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MOSFET&RF - M CHBER

- MOSFETE=ATIEXIE: EFF. Zit (EBXE) . 18 (BEAKEHERSEEM)

Vps < Vas~ Vi

Source Gate Drain Source Gate D;ain
Vs Vi
_—

VesZ Vin ~ Channell

ion layer)

ld- g Characteristics 3D electron density for Vd=0.6

1E-5
1E-6

1E-7

Linear operating region {chmic mode)

Id (&)

1E-10

Vbs = Ves~ Vi Vps = Ves~ Vi .

Source Gate Drain Source Gate Drain
VGS> VTH
—_—

1E-12

1E-13

1E-14

T L T U T T 1 electron density for = 1-'Vd=06v-Yg=0V
Vg (V)

Saturation mode at point of pinch-off Saturation mode

,%,3\3@5 EE %‘ﬁ#@ <p>



MOSFETRI# - Mt CHIER
mOS'—S PMOS

Source Gate Drain

[

N

Polysilicon
SO,y

Body I

p bulk Si J L

NMOS

When the gate is at a low voltage:
§ P-type body is at low voltage

§  Source-body and drain-body diodes are OFF

§ No current flows, transistor is OFF

FIEEH FREHE

CIEIPN »
NETES

PEKING UNIVERSITY
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MOSFETRI# - X CHIER
mOS'—S PMOS

Source Gate Drain

O ? O / Poly-sil icon
/ SiO5

o Body 4 I

p bulk Si J L

NMOS

When the gate is at a high voltage:
Positive charge on gate of MOS capacitor; Negative charge attracted to body
Inverts a channel under gate to n-type
Now current flow through n-type silicon through channel, transistor ON

BIEBEHR FEHE <8>
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MOSFET&# - M CHEERA
mOS'—S PMOS

Source Gate Drain

Polysilicon O O
SiO5 \ Cﬁ

1 o p

L n bulk Si

PMOS

Similar, but doping and voltages reversed
Body tied to high voltage (VDD)
Gate low: transistor ON
Gate high: transistor OFF

BIEEH REHE <9>
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MOSFET{EAFXITT AR IRE
. NMOS. PMOSHIie Rigse

Z (@]
= &
O
(0p]
U ©
=< 1
O a1
(0p)
8<
o

out

g=0 g=1 In Out

n=0_, 0O

@)

M

M
m—od—o—Q_

@)

Z

|2| o

<

O

0]
WA

X

Vi,= Vpp V. =0
In Out
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MOSFET(RRiAR B Iam S NP TS
NMOS‘ PMOSHILIZHpEPDNFIPUN

o ZHIERIDIEE I
« Differential Cascode Voltage Switch (DCVS)

» Pass Gate Logic (&% JIZERE )

FIEBH FEAHE
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- NMOS, PMOSTHILA¢HREPDNFIPUN
Vbp

InN1 — Pull-up network: make a connection

n2 = pUN | PMOSONY  Fo Vg 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

PUN and PDN are dual networks

,EE*QEE %@#@ <12 >
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RS ZIEF I
- HPDNFIPUNZHREAINAND[JEBES

Vop
A B Out A o—c| B rﬁ
0 0 1
0 1 1 [ OUT=A+B
1 0 1 il
1 1 0 u
Truth Table of a 2 input NAND —
gate B o
1

PDN: Connects OUT to ground when AeB=1
PUN: Connects OUT to Vgg when A+B =1

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

i}

,EE*EEE %gﬁ:@ <13 >
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FHFFSIZ IR
- EHPDNFIPUNZEREHISFHIZIGH T

F=D+(A(B+C(C))

Create PDN directly, ignoring Voo Voo
inversion T uy
2
Ex: D + X means that D A -c”: ]
should be in parallel with X

|dentify subnets of PDN

Inside SN3, B and C are
parallel, so in PUN, they will
be series

SN3 Continue in bottom up fashion

BEEH F#aH+® <14 >
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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 /0 T 0 0 1 propagate
Adder > S [ 0 1 ‘Iﬂl 1 1 0 propagate
B N (FA) \ 1 0 /| O 0 1 propagate
N | o/ 1 1 0 propagate
l /71 1N o 1 0 generate
C 1 1./ 1 1 1 generate
out

