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Hardware Architecture for Intelligent computing Systems
RIERS 04632042
=258y 2 F53
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Figib= —#% 202
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Et SR e
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A FSMARZSIN BT

A FigEsSH I8 - SRAM/DRAM/Flash
A ELRIEES:

A VerilogiES &

A SHRYES TR
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MOSFET&# - M SCHIER
AMOSFETE=AT(EXE: EiFF. &1t (EXBXE) . 10 (BREAREREEIEM)

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
Vos = Vos~ Vi Vos® Vos- 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

Saturation mode at point of pinch-off Saturation mode
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MOSFETRI# - X CHIER
NIIOS'—i PMOS

(D »
ANEZES

PEKING UNIVERSITY

Source Gate Drain

O ? O / Poly-sil icon
/ SiO5

Body A I

p bulk Si J L

n+

NMOS

When thegate is at a low voltage:
P-type body is at low voltage
Sourcebody and draifbody diodes are OFF
No current flows, transistor is OFF
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MOSFET&# - M CHEERA
m/IOS'—S PMOS

Source Gate Drain

O ? O / Poly-sil icon
/ SiO5

Body A I

p bulk Si J L

n+

NMOS

When thegate is at a high voltage:
Positive charge on gate of MOS capacitor; Negative charge attracted to body
Inverts a channel under gate tetype
Now current flow through #ype silicon through channel, transistor ON

<8>
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MOSFET&RI# - M HIER
A NMOS5PMOS

Source Gate Drain

Polysilicon O O
SiO5 \ Cﬁ

1 o p

L n bulk Si

PMOS

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

<9>



MOSFET{EAFXITT AR IRE
ANMOS. PMOSHI RiHsE

G »
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i
i
8<
i
i

NMOS PMOS
—d I:PMOS
o—oV
g — 0 g - 1 ln OUt Vout 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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A
A Differential Cascode Voltage Switch (DCVS)

A Pass Gate Logic ( )
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gﬁﬁ@i&;ﬁ@’ﬂ% ?EISNGX}L;N&RS‘\?’?;
A NMOS, PMOSHILA4HpEPDNFIPUN
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

<12 >



RS ZIEF I
A HPDNFIPUN4HRLAINAND| JHBES

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

cate

Truth Table of a 2 input NAND

A o

B o

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

e

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

éx"N"’e »
NELF T

PEKING UNIVERSITY

A*B

<13 >
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£z )\ A}
ez X ¥
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FHFFSIZ IR
A HPDNFIPUNARIS SRS IRHE

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 o4
parallel, so in PUN, they will
be series
SN3 : : : D'll:
Continue in bottom up fashion 5'|

{EdV &R

<14 >



TS IEATS
A fEIEA 1 bithNiASEEB g

A[n-1:0] + B[n-1:0] = S[n-1:0]

C

li n

A _,| 1-bit Full
Adder
B, (FA)

>

l

C

out

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

A B Ci, Cout S carry status
/0 | on| o 0 0 kill

0 o /| 1 0 1 kill

/0 A’1\\ 0 0 1 propagate
/0 1 \'al 1 1 0 propagate
\ 1 0 ;"I 0 0 1 propagate
N Lo 1 0 propagate
/71 1N o 1 0 generate
1 1./ 1 1 1 generate

G=AB, K=AB, P=A®B

CTNTy »
& O\ D
NPT L ¥

PEKING UNIVERSITY
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gﬁﬁ@i&;ﬁ@’ﬂ% ?EISNGX}L;N&RS‘\?’?;
A @1 bithn;A3EHaEg

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

28 transistors Voo
V
DD c—d| A<| B
e A
3+ - A
B — B L
:| p-C —cil: P_B Vbp
A [ « B
1 . b-C I—ol
c — A -
Lf e L

<16 >
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A
A Differential Cascode Voltage Switch (DCVS)

A Pass Gate Logic ( )

