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« MOSFETERIIRE - Hith(gate). imth(drain)FliEiR(source)
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. . - SHR-IRIRIBIHYEEEVes<Vth
Bk iR R G ven A, NIETEEEREICTRR-
Source . Gate Drain Source . Gate ( : Drain ;\}ﬁ*&lsa—_lﬁg EE,EVdS?ﬂg?&, Eﬁ
PNEHIHRSIEE, 258
TNl G EIHE N

- HVgsBIIREREVihG, &

Fepk— MEE_— R EEE
e A L L 15, EXFEZAERT,

Sio2 EFIPX 3R FiHiEAYER F

SRS IZESsio2fl], 7ESio2

F2R— BB R EERTR

SRR (GESI025RMH),
Saturation mode BINBYSHFiE(depeletion)

Linear operating region (ohmic mode)
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MOSFETE# - MRS HINER
 MOSFETE=/1MTIERIE: EiFF. Zit (EXtBXIE) . 18Ff] (BEARERRZEESM)

ld-v Characteristics 3D electron density for V=06

1E-5

1E-6

1E-7

1E-G

T 1E-9

zl‘ﬂj1 *zll:\ . VgZ:E *zll:,\ :Linvax'Egion (ohmic mode) ::z

Vs = Vs~ Vi Vos ™ Vos~ Vmu
Source Gate Drain Source Gate Drain

P substrate pinched-off channel

Saturation mode at point of pinch-off Saturation mode

El‘gj3 *z'l:\: Vdiik Vth: MOSFETHIEERE Vds
5I2t8x%

1. BiFXE: Vgs < Vth 2, &{%KX[E: Vds < Vgs - Vth 3, 1EflIX[E: Vds > Vgs - Vth
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4. A BJe T EPB 457 A bkt & TokEamERE 10, a8, FRAGER A
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p-type substrate p-type substrate kL)

2. He R MR B 7 o d) 5. & K — B = fifesk -t 2 [ 8. BFEA-REEAPINA K ‘: 1. EA AR E k42K E, PVD
I -
' 1 1
| % 0K
\ ! ’ | |
I 1
p-type substrate p-type substrate '\ pype substrate | pype substrate

3. BT EABANG-E AN BT

:p.m ) o Mﬁ

p-type substrate
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Source Gate Drain

Polysilicon
i) SOy

Body _L
p bulk Si J L
NMOS
SR FREE:

S fum (body) #Eib, BMKEE[E
S Mtk (gate) TNBRIEPNEFESHER
S TERREN, miAEXH
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Source Gate Drain
Polysilicon O O
SiO2 \ i)
\ \ h__-__.-
Y M W Y
e P

I L
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n bulk Si
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MOSFETg# - M SHBER
. NMOS5PMOS

Source Gate Drain Source Gate Drain
Polysilicon Polysilicon O O
i) Sio, SiO, \ i)
HHEHHHHHHEH ..\") HHHHHEHED
Body _L _L pt p+
p bulk Si I I n bulk Si
NMOS PMOS

Lt TFSERE:
MOS EB Stk EB1ERE, FigllEHaEma
ISR FRIEBIEREE 9 n BY
MEBEDEERENEE, BAESE
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Source Gate Drain

O O Polysilicon
(ﬁ / SiO,
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p bulk Si gL
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EN) L 7 ¥

s PEKING UNIVERSITY

Source Gate Drain

Polysilicon O O
SiO5 \ ﬁ)

1 [ e 2

I n bulk Si

PMOS

FLINMOS, {BizZFNBEHER
1Z|S1ﬁ'ﬁ'5m%5IZ$El§ (VDD)
*MW{&EESF EIEI Z'-‘E'.-r.rl_
RSB RINEXA
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MOSFET{EAFXRIT AKIRE
- NMOS, PMOSHIfE& RiHzS