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

,EL',H*EEE %@#@ <15>
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- fRIER1bithNiLESHES

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

(D »
ANEZES

PEKING UNIVERSITY

* 28 transistors Voo
V
_'I_DDI'_ ci—<| Ad| B
O A
]_._ - A
sd| | L
:| p-C —cil: -8 Vbo
I . C
—1 . b_c |_0|
¢ — A JE -
LT ra L

i}
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MOSFE TR AR ASIBIE S NP TS
NMOS, PMOSHILIZHpEPDNFIPUN

. REEIBISFR
« Differential Cascode Voltage Switch (DCVS)

» Pass Gate Logic (&% JIZERE )

FIEBH FEAHE <17 >
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- [ESEEIAND/NANDESES

Pt

>

BIEEH REHE
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gy I |

{Edb =
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» Disadvantages:

I:| + Advantages: — Need complementary
- [ _ No PMOS duality inputs (dual rail)
AB__| A.B + Lower input cap. - Cross-bgr Current N
A _": . Use only NMOS « Sensitive to input timing
AL B-L — Faster than CMOS - ﬁ;zrgg of PMOS is
BHL — Can evaluate complex + Too large > PDN does
l logic trees in 1 stage not switch the output
v « Too small = Slow rise
time

i}

,EL',H*EEE %@#@ <19 >
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MOSFET(RRiAR B Iam S NP TS
NMOS‘ PMOSHILIZHpEPDNFIPUN

. REEBIEES

« Differential Cascode Voltage Switch (DCVS)

- Pass Gate Logic (t&5il JiZEFE )

FIEEHR #5HE <20 >



el iZiarais ET SR
- (E46JBYFBER - Pass Transmission Logic

Sensitive To
Coupling
Vad\ “Vaq 0
L L G
= = \V _L\\’i Edge of cutoff J—W—’—'- 1
> > I_Ivdd Y vad v 1> _.5'__' Vo \'/_'
L L
« Advantages: « Disadvantages:
— Speed: 20-50% faster (less capacitance) — Very sensitive to noise: 2 types
« In some circuits, such as XOR/MUX » Vt drop = must level restore someplace

* Sensitive to undershot voltage noise on inputs
— Buffers at inputs suppresses this effect

— Body effect = limit # of FETs in series

— Lower dynamic power

FIEEHR #5HE <21>
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- (E46JBYFBER - Pass Transmission Logic
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-

Als[q) Q N Q Q b&l N
111 o o=, P <k e o
o i P R AL’ B

HE B o—E—ML B O y'l C
LEREE. SEREE

Dual rail pass gate logic with differential cascode voltage switch logic
- Combination of DCVS and PTL, Very fast

- Strong PMOS, slow fall; Weak PMOS, slow rise

BIEBEHR FEHE <22>
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4 2HEIEAIZER NEEES
 LlinverterRigz2 /961

25
V:'u J
2t ]
Strong PMOS
VDD o~ 50% .
—_1 * Weak NMOS I |
1.5¢ : : !
[ S ominal : | : l >
3 It I |1 |
Vin  Vout > |Strong NMOS PHL | pLH |
1t = . Vour 1 e ey
Weak PMOS o : . | |
] | ! l
[ | | |
1 05 I\l '
|- 50%
I
0 I : 10%
0 05 1 15 2 25 —
1
v, 5

1

BEER REHE <24 >
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A First- Order RC Network

Vor
Vl'q

o—"':/’tf

Vop
Vot _f
0
— Vout om‘(t) (1 € o T)L/p/ 'LUO"/
o % ) r=RxC ft/z o

{,=In(2)r=0.69Rx (' t= kit

REER F*EHE < 25>



RIBERAER
» FIR—MRCERDHTIE

EEE VDD
Re
sl
Vin Vout — Vout
all —=C.
Rn
V. = 0

(a) Low-to-high

FIEEH FREHE

Vin

- Vin= Vpp
(b) High-to-low

(D »
TP

s PEKING UNIVERSITY

cﬁﬁzzuf(B%IX(jL)
o =0.69R, xC,

t . =0.69R,xC,

pLH

<26 >
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- FIB—MRCERSRTIE

- = f(RyxC,)
t =0.09R, x (]}
t o = 0.69R, % C,

i}

FIEEH FREHE

C

(D »
NELF T

s PEKING UNIVERSITY

« Keep capacitances small — lower C
— Compact layout, good placement (short wires &
no diffusion routing)

e Increase transistor sizes — lower R
— Watch out for self-loading! — parasitic C
increases!