<17 >



DCVSEHSIZIFH

bz

A THERAJAND/NANDH g

gy I |

{Edb =

<18 >



DCVSHSERRE @iy
A THERAJAND/NANDH g
T - Disadvantages:
« Advantages: — Need complementary
[ _ No PMOS duality inputs (dual rail)
AB__| A.B . Lower input cap — Cross-bar current
A _": . Use only NMOS S-: ‘.Sensit;v;&cjcir;gu-t timing
AL B-L — Faster than CMOS - h;zrlcr;g ° 'S
BHL — Can evaluate complex + Too large = PDN does
- l logic trees in 1 stage not switch the output

« Too small = Slow rise
time

<19 >
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A
A Differential Cascode Voltage Switch (DCVS)

A Pass Gate Logic ( )
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=l ZsEr iR Qi
A (&6 JBLE R - Pass Transmission Logic

Sensitive To
Coupling
Vaa\ “Vad 0
L L G
= = \V _L\\’iEdge of cutoff J—W—’—'- 1
> > I_Ivdd-vt Vdd-Vit 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

<21>



(&l iZsEBEE
A (&6 JBLE R - Pass Transmission Logic

L »
NEFE

PEKING UNIVERSITY

-

AlB[Q Q N Q Q b&l N
1[1]1 o o=, P <k e o
e ceter | W oo

i B o—ME——L B O y'l C
b A g3 2

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

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

< 22>
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4 =BEBAILER
A LAInverterztEES A1

CTN »
s ) A}
N e 7

PEKING UNIVERSITY

25
V:'n {h
2t ]
Strong PMOS
VDD = 50% .
—_1 * Weak NMOS I |
1.5¢ : : !
[ S ominal : | : l >
3 It I |1 |
Vin  Vout > |Strong NMOS pHL - | pLH |
1t & V A |4_;_ |
Weak PMOS o : . | .'
] | ! l
[ I | |
1 05 I\l '
|- 50%
|
0 I : 10%
0 05 1 15 2 25 —
1
v, 5
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(T2 2HIERYER
A —BRCIEIRS3HT

A Fi

Vl'q

rst- Order RC Network

Vor

o—"':/’tf

Voo
1 o .

— Vout onf(t) (1 € o T)L/P/ 'LUO"/

Vin C <
dé T T=Rx(C “teep,

-.L

{,=In(2)r=0.69RxC = bz

<25>



RIBERAER
A FIF—MRCIER SR E

(D »
TP

s PEKING UNIVERSITY

@E VDD
Re
IL prl :f(RNXCL)
Vin Vout — Vout  Vin prl — O69RN X CL
4{ [ —= .
Ry “ prH = 0.69RP X CL
Viu = 0 ' Vi'll = VDD
(a) Low-to-high (b) High-to-low

<26 >



PEEREIIT T i NS
A*UFH—I!?RCL Rothhis

Keep capaci-dlawaer€es s mal |

— Compact layout, good placement (short wires &

L = J(Ry xCp) no diffusion routing)

fpm=0-69RNXQ e I ncrease tr-dowsRstor si zes

t . =069R, xC, — Watch out for self -loading! — parasitic C
Increases!

| ncrease VDD
— Not usually possible due to reliability and

power penalties

<27 >
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A FA—MRCIER S

T »
ANTIFES

s PEKING UNIVERSITY

* 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
* delayis0.69 R, C,
B _{ I: + * High to low transition
— both inputs go high
* delayis 0.69 ZR_C,

Voo Voo

)
/
O

<28 >



FIA Transistor Orderingi@FhZiEIEE O e 7 S

5 s PEKING UN IVERSITY

A SZAYTransistor OrderingEEE(FET HE:

H

In. 1 o (%Targed @Mz i_ CLc:harged

I, — In, 1 M1 f
M1 L C,charged 2 L C1discharged

delay determined by time to delay determined by time to
discharge C,, C, discharge C,