In Out

out

S S Vin= Vop V,
i ON i OFF In Out

|
d d

i}
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Source Gate Drain

Polysilicon

S0,

1

J L

NMOS

Source Gate Drain

Polysilicon

S0,

bulk Si

Sy »
@ ez X%
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(

e i
—1 —— 0.
4 Cu=
& c | ? () mmt —_—-—-_?‘l

=, | 0,
o H L
= I
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. NMOS‘ PMOSHJLA4HREPDN#IPUN

VDD b & =S AJ
S EhnZEigit:
InN1 — Pull-up network: make a connection
n2 — PUN | TMOsonly  gom V., to F when F(In1,In2...)=1
InN
F(In1,In2,...InN)

InN1 —

In2 = PDN Pull-down network: make a connection
InN — NMOS only 6m Ground to F when F(In1,In2...)=0

= THIBERIT:
PUN and PDN are dual networks

BIEEH FREHE <17>
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EIEIPDN*I] PUNZHREEINANDI JEBEE

A B Out
0 0 1
0 1 1
1 0 1
1 1 0

cate

Truth Table of a 2 input NAND

¥) Ak 7

PEKING UNIVERSITY

4ed ﬂ

A o—

B o—

PDN: Connects OUT to ground when A®B=1
PUN: Connects OUT to Vggwhen A+B=1

So OUT = Complement of PDN function
Also OUT = PUN function with each input inverted

BIEEH FREHE

—"OUT=A+B NAND|’]

SAMIBRIA1RY, Haithia0
SAMIBAO0RY, i1
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F=D+(A(B+C)) TABRTFA0 -> D+A(B+C) =1
ZREYAEIRIE, EETEPDN S

Ex: D+XEMEDEXFEX ""°|l: 1
FAFEPDNEINF M 2%
{ESN3[A, BFICEFHERAY,
| WUZEPUNSR, fibfi18REX o[
SR wALES

D

SN2

SN

E\ljzu,\ N
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EHIFSIZEREE
- AR 1bitNiAZEBIg
A[n-1:0] + B[n-1:0] = S[n-1:0]

Cin A B Ci, Cout S carry status
J' /0 | o] o 0 0 kill
\_0 0o/| 1 0 1 kill
A ] 1-bit Full /O’K AK\ 0 0 1 propagate
Adder 1+ 8 b S a1 | e
. / =i oo sgmiEs sy
B ( FA) “&____{0/ 1 1 0 propagate Etb#ﬂ’]ﬂ:ﬁiﬁl’iﬂiﬁlﬁﬂ'
l 71 1| o 1 0 generate
C N 1./ 1 1 1 generate
out

C, =AB + BC; + AC; = AB + (A + B)C,
S=A@®B®C; =ABC; +C,(A+ B+ ()
G=AB, K=AB, P=APB

BIEEH REHE <20>



gmiﬁlb‘ﬁﬁﬁ Eg QEISN(ﬁJNiRSi
. fél'§1 bitNiZ=3FABEE

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

28 transistors Voo
v
DD ¢ A-d| B
o e
B3 - A
B— B [
:| p-C - —cil: ID_B Vop
Al [ =Co B
1 . X b- C I—ol
¢ — A l_-T_
e b
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4 2B IZAILER NP S
* PAInverterfztBz3 /35

25
V:'u {‘
2t ]
Strong PMOS
VDD = 50%; .
Rt * Weak NMOS I |
15] : : r
[ ) ominal : I : l >
S 1t | |1 |
Vin _ Vout > |Strong NMOS PHL - pLH |
1t & V A L(_).. |
Weak PMOS o : . | .'
] l ! l
[ | I |
1 05 BRY '
| A 50%
I
0 ' : 109
0 05 1 15 2 25 —
1
v, M R

i}
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A First- Order RC Network

Vor
Vl. n

o ../’tf'

Voo |,
Wd.___¥(f__
O
— Vout our(z) (1_ > T)Ep/ = 'LUM
Vin @/W»Tc Ry ( ft/z_-..;L

t,=In(2)7=0.69Rx(C t= kT
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- FIF—MRCIERBFT %

EEE_ VDD VDD
RP g
4L 4L \
Vin Vout Iy Vout Vin Vout F} Vout
4‘[ ——C #[ % —CL
Rn
V. = 0 - Vi= Vpp