* Increase VDD
— Not usually possible due to reliability and

power penalties

<27 >
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* Delay is dependent on the pattern of inputs

* [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

Voo Voo

T @ * delayis 0.69 R, C,
B _{ I: = * High to low transition
— both inputs go high
- Cit * delayis 0.69 ZR_C,
AL

BEER REHE <28>



FJFTransistor OrderingigFhZeEE

>Z

- EZfTransistor OrderingFEE(HE T EY:

H

charged
In; Hiwz C, J

11— L
M1 L C,charged

delay determined by time to
discharge C,, C,

{Edb =R

i}

FIEEH FREHE

C

(D »
NEFE

PEKING UNIVERSITY

@ we T ccharged

In, H{w L C1discharged

delay determined by time to
discharge C,

<29 >



IBiER IR Transistor Sizing Je 7 F
- BIir2I5PDNFIPUNBIZERH1TICHER

vV v * Delay is dependent on the pattern of inputs Voo lfﬂ
DD oo
—T —T1 * Ignore C;,; for the moment!
* Low to high transition A 7> B y)
A *%[ B *J| I: — both inputs go low _(1 _4[
* delayis 0.69 R /2 C,
1 . — one input goes low ‘ L CL
J— L . .
* delayis 0.69 R, C, T
B
- _‘ [ l * High to low transition —| 2 =
— both inputs go high
L Cint * delayis 0.69 2R, C, A—| Cint
=l I 2 I

i}

,ELE,'*EEE %gﬁ:@ <30>
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2 IRAY Transistor Sizing
- Bt5=215PDNFIPUNAIZER#H1TITHL

OUT=D+Ae*(B+C)

A dl1 s f1l

i}

,EE*EEE %gﬁ:@ <31>
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iBLEHIZAIEImore DelaytSEY NP TS
. JERSBIRCIZE

* ON transistors look like resistors

* Circuit network modeled as RC ladder

* Elmore delay of RC ladder

. Apply to complex gates (i.e., stacks), also interconnect (later)

i : Rr fo— somce('

nodes 7
ﬁ(,l + (R1 + Rz) C,+...+ (Rl + R, +...+ RN) C“D
S IQ1 RZ R3 RN D
AVAVA AVAVA NN —T— AN —1—
— C ::C2 ::C;OD ::CN
V4 \ A4 V4

REER F*EHE <32>
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D
SITY

iZ5EFEEAYEImore Delayt5EY Der
- RS HAYRCIEERY - 3-input NAND gates

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

« R=13KQ/unit

- - —/
Worst-case pull up l f copies

a6
o =t?4?5f)RC‘ Py
Y O ] Worst-case pull down
R/3 1
{{gﬁnc =
= e
Rf:i; 1 fog =1.5 E+1 5C —+—|+l? ‘TJ;f”)C‘]E+E+E )

el 3@ e
S

RS A <33>



SINZIELI

ez ¥

PEKING UNIVERSITY

NP
GONIN
& 2
S A
8 -
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I598

- REPRYERE: WHITXT—RiZiE IR R

T Transistor SizingUAGR/JMEIERT?

ZHE JEEAYER: d =+ p
« [. effort delay = gh (a.k.a. stage effort)
— Again has two components

d=t,/T t~9psintypical 130nm process

3 T Ciat=3k
- g logical effort éc .
7 . . _""“3\11_}] Units of effort d= f+p
— Measures relative ability of ~ [__4,], T/ T Cont d A Nawp o - 5h
1d ! R A
gate to deliver current & b 2 = hep

— g o 1 for inverter
* h: electrical effort = Co./ Ci
— Ratio of output to input capacitance
— Sometimes called fanout
e p: parasitic delay
— Represents delay of gate driving no load
— Set by internal parasitic capacitance

FIEEH FREHE

tp= 0.69 R(3¢+ Cput)

t= R
P o"""i"(‘C"foﬂF‘:

> h = 0.69612()

= 0.64GRC) + 69K Cont -

d= |+ Cout * Reference is the inverter: +0.49 _:_ Conty
3c gim' = 1 i - ’ + Cont
= ____Coh'é _‘_ ' pim' = 1' G <
Cia . . . . . = Cont
+ gis a function of the complexity of a gate, not its size x + 1
= gh+ P (p=1) ”
« pis a function of the technology and gate type = 9 htp (p =)
T ~ 9ps in typical 130nm process
<34 >
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AEhZ5EI JEBEERILogical Effort (g)
« exEARERE: YIRS —RiZiEl JRiE#H T Transistor SizingUAg/MEIER]?

