;
begin
check_addition = a + b;
end
endfunction

assign ¢ = check_addition(a,b);

<06 >
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« Testbenchf=fl

System tasks and functions Test Bench Setup

$monitor Used in test benches. Prints every time an argument module testbench;

changes. Very bad for large projects.
e.g. $monitor("format",signal,...)

logic clock, reset, taken, transition, prediction;

two_bit_predictor(
.clock(clock),
.reset (reset),
.taken(taken),
.transition(transition),

$display Can be used in either test benches or design, but not after
synthesis. Prints once. Not the best debugging technique
for significant projects.
e.g. $display("format",signal,...)
$strobe Like display, but prints at the end of the current simulation
time unit.
e.g. $strobe("format",signal,...)

.prediction(prediction));

: : s - always
$time The current simulation time as a 64 bit integer. begin
$reset Resets the simulation to the beginning. clock = #5 ~clock;
$finish Exit the simulator, return to terminal. end

More available at ASIC World.

551 EEEE %ﬁ#@ <67 >
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« TestbenchPJftestcase

Test Bench Test Cases
initial
begin
$monitor("Time:%4.0f clock:%b reset:%b taken:%b trans:}b"
"pred:%b", $time, clock, reset, taken,
transition, prediction);
clock = 1'bl;
reset = 1'bl;

taken = 1'bi; Remember to.. .

transition = 1'bl; » Initialize all module inputs

@(negedge clock);

@(negedge clock); » Then assert reset

reset = 17b0; » Use @(negedge clock) when changing inputs to avoid race
@(negedge clock); conditions

taken = 1'b1;

@(negedge clock);

$finish;
end

H
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rmodule my_fir |

input clk,
input reset_m,
input signed [7:0] fir_in,
input fir_wal,
output reg fir_out_wal,
output reg signed [6:0] fir out );
/=
/{ Internal signals {wires and FFs)
/=
localparam ho =-7;
localparam h1 =13;
reg signed [7:0] in_do;
reg signed [7:0] in_di;
reg signed [7:0] in_d4;
Reg in_val _reg;
wire signed [11:0] mult_out0;
wire signed [11:0] mult_outl;
wire signed [14:0] sum_out;
assign mult_outd =in_d4*h0; /f combinational logic
assign mult_outl =in_d3*hl;
assign sum_out = {{3, mult_out0[11]}, mult_out0}+ {{3, mult_outl[11]}, mult_outl} + {{3, mult_out2[11]}, mul_out2}+ {{3,
rult_out3[11]}, mult_out3} + {{3, mult_out4[11]}, mult outd}; [ sign extension and then add.

BIEEH FEFHE

PIFPE

PEKING UNIVERSITY

always @|posedge clk or negedge reset_n)

begin
if (~reset_n)
begin

in d0  <=0;
indl <=0;

in_val_reg
fir_out_wal
fir_out
end

else
begin
in_val_reg
in_do
in_do

fir_out_wal
fir_out
end

end

endmodule

<= 1"b0;
<= 1"b0;
<=(;

<= #1 fir_val;
<=#1 fir_in;
<=#1in_d0;

== #1in_val_reg;
<= #1 sum_out[9:3];

<09 >



VerilogiBS @7

- Verilog+ Testbenchf3igjEa 5Ll

“timescale Lns /1 ps

maodule my_fir_th;

parameter  CLOCK _PERIOD =125 Jf BMHz
reg clk;
reg reset_n;
reg signed [7:0] fir_im;
reg fir_val; always @ (negadge clk)
reg fir_out_val; begin
reg signed [6:0] fir_out; #1
integer finput, in_read_cnf; begin
if {in_read cnt<1)
my_fir UUT( fir val  =1'b0;
.clk {clk ), alse
reset n (reset n |, begin
fir_in (fir_in ), in_read_cnt = Sfscanf{finput,"%d %d\n", fir_in, fir_val);
fir_wal  {fir_val ),
fir_out  {fir_out ), if (in_read_cnt<1)
fir_out_wal (fir_out wval ) begin
)i Sfclose(finput);
initial fir val =1'h0;
begin end
finput = Sfopen(“input.txt”, "r"); else
clk =1'b0; begin
resset_n =1'bl; end
in_read cnt =-1; end
#(CLOCK_PERIOD) end
reset n = 1'b;
#(CLOCK_PERIOD)
reset n =1'b1;
end

always #CLOCK_PERIOD/2.0) ok =rclk
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