(a) Low-to-high (b) High-to-low

BIEEH FREHE

ﬁéﬂtxJ’ ¥
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Gﬁﬂzzuf(B%FX(jL)
rpm =0.69R, xC,

=0.69R, xC,

<25>
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PR{RAEBRNZIT A
- FIF—MRCGERSHE %

- FIBBRIEBE - FFEC

tom = f(RyxC)) - REEZE, e
o =0.69R, % C, - (REFIFEELL &URM diffusion routing
o =0.69R, xC, - MG ERT - BFE R
—Efself-loadingHEl, BNSHEFERFEKX
- IENNERIIREB &

_ ANAAEN S, Ei—RRRA

i}
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FHEIERSWmARNIFEX!
Voo Voo

* [gnore C;, for the moment!
* Low to high transition

A ‘Q[ B -ﬂ‘ [ — both inputs go low
* delayis 0.69 R /2 C,
— one input goes low
* delayis0.69 R, C,
B _{ I: + * High to low transition
— both inputs go high
* delayis 0.69 ZR_C,

CUNI »
A ) N\
NELE B

s PEKING UNIVERSITY

)
/
O
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E,—;:El’_‘jTransstor Ordering EE(HFETHZIF

In, 1 va (%Targed @Mz f_ Cc:harged

I, — In 1—|\/|1_f i
M1 IC1 Charged 2 =— C1dISCharged

FEIRAC . SC1RERTERE SR FHCLRREE BT BlIRTE
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2R IRAYEImore Delayt=EY NP TS
- JERSHRAYRCIEEY

- SERAEEIEEME

- FBIRMEEIZEIRCH TS

*  RCH#BRYEImorefEiR
Apply to complex gates (i.e.,stacks),also interconnect (later)

‘i Rr fo— somce

nodes i

%( +(R+R,)C,+...+(R +R, +...+RN)CA>

R, R, R, Ry
S D
AN AN AN —— AN
— C ::C2 ::C;'OO ::CN
A4 A4 N V
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IR IRAY Transistor Sizing
- Blt5218PDNFIPUNRIZER#H{TITHEL

L »
NI E®
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OUT=D+Ae*(B+C)

A dl1 s f1l

i}

BIEEH REHE <30>
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2R IRAYEImore Delayt=EY ONEEER

- {HREZRAIRCIEE - 3-input NAND gates

* Estimate worst-case rising and falling delay of 3-input NAND driving f
identical gates. —

« R=13KQ/unit | - _C‘E2 —C‘sz‘ _c{ 3
»  C=0.21fF/uni i o~
= “Te )
- — —/ n
Worst-case pull up I f copies ' '

1 LA

Q69

;@ t,. =19+5/)RC Py
—(f+snc
Y g Worst-case pull down

& 9
l n2 ﬁ@ 0.6 o , ~.
Rfﬂ; 1 =1. _§+1_5C £+§|+[l?+ifk']£+£+£| )

t
pd . .3 3 3

ni b_‘? =
- f@rﬁ =(10.5+5f)RC

FHEEH FEHE ' <31>
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- EZHFE (Synchronous Timing)

u‘"u,’ »
NELE P

s PEKING UNIVERSITY

CLK I 1

In R, > Combfnatfona! > R,
Logic Out
A ES HEZLE (BEEIBR)
(Register)

i}

BIEEH REHE <33>
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. fAZZEAISetup TimefllHold Time

3 NIy 2 »

& ) - A\

?,5 z) |/ 5 . fé}
598 PEKING UNIVERSITY

Cik /
rf
D / //\g
Setup Time N ALY o SN »
T~ H“‘:“‘-H:““-_H I
_D 1‘1'"1-._‘_1&"‘-:"‘--_“:"";‘
— Clk Fr
Clk /
rf
Hold Time D Z
o Ff
Q

i}

BIEEH FREHE

C

{ 34>



HBIENFRNESHRE
- EZHFE (Synchronous Timing)