« DEF: Logical effort is the ratio of the input capacitance of a gate to the
input capacitance of an inverter delivering the same output current (i.e,

effort delay under same loading).
« Measure from delay vs. fanout plots
« Or estimate by counting transistor widths

6C T
4
]

B A
2

2 1.1 B d 4
Aﬂ Y A 2 0Tt oy
1 B 2~ 1 1

v v

Cin=3 Cin=4 Cin=5
g=3/3 g=;;; g=95/3

,EE\ZE\E EE %gﬁ:@ <35>




R8I JB M Logical Effort (g) NPT ER
- ExEARIARR: RIS —aRiZ g JEBiS#H T Transistor SizingUAgz/)MEZERTY?

Logical effort (g)

Number of inputs

Gate type 1 2 3 4 5 n
Inverter 1

NAND 4/3 5/3 6/3 713 (n+2)3
NOR 5/3 713 9/3 11/3 (2n+1)/3
Multiplexer 2 2 2 2 2

i}

,EL',H*EEE %@#@ < 306>
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ARIZLEJBEERIFELER (p)

- REPRYERE: WHITXT—RiZiE IR R

Measure from delay vs. fanout plots

T Transistor SizingUAGR/JMEIERT?

Or estimate by counting self loading on output node for sizing with

equal output current to inverter

For simplification, we ignore internal node capacitance

S
N
!
N

+ Cout

oMM

FIEBH FEAHE

bﬁ
8 -
l8592

I
) e 7
PEKING UN IVERSITY

Gate type Parasitic Delay
I Inverter 1
A——|4 :
] n-input NAND n
B 4 :
3 n-input NOR n
—{ 1 1 Cout n-way multiplexer 2n
Cout - 6
p=6/3=2

<37 >



FI i BLE T B fR PSR NP TS

. B - RIBEFOAZHAIT SEZEBIEHF

9=9/3
Ci,=3/2
_ac, =32_F D h

>— «, i ,
D {>n h=4 «—— | c.=12 - 6
—>o— g=1 SED, 3 3
_D)_ p:] p=4xl1
—I>o— D=4+1=57 Cin=1 E:}_Q:BB D =10t

i}

,EL',H*EEE %@#@ <38 >
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. SEBEERTE

D

D—{>e—{>e
Cq C, C

Define path effort H as:

1?1:{3
Hzg < _
C C =) J-—)h
1 ]?1:(_'13
FIEEHR #5HE

TN
& &
S )
< ) e b
s .
o .
I598%

PEKING UN IVERSITY

E‘SC Without branchim_:]:};;1,3'32 - H
C
. . . _ 3
» s=t With branching: ]/;2 -2
[: al: Ca=14
Ci=1 C=1 T , . 3C
{>¢ v 1 Cl
S hh, =3H
Need to account for branching!
Can—pai‘ﬁ.l = ('_‘2
= Con —path T Caﬁ —path CG Fpath.2 = 2(“1
Cmi—paﬁ? b. = 3 2 3
) C.