{Edb =R

<29 >



IBiER IR Transistor Sizing Je 7 F
A Bfr2ISPDNFIPUNR/IZERH 1T ICHD

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

<30 >



2 IRAY Transistor Sizing
A BIR21EPDNFIPUNAYZERH1TICED

((\'Nl.,‘: »
NETES

PEKING UNIVERSITY

OUT=D+Ae*(B+C)

a4l il

<31>



1ZiEFRIZAYEImore Delayt&EY NP TS
A VR ZRAIRCIEEY

* 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(, +(R+R)C,+..+ (R +R, +...+ R,) C“D
S IQ1 RZ R3 RN D
AVAVA AVAVA NN —T— AN —1—
— C ::C2 ::C;OD ::CN
V4 \ A4 V4

<32>



ZiEH IEAYEImore Delayf&=EY I EY

A REZRAIRCIEEY - 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

§© o 3;3 57)RC Py
Y Worst-case pull down
{{gmﬁc @ ~
ma? 1 fog =1.5 E+1 5C —+—|+l? ‘TJ;f”)C‘]E+E+E )

I AT
NIk
S

<33>
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NP
GONIN
& 2
S A
8 -
& ~
I598

A REFRIDRE: WNEXS—aRSiE B

T Transistor SizingUAGR/JMEIERT?

d=T+p
Ar: effort delay = gh (a.k.a. stage effort)
I Again has two components
Ag: logical effort

Ciat=3k
(4
_.o“j\ 24 ; ¢
:L_J \ = Cont

d=0/f t~9psintypical 130nm process

—

Units of effort

I Measures relative ability of 4 a e d= f+p
i 3C ¢c I] T Ty, = gh+p
gate to deliver current W L -;.
Cia = h+p

I g ol forinverter
An: electrical effort = Cou/ Cin
I Ratio of output to input capacitance

ty= 0.69 R(3c+ Cout)

t= R
P o"""i"(‘C"foﬂF‘:

> h = 0.69612()

p=zl

= 0.64BRC) + P69 R Cout

d= |+ Cont * Reference is the inverter: +o.4q R Conty
= 2
I Sometimes called fanout 3¢ 8 =1 d= |4 Lot
A _y . = -—C-.it_ .1_ ' pim' = 1' GC
. . - Co
p. parasmc delay Cia + gis a function of the complexity of a gate, not its size C:,:t + |
i Represents delay of gate driving no load =ohr P (=1

I Set by internal parasitic capacitance

« pis a function of the technology and gate type ? htp (p =)

T ~ 9ps in typical 130nm process

<34 >



AELZEIIBIEMLogical Effort (g) atxif’
A RBEARPYBERR: WU —RZ2i81 JHBE#ETTransistor SizingL A&/ MLIERS?

« 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
—|2 %]? /t A 14
2 A 2 -Cfn'f""c B 914
A Y S Y i Y
1 B 2 1 1
% %

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

<35>



AEhZ5EI JEBEERILogical Effort (g)
A RBEARPYBERR: WU —RZ2i81 JHBE#ETTransistor SizingL A&/ MLIERS?

G »
& \") D
NPT L ¥

PEKING UNIVERSITY

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

<36 >



ARIZLEJBEERIFELER (p)

A RBEARPYBERR: WU —RZ2i81 JHBE#ETTransistor SizingL A&/ MLIERS?

Measure from delay vs. fanout plots

Or estimate by counting self loading on output node for sizing with
equal output current to inverter

For simplification, we ignore internal node capacitance

T
—[2 (2 A——d[4
2 +Cout B :LI].
2
A Cout A ] 4:%
1 B 2 1 LH[1 Pou
Cout_3 Cout=6 Cout_6
p=3/3 Pp=6/3=2 =6/3=2

> \) »
ff e 7 .
{308 PEKING UNIVERSITY

Gate type Parasitic Delay
Inverter 1
n-input NAND n
n-input NOR n
n-way multiplexer 2n

<37 >



FIAZEYAIT R REIER

A B - RIBEFOAZMBIT 5SS BIEHIT

YYYY

C,, =4C.
h=4

g=1

p=1
D=4+1=57

O
i
Ej

Cin:1

< TNT |‘ )
o 0 at A J' »‘3
5 579 =
>’ PEKING UNIVERSITY
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FIBZEUT R IIER
A SHHBIRERITH