< ) »
NELF TS
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Timing Metrics  »—p o—on  Ck  y {
f
In o
| clock — R, , Comfg’:g?éfonai R, —
clock \ /yf \\\ u
tsu thold ) ti;Ile
Tc-q T tplogic,min 2 thold
In \ data ' o
X stable X ‘ nwin
: teq : time
Out output X X output T > tC-q —+ tploglc max -+ tSU
stable stable R " 5
time ox

i}
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-
- BHRNARENM . / N ;
Clk 3 fo A\ /
jitter
R1 R2 | R1 o R2
In inAati n Combinational
>D Q Comfg;agonai D Q —>1D Q Logic D Q=
AN A
A JAN
t t
CLK 1‘ toLk T toiko CLK 1‘ CLK1 1‘ CLK2
t t le—q togic
¢ ¢-q f logic lc_q, cd tiogic, cd
c-q, cd logic, cd tsa, fh old
tsu, thoid

Hold time constraint:
t(c-q, cd) T t(a‘ogfc, cd) = thotg T O

RINER ARSI EBRELX (ERE)
BIFERAIERDETREE (negative 5) HHEFIRT P Z [BRY =S
Cd: contamination delay (ERIRAIGEZEIR)

Minimum cycle time:
[ tc-q + 1ls.u + 1‘;‘r:)g.'.f'c -0
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nnixsmigit
- REA1bithNiZE=2B
* C, =AB+BC;+AC; = AB + (A + B)(;
« S=ADB®C;=ABC;+C,(A+ B+ ()

_“‘\“",, »
NPT

PEKING UNIVERSITY

e 28 transistors Voo
V,
_'I_DDI'_ ¢ A-d| B
e e
B3 - A
B— B [
7 ko —d e -
Ad| [ o B
1 . |:>—c |—c:|
¢ — A I -
WP e b

i}

BEEH #AHE =

C
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- Ripple Carrylili%g5FRES

A0 BO A1 B1 A2 B2 A7 B7
. 1-bit 1-bit it | 1-bit
' adder Co0 adder Co1 adder Cog | adder
I I I
SO S1 S2 S7
REIERSIVFHESLIERR
tg = O(N)
tacder = (N '”fcany + tsum
Goal: Make the fastest possible carry path circuit
BIEEH FAHE

_“‘\“",, »
NPT

<39 >
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hniEsRigit ONEEER
- HEFPGKIILES=&itHiE

A0 BO
1-bit
“ 7| adder [ cCog Generate (G) = AB
| Propagate (P)=A@®B
S0
e =1 C(G,P)=G+Pc.-\ P= Abk
— Generate: C,,; = 1 independent of C,, 7 i ps Aeg
« G=AeB S(G,P)=P€I3Ci
— Propagate: C,,, = C,,
s P=A®B
— Kill: C,,; =0 independent of C,
* K=~Ae~B
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Carry-Ripple using P and G

Co=G+EF-Cy, C¢,|: 6| r P| Cln
GUO_CIH
T e e e e g 27 Gat PuCo
00 — - " i i Ii
1] Nl 1 1

_ = = =

Couri = Cio ‘WLUK U\J U\' 9. Setu )
J\‘G‘ P, |G, G, |P, G‘,F' G, 6[0 - G, TP 6o

|; w—j GL:Q = Gl+ P.'_ 6':0
- ‘EZ |—Carrychain
GEI.IJ

L ] JCE CD

e
1]
\ c,
C

+(N-1)t

'H

T

o

+ max(t_ ., t

tadder= setup carry’ sum)

carry

REER FEHE <41 >
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Black cell
kij+1 i

P1 G1 P2 GZ I:’j:i Gj:i l:’I<:j+1 Gk:j+1

_o N/ \T"/““‘l

|
!