<39>



FIAZEYAIT R REIER

. SHREERITE
H — C(Jltf

Cin
B=T1»

BH =]]h
{G 1181J
P=>p,

Path Effort

F=GBH=]|]gh
f;

Bl FEAFE

;?z)txJ"g

PEKING UNIVERSITY

| H Cﬁ I: C»I: c \/l
Substitute H ~ [) = glhl +p+g,—+p, L 2 3 I
hl
= Kihy
. oD H
mll’l{D} —>—=4 -4 — = 0 Minimize the delay
oh, h,
h2 Solve for the mini del
g —g2—:O olve 10r tne minimum aelay
hl
gh =g,h
_ Delay is optimal when
f — fz effort delays are equal

<40 >
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Logical effort (g) ) e 7 P
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bﬁ
<] .‘
l8592

Number of inputs

Gate type 1 2 3 4 5 n
Inverter 1
NAND 4/3 5/3 6/3 713 (n+2)3
NOR 5/3 713 9/3 11/3 (2n+1)/3
Multiplexer 2 2 2 2 2
Minimum Delay -
ahE>_iEF—£}1.
in™— - C_ =108
F=GBH=[]gh L
Stage effortof stage i: f, ./, = [, G =8.8:8 = (4/3) =237
. B=1
Optimal stage effort is: f = ]‘: = CL /Cm _ 97
For N stages: F=fY={f=F"™ F =GBH =2.37x27 =63.99
. 7 1/3
Minimum Delay: D= Zg?hf + P, /= F~4
fn . D 3(4)+%(2pmv)pmv _1
D=N+2p AN +P| p_1ni6x1=1sc

FiEEH FFEaHE

<41 >



FIAZEYAIT R REIER -ogieal efort (@) AEITER

Number of inputs

g-&%ﬂg L 11-%‘5“; Gate type 1 2 3 4 5 n

Inverter 1

NAND 4/3 5/3 6/3 713 (n+2)/3
NOR 5/3 713 9/3 11/3 (2n+1)/3
Multiplexer 2 2 2 2 2

. f—o.} L=
Comp}lte. f=g C'H‘N 2 E 2
18

h = =C /C
i f/gé ouf/ in ) ?C,;‘ co- g;rcmaj\COHI I D_[
C- — gi Aout OV\I - . e f

2

7 £ 4/3%108 19
C,.= G 2
Work backwards to size each gate , 4 L 18

4/3%x36
S — e C,,= =12 L
> Cm . — nana”\ out | 4 2
Cin= CF C.,=108 ’ f C — 4//3)(12 =4 Cfn =—x30
I in,a 4 4
Check work by verifying input ¢, =18

cap spec is met!

{Edb &R

FIEEH FREHE <42>
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HARDominoZ45| JH I
- FIFERIE

EZIET RS AR ERS

Divide the clock in

Do"“t 2 phases:

PDN

1

— Precharge
T » QOutput Low

» Dyn. cap precharge
« PDN Off

— Evaluate

« Conditional
discharge

* Input must be stable

i}

FR A
Y

SEH REHE

C

and monotonic L=>H
———
d \ Pre-Charge/ Evaluate

(D »
7N e 55 S

PEKING UNIVERSITY

<44 >
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- WFENHBEIZIE, #ei2XKiEME{KLogical Effort AMpIF{KHBESIEIR

z
3-input OR gate LI
40 6 _
0 « Advantages:
6 —4q[ 1
) : n s — Faster than CMOS
. 6 n —iL 4 L[ — Input capacitance is lower
| # 11 4[‘& L[ 2 L — Early switch point
1 —[ 2 — Inverter P/N > 2 (only rising
L Skew for delay important)
eval
Static: 7 Dynamic: 2
c=7 4iv3 c=2 @/
Cn = Cn =7

/EEZFD\E Hﬂ %E#@J <45 >



DominoyZ45[ JRE ZAYIRIRR
- iR (Leakage) FlimA{FRiFHIE)A)RR

T »
CATRO \
ez X ¥

PEKING UNIVERSITY

t, i>Q

Floating node

{>O_ '] PDN

0 0

A -B —ﬁ }
= I:i
I l lleakage First gate in domino Clk s i Q
== chain 1 delay —
Dynamic node is floating during evaluation ~ o v _
N RIFET BB EIEIK

— Leakage current of NMOS can discharge it

BEBH FFaHE < 46 >



Domino Cascading NEIS S
- DominoiZiEI ISR EE

@) 1t 4t x|l
A B DC C D
e —| PDON —| PDN —| PDN b Q
Clk Clk
o L n :
= Latch input = Latch output =
Input must o)/ ‘i ¢/_ ________
be stable ,
during eval @I\ P Z)_ _E____\N__P
S . G4 X

e ————— T —— T —— —— — —— — —

,EE*EEE %gﬁ:@ <47 >
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Footless Domino