Z D LY
D > Dc ,>=>c \,J_
Cq C, CSI

Define path effort H as:

h, = Cf

C, ¢
H=— . = 7))
C C, 142

1 h,=—

7,

éx"'\”"e »
TP

PEKING UNIVERSITY

E‘SC Without branchim_:]:hlh2 —H
_DT_ s=1 With branching: ]/;2 — %
ST
Cy=1 Ci=1 Co=1ic S
> ¥ G
51 hh, =3H
Need to account for branching!
C L Cﬂﬂ—pai‘ﬁ , =G,
b:: __ __on—path off —path —) Coppain 2 = 2C,
Conpat by~ 3C, _;

<39 >



FIAZEYAIT R REIER

A%ﬁ%ﬁL Rit&
H — C()ltf

Cin
B=T1b,

BH =]]h
{G “&J
P=>p,

Path Effort

F=GBH=]|]gh
f;

;iﬂtxJ"}]

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
gl_g2_:O olve 10r tne minimum aelay
hl
glhl = gzhz
_ Delay is optimal when
f — fz effort delays are equal

<40 >
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Logical effort (g) ) e 7 P

PEKING UN IVERSITY

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 73 9/3 11/3 (2n+1)/3
Multiplexer 2 2 2 2 2

Minimum Delay

F=GBH=]]gh
gh =1,

f=1
F=f"=f=F"
D=3 gh+p,

f):_f“uf+pr

Stage effort of stage i: f;

Optimal stage effort is:

For N stages:

Minimum Delay:

:NerP

Cif=53_'D_£)ng=1 08

G
B
H=C,/C, =27
F

f :Fl'llq ~ ’-1'
l:) 3(4)—'_%(2})}?%) Piny =1z
D=12+6x1=18r

<41 >



F 2T R ISIER
A%ﬁ%ﬁL RitE6IF

Compute: f =g-h
h=1/g =C,lC., ,
C, =5 &¢=ﬁ%
7 '
Work backwards to size each gate
_

Cm .= gnana”\couf
m‘4 IcL-1 08 ’ f

{Edb &R

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 73 9/3 11/3 (2n+1)/3
Multiplexer 2 2 2 2 2

INIP
cu l|€,
& 2
S A
N At 7
o) L]
5 <
I598

PEKING UN IVERSITY

> 1a—Tb) “
Cin=4 U =108 2 _ci
1 18
gmmd Com‘
C ~==nae onl
m.,c f 2.
~4/3%108 182
4/3%36 N b
C.in b = - - = 12 —
s 4 —
4/3x12 c =236
in,a = = 4 " 4
C =18

Check work by verifying input
cap spec is met!

.}z

<42 >
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HARDominoZ45| JH I
A FIFERI4

EZIET RS AR ERS

(D »
NEFE

Pre - Divide the clock in
O —harge out 2 Phases:
DC — Precharge
T » QOutput Low
1 « Dyn. cap precharge
— Evaluate
« Conditional
| discharge
I * Input must be stable
1 and monotonic L=>H
) —
d \ Pre-Charge/ Evaluate

<44 >



DominoiZ4E[ JEBIRATIFL
AFEIRIBIZIZEE, BEIZKIEIE{ELogical Effort) AMnPE{KEEIREER

(D »
ANTIFES

PEKING UNIVERSITY

3-input OR gate

4[ 6
0 « Advantages:
6 - EI
- ! — Faster than CMOS
. 6 n —iL 4 — Input capacitance is lower
| # 71 4[‘& L[ 2 I — Early switch point
i —[ 2 — Inverter P/N > 2 (only rising
; delay important)
Static: 7 Dynamic: 2
c=7 4 3 C=2 §r=5
Cn= C.=7