Y

Gzt 6a:1= Gat I’;Gl P G

Gray cell
kij+1 i Gji Pij+1 Gijr1 Buffer
| : K:i
: = Gk:i% G
k‘:i \T.____ | ) Pk:i% P
\/I Kii
e

PGARIZEE

i}

BIEEH FREHE

C

& ) »
NELE B

PEKING UNIVERSITY

Bit Position

il
-

(15141312111093?6543210)

|15:'D14:CI 13:012:011:010:0 9:0 8:0 7:0 6:0 50 4:0 3:0 2:0 1:0 0:0

Carry RippleBIPGHE]
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Sy »
NIELE TR
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(94, (M)

(15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0) Gig:e= 6136 *

fi3:4 65:0

—

:___:__ " : : | Gn.g = G:‘!:lg +
Fis:o Ga:y
Prs:c = Piazie Pa:e

15:8) 147 136 125 114103 | 9 G'jsa = 65:¢ +
8's —> =
:::—-—:-:: T _1:?5[_::@%_____::! rfi 2 61te
=,
115;014:0(13:0 12:011:010:0 9:q 8:0_7:0 6:0 5:0 4:0 3:0 2:0 1:0 0:0 -
.J" Pyl H:_”a:- _E_‘__‘_H_h_"‘ :
(15:8) + (7:0) ’ (8:1) + (1:0) /\
l‘ @ l 13:¢ Sio
(15:12) + (11:8) + (7:4) + (3:0) ! (8:5) + (4:1) + (1:0) VAN VAN
l ? l 1%: 10 q:¢ 51 I'n
(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) B /\

13:02 1o ...

BIEEH FREHE 1’E)I-k%ﬂ
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One backward tree  One forward tree
I

niEEn&it

- BEFPGKRINNEZR &I - SRPGIMIINESS

Brent-Kung

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

11:0

-iﬁﬁ

ﬁ 32 '53

2 Iog!n}

& |

h [15:014:q43:0 Tp:011:010:0 9:0 8:0 7:0 6:0 50 4:0 3.0 2.0 1:0 0.0

B4
I

i}

C

BER FREHE

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 5:0 4:0 3:0 2:0 1:0 O:OI

\

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

* large fanout

ANEZEE

PEKING UNIVERSITY

Han-Carlson

logy(n) +1

(15 14 13 12 11 10 9

Full tree every
other

+ 1 stage
ripple

I15:014:013:012:011:010:0 9:0 8.0 7:0 6:0 5:0 4.0 3:.0 2.0 1:0 O:OI

Low fanout, tradeoff between logic levels and wiring
Reduces wire length by half I = 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

<44 >
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Example: 1100 : 12, multiplicand
0101 =+ 54 _multiplier
1100
0000 partial
1100 products
0000 |
00111100 : 60, product

M x NEVESSRE;
B fTENIMELEFER D IefH

B RFNSEIM+NELIFRIEER

i}

BIEEH FREHE

C

<45 >



FEEIRIT
- FEERRRITRIROEER PR

V) e 7 K F
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Multiplicand: Y = (ym- 2, e :
P (Y1, Y2, - Y1, Vo) Each dot represents a bit
Multiplier: X = (XN-1, XN-2, oo, X1, X0)
o0o00000000OCOCOGOOSC 5],
M-1 N-1 N-1M-1 eeeeeeoe00000000« 4 °
. Jj il i+ 00000000 OGOCOGROOOIINC 4
Product: P= Zyjz foz _szr‘yjz 0000000000000 0 0 0« °
j=0 i=0 i=0 j=0 partial products 0000000000000 0 O 0« °
0000000000000 PO OQOK °
o 0000000000000 00 0« ol =
X %% % X% % o multipler ee000ccc000000 0« pep-]
XVs Xo¥a Xo¥s Xo¥r XYy Xo¥o (0000000000000 OGO O« o &
XYs XYy Xi¥s XiYp XYy XY 00 0000000000000 0« o~
XYs XYy XYy XY, XY, XY partial 000 0000000000000« °
XVs XVe XVs Xa¥a XaYs XaYo products 0000000000000 0O« °
XYs X¥Ve XYa XVa XY, XY | |ooooooooooocooolo|< °
0000000000000 00 0« ®
Xs¥s XYy XY Xs¥p X5y XYy I
- 00 0000000000000 0«
P11 P Po Pg P7 Ps Ps Py Ps P; P, Py product | l Ll Xis5
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Each dot represents a bit