- DominoiZigl JINZHEHIE

(D »
NEFE

PEKING UNIVERSITY

0 ®; —{ [ ®, L
A B C ‘D
D Q —| PON —| PON —| PON b Q
Clk Clk
| L T
o —] 1 L o

» Advantages:

— Faster than classic domino =2 one less NMOS

« Why is footer necessary in the first stage?
* Input not guaranteed during precharge

i}

FIEEH FREHE

C
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RENFHIESEE

- AZHE (Synchronous Timing)

(D »
TP

s PEKING UNIVERSITY

CLK I 1

In R, > Combfnaj'ﬁonaf ~ R,
Logic Out
AR ES HEEE (FELEITRE)
(Register)

i}

,EL',H*EEE %@#@ <49 >
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BIENFRNESHS AT ES
. fi&ZZEAYSetup TimeflHold Time

Cik /
Setup Time — . .

Cik /
Hold Time D Z

BIEBEHR FEHE { 50 >
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(Synchronous Timing)

Timing Metrics P qou
f
I clolck
clock \ / \
i tsu thold ) til}le
In 5 dal; o s
: stable § -
teg : time
Out output é E output
stable stable ‘
time

i}
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C

é&”"'e »
NIECE R
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CLK ) ;

In

Combinational
Logic Out

Tc-q + tplogic,min 2 thold
Mmin

Tz tc-q T tplogic,max T tsu
max

<51>
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In R1 R2
Combinational
/\ /A
CLK 1‘ ek T torke
tc -q r!og.-‘c:
rc -q, cd t!ogr'c, cd
tsu, thold

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

Al =S

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

FIEEH FREHE

In R1 Comb ) R2
ombinationa
JAN JAN
CLK 1‘ tcrkt 1‘ tcikeo
tc -q tfogfc
tc -q, cd tfc-g.-‘cf cd
tsu, thoid

Hold time constraint:
r(c-r;f, cd) + t(fogr’c, cd) > tholg + O

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

cd: contamination delay (fastest possible delay)
<h2>
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+ C, =AB+BC; + AC; = AB + (A + B)(;
«+ S=A®B®C;,=ABC;+C,(A+B+C)

(D »
ANEZES
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* 28 transistors Voo
V
_'I_DDI'_ ci—<| Ad| B
O A
]_._ - A
sd| | L
:| p-C —cil: -8 Vbo
I . C
—1 . b_c |_0|
¢ — A JE -
LT ra L

i}

,EE*QEE %@#@ - = <54 >
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- Ripple Carryhlli%zSH g

A0 BO A1 B1 A2 B2 A7 B7
o 1-bit 1-bit 1-bit | 1-bit
' adder Co0 adder Co1 adder Cog | adder Co
I I I I
SO S1 S2 S7

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

tadder = (N -1 )fcany + tsum

Goal: Make the fastest possible carry path circuit
BIEER FEAE < 55>
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A0 BO
1-bit
“ 7| adder [ cCog Generate (G) = AB
| Propagate (P)=A@® B
S0
=1 C (G, P) = g+ pc, DJP= ADk
— Generate: C,,; = 1 independent of C,, 7 P Ps ae 0
e G=A*B S(G’P)=P®Ci
— Propagate: C,,, = C,,
 P=A®B
— Kill: C,,; =0 independent of C,|
« K=~Ae*~B

FE?@E EE %gﬁ:@ <bhpg >
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Carry-Ripple using P and G

Co=G+P-C

i T4 Lo C‘:lz Gt P Cin
G:l):'[) = Cfi}
P = Ac B AL B A B A v Ca al = C'"Z + Pz Co,)
0:0 [ - [ - [ ol [ o ]
Cors =G [ U T UT U | o f—seedfy
\‘G‘ P, le, [p, To, Tr, G,’—J’1 G, GI 0 - G, TP 6o
J L _ Gr:n = G+ Pe Gy:0
- TJ i Carry chain
0 G,y L Gy
-l‘rC:3 C c Gy

o g
Nl
\c
C

tadder =1 setup + (N 1) t + ma}{(t

carry carry’ sum)

FIEEH FREHE <57 >
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P, G, P,G, Black cell Py Gji Pyjs1 Gijes
5 1 Kj+1 jii
AN AN =
] T
2:1 \/ ki \

rl"-l: P’.PI P21 Go-1 Gl:lr' Gat Pg 6| Py G

Gray cell
k:j+1 J| Gj;i PK;J‘+1 Gk;j+1 Buffer
| ' K:i
| N -
k:i L
\W/ ki
Gk:i

PGERIZEE

i}
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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 RippleBIPGE

<58 >
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(15141312111098?65432

15:14) 1413 13:12) 1211 |

2's —> e

1512 1411 13:10] 12:9 11:8

~
115:014:0(13:012:011:010:0 9:q 8:0_7:0 6:0 5:0 4:0 3:0 2:0 1:0 0:0
—

W % _1=“=H‘$

v Pa 80
(15:8) + (7:0) @ ' (8-1) + (1:0)
(15:12) + (11:B)+ (7:4) +(3:0) . (8:5) + (4:1) + (1:0)

(B:7)+(6:5) +(4:3) + (2:1) +(1:0)

{Edb =S

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

FIEEH FREHE

< TNT |‘ )
o 0 a (T~ J' »‘3
: 5 579 =
>’ PEKING UNIVERSITY

(24, (a0

Gi3:e= G13:6 t
fi3:¢ 65:0

Gn.g = G:]:Ig +
ﬁ;:a G’"i
Ps:¢ = Piasie Pe:¢

Gsig= 65:¢ +

rf:l bise

%
13: Sio
VAN
131le q:p 3T Vo

/\

13:12 11210 ...

<59 >



One backward tree  One forward tree
I

nmixeeigit NP TS
HIFPGKAINNEE R - EZPGHIINA=S

Sklansky

Brent-Ku ng log,(n) &= logy(n) +1

(15 14 13 12 11 10 9

Han-Carlson

(15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0) (15 14 13 12 11 10 9 %
15:14 : 11:10 : 76 ; 32 P d|
512 . 11 (| Y F"ﬁ ( Full tree every
7 E:d 7 other
158 0 2 Iog!n} + 1 stage
ripple
5
0] o 5. |15:014:013:012:011:010:{]\9:0 8:0 7:0 6:0 5:0 4:0 3:0 2:0 1:0 O:OI
;]ﬁ 2y ( B \ ( \ 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 0:0|
|15014l{307y0110100 9:0 8:0 7:0 60 50 4:0 30 20 1.0 0.0 * Uneven sizing (10:8) + (7:0)

Low fanout, tradeoff between logic levels and wiring

* large fanout 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

BIEEH REHE <60 >
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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

i}

FIEEH FREHE

C

(D »
TP

s PEKING UNIVERSITY
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Multiplicand: Y = (Ym-1, Y2, s Y1, YO)
Multiplier: X = (XN-1, XN-2, oo, X1, X0)
M-1 N-1 N—-1M-1
(S |[Se2)5EE
Product: P ZJ/JQ x;2 X,);2
Jj=0 i=0 i=0 j=0
Yo Y. Vs Yo Ye Y, multiplicand
Xs X X X X, X multiplier
X¥s X¥y XYy X¥r XYoo XY
XYs XYy X¥s XY, XYy XY
X¥s XV, XV, XY, XY, XY, partial
X¥s XYy XK¥3 XY, XYy XYy products
X¥s X¥a XYy XY, XY, XY,
Xs¥s XYy Xs¥3 Xs¥p Xs¥y  Xs¥y ]
Py Pw Pg Ps Pr Ps Ps Py Ps P2 Py P product

BIEEH REHE

NI )
AL
S A
< &
! <)

T59%

Each dot represents a bit

ez XY

PEKING UNIVERSITY

X0 XXX @] x
o000 0o00c000000« 4 °
o000 0000000eoooe« 4
o000 0000000000 00« °
[
partial products 0000000000000 OOOO« °
0000000000000 0 0 0« °
0000000000000 0 00« o 3
0000 00000000000 0« o =
0000000000000 00 0« .%
000 000000000000 OK s
0000000000000 00 0« °
00 000000000000 0 0« °
0000000000000 OC OO O« ®
0000000000000 0 0 0« °
oI rrrrrrrrr °
000000000 0600000 08« o)X,
<p2>
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Each dot represents a bit