partial products

Ao oeoeoee

Aooooeoeoe

Aeoeoeeoeeoee

Aleooeoeooeoee

Ao oeooeooeoeoee

x Jaldiynw

\ oojoo0oo 0o oo

o0 0«

0 0«

o[«

® 000«

o0 0«
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Xn

X1

X2

X3
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[ # _
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\.T/ Sin \\
v Cout Cin = Cout Cin
Cout{i;j}—cm

-
m

critical path A B
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Sout
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* Array multiplier requires N partial products

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

products.
- ?
y PP Faster and smaller: L1 0 0
— Called radix-2" encodin
(o o) 5 g (0 1) (0 1
ad d d a
(o 1) / Ex: r=2:look at pairs of bits b b b b
(I 0) Y (4y-2%), partial products of 0, Y, 2V, 3Y
gy — First three are easy, but 3Y requires adder ®
0 1) Y
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* |nstead of 3Y, try —Y, then increment next partial product to
add 4y

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

Inpits Partial Product Booth Selects
(2i1 ET ) PP, SINGLE, | DOUBLE, | NEG,
Y0 0710 0 0 0 0
éy-2ay | O 0 0 1 Z:) 1 0 0
by-y | | 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
-

==F3
Y

SEH REHE < 49>
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module barrel shifter

(
input logic [(7:0] a,
input logic [2:0] amt, % 8/ 8 y
output logic [7:0] y v Z
) ; "
8-bit
always comb 3 Barrel
case (amt) Shifter
| y = a; e
y = {a(0], a[7:1]};
y = {a[l:0}, af I'}i
y. = &l lo, al/:3]};
y {al 1, al(7:4]};
y = {al 1, al[7:5]}:
'] y = {al ], al7:86])}):
3'blll: y = {al 1, al’l}z:
default: vy = a;
endcase
endmodule

BIEER FREHE <50 >



Transistors

iy

« Wire Geometry

T mwm

M

Mz

MW ME

Ms

M
M3
M2
M1

m3

mi R

Intel 90 nm Stack

Intel 45 nm Stack
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s Transisiors

;)t 7
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TR ER

* p =resistivity (£2*m)
1 l
R=L-_-R =~
I w W
* Rp = sheet resistance (€2/01)
— [Ois a dimensionless unit(!)
* Count number of squares

— R=Rp* (# of squares)

L | Ll |
|
| -
1 |
1 1
1 Rz L Bcerht P> Loy st Bocdin
R=R LWL R=R JHIPN
R LA,
<51>
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- Wire Repeaters

. RFOCIEEES1
RCIEIRIELVTF1LES
ST EL R AR A

s Jmtf}ztﬂ D /INEEREES
SRR AR IR R

==

> Wire Length: |
Driver

v

N Segments

o

Receiver

! Segment

i I/N I/N L
: I[ g[

Driver Repeate Repeater Repeater

FIEBH FEAE

Receiver

How many repeaters should we use?

W
How large should each one be? c

=]

SEI
AR Z)t Z }7
ON

5 ‘

I3598%
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Equivalent Circuit
— Wire length I/N
* Wire Capacitance C,*//N, Resistance R,,*//N
— Inverter width W (nMOS = W, pMOS = 2W)

R
* Gate Capacitance C*W, ReastanceM tp- Né) 7] (";;"

Wi st

—Do— ‘ Ry —~—Dr—

/

N
RY [ LCWC TIT
Ol 5T

Cw

+ (£ +Rn ==

<52 >



2%&% ﬁ*ﬁ' N e 7 x.

PEKING UNIVERSITY

- Wire Repeaters

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

— Set equal to 0, solve S it v resfetance
(‘f o wnit 1wV “lf
. | ot W08 SF
“gne R, C O =00t i)
W =

FIEEHR F#a5HE <53>