00 0000000000000 0«
0000000000000000«
000000000000 0000/«
000 000000000000 O«
partial products (000 000000000000 0«
0000000000000 00 0«
0000000000000 O0 O O«
0000000000000 00 0«
00000000000 000 0 0«
000000000000 000 0«
0000000000000 0 0 0«
0000000000000 0O 0«
000 000000000000 0«
000 000000000000 0«
0000000000000 0 0O
0000000000000 0 O O«

BIEEH REHE

X Jaldnynw

X

NEFE S

PEKING UNIVERSITY

*q

X2

X3

Cout

Sout

¥a Y2 Y1 Yo
&
Pl V22 | /] v
s
.// :
/'.f |
// | I ||
4 ! CSA
c | Arr:
A rray
y Wad i
S [
l -
/ .
A
e T
/ )
r
| — :
|’_____""______//_’~" CPA
. . A p—
L | | I
p7 P Ps Pa pa P2 P4 Po
AB = —————
Sin A Cin ’J—L‘ critical path A B A 5
vy L) ¥ \
" Sin )
A - \/ Cout Cin = Cout Cin
¥ Cout—@{:m Sout

Sout Sout

<pB3>
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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.
- ?
‘ oP Faster and smaller: L1 0 o
— Called radix-2" encodin
(o o) 5 g (0 1) (0 1
ad ad d a
(o 1) / Ex: r=2: look at pairs of bits b b b b
(l 0) Yy (4y-2%), partial products of 0, Y, 2V, 3Y
gy — First three are easy, but 3Y requires adder ®
O 1) Y

,EE\?FE\E EE %gﬁ:@ <064 >
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e"vmyef ; \g
%5 ez 2
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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
-

==p3
Y

88 H F#&5HE < 65>
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module barrel shifter

(
input logic [7:0] a,
input logic [2:0] amt, 8 8
output logic [7:0] vy a ,,f ff Y
& 8-bit
always comb 3 Barrel
case (amt) amt "/ Shifter
; 1 ¥y = a; ¥
y = {a[0), al7:1)});
Y {a[l1:0], al[7:2]}:
y = {al2:0); allz3]};
: Y {a[3:0], a[7:4] };:
; y = {a[4:0], a[7:5]};
3 '] y = {a[5:0]), a[7:6]};
3'blll: y = {a[6:0], a[7]}:
default: y = a;
endcase
endmodule

BEER F*EHE <66 >
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« Wire Geometry

1 wm

4]

K7

kg
hiS

I
K13
2
(S

Intel 90 nm Stack Intel 45 nm Stack

EIEEH REHE

Transisicrs

,) a t (
% B
{308 PEKING UNIVERSITY

ZFEEMTEAIN

p = resistivity (£2*m)
1 l
R=L-_-R =~
I w W
Ro = sheet resistance (€2/0)
— [Ois a dimensionless unit(!)
Count number of squares

— R=Rp* (# of squares)

| L L |
|
| .
1 1
1 1
1 Rz L i Bl & P Loy i Bloociin
R=FR LW L R=R SN
R O

<67 >
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« Wire Repeaters

R and C are proportional to /

RC delay is proportional to /2
— Unacceptably great for long wires

Break long wires into N shorter segments
— Drive each one with an inverter or buffer

> Wire Length: | D@P

Driver %4 Receiver

N Segments

I Segment I

Driver Repeate Repeater Repeater Receiver

FIEBH FEAHE

How many repeaters should we use?

How large should each one be?

Equivalent Circuit
— Wire length [/N

* Wire Capacitance C,*//N, Resistance R, *//N
— Inverter width W (nMOS = W, pMOS = 2W)

R
* Gate Capacit C*W, Resist =N(o.6 (""
ate Capacitance easgn&gnw ty- 1w

Lcw

$

S PEKING UN IVERSITY
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« Wire Repeaters

FIEBH FEAHE

* Write equation for EImore Delay

— Differentiate with respect to W and N

— Set equal to O, SOlvﬁnh reststance

(" o wnit 1wV Cﬁf
md- - t wrt ¢ r
o RC, -*"CT=Ca + Dinv)
wnl wire ved
W =

[ 2

<] o

! E
l8592

I
N) I 7 F
PEKING UN IVERSITY
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