<45 >



DominoiZ4g[ JEBIEAYaER
A RHEIRE (Leakage) FIIFRISHIE)A)RE

(D »
7 e 7%

PEKING UNIVERSITY

t, i=>Q
BB Clk
1 _44?
o il , —{>>—aq
Floating node ,
{>O_ '~ PDN
0 0
A B 4% :
< t
|
| llleakage First gate in domino Clk s i Q

chain 1 delay

Dynamic node is floating during evaluation

I Leakage current of NMOS can discharge it

<46 >



Domino Cascading Jex )Y
A DominoiZiE[ JHNZREIE

@) 1t 4t x|l
A B DC C D
e —| PDON —| PDN —| PDN b Q
Clk r] r] ’J Clk
|
b - — {
1 Latch input 1 Latch output i
Input must o)/ ‘i ¢/_ ________
be stable ,
during eval @I\ P Z)_ _E____\N__P
S . G4 X

e ———————————— ———— — — —

<47 >



Footless Domino

A DominoiZigI ISR EE

(D »
NEFE

PEKING UNIVERSITY

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

» Advantages:

— Faster than classic domino = one less NMOS

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

<48 >



RENFHIESEE

A B$BE (Synchronous Timing)

CLK I 1

In
—

R

' 4

Register

Combinational
Logic

!

Ry

Out

CTNTy »
£z )\ A}
ez X ¥

PEKING UNIVERSITY
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RIEIFEARESEE
A fibA&z28a9Setup TimeflHold Time

U NP
GONIN
& 3
S *
¢, -
> )
I50¢%

NEPE |

PEKING UNIVERSITY

Cik /
»/ /é/
Setup Time —— SN >
Clk /
Hold Time D Z
Q
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RENFHIESEE

A B$BE (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 E output
stable stable ‘
time

é&”"'e »
NIECE R

PEKING UNIVERSITY

CLK ) ;

In

Combinational
Logic Out

Tc-q + tplogic,min 2 thold
Mmin

Tz tc-q T tplogic,max T tsu
max

<51>



IR FRIESHE

{39 PEKING

UN IVERSITY

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

Minimum cycle time:
Iz tc-q + tsu + il;‘ogf.f'c -0

Al =S

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

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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nniLeeigit NP TS
A B 1bithN; %2 1

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

* 28 transistors Voo
V
DD c—d| A<| B
e A
3+ - A
B — B L
:| p-C —cil: P_B Vbp
A [ « B
1 . b-C I—ol
¢ — A o
Lf e L
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Iiagigit N HEES
A Ripple Carry/li%ESF S

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)

iL.'.5.1::‘13‘.*:—::" = (N -1 )fcany + iLsum

Goal: Make the fastest possible carry path circuit
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niz==&it
A BFPGKEINIERR &I/ iE

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, 0 i Pz asg
e G=AeB S(G’P)=P®Ci
— Propagate: C,,, = C,,
*« P=A®B
— Kill: C,,; = 0 independent of C,
* K=~Ae+™~B
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Carry-Ripple using P and G

szo - G;f + ‘E : C:'—l:ﬁ

G:0:'[) = Cfi}
"PCI:O - 0
Comr — G}':O

Cd’;l: 6| t PI Cin

‘nl'.; B, ‘nl'a B, ‘nl'z B, ‘n|'1 1 Gy ,1 = 62 =+ Pl Cao ]
[ [ [ [
- - 1L AN
viblviviviwivi ](_
‘ -rjw Uu WAWAN 2NN SEtUPNY
J\‘Gl Fd Ga Pa Gz Pz G‘,J:‘ Gn Gl o — G' '1"' P' 6’

—71
4
@
7]
G

) 6’-:0 oy 61+ P‘_ Gl:a
Tf’ i Carry chain

slc—= lc—

SEEE

o ~ F
o
77
o
_—
0
3
3
3

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

carry carry’ sum)
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niz==&it
A BFPGKEIMNERRGITHE

P, G; P, Gy Black cell Pii Gji Pijs1 Gijeq
2 Kj+1 jii
_ N\ AN AN
(e | —
2:1 \_/ K ""\(/
rl"[: PIPI P21 G2:1 G:.:|= Gat P2 ¢ P G
Gray cell
kij+1 Ji Gji Pij+1 Gijet Buffer
| : K:i
o _
K:i "., J,.'
\W/ K:i
Gk:i

COI »
o 0 a (T~ J' .‘}7
5 579 =

1598 PEKING UNIVERSITY

Bit Position

-
(15 14 13 12 11 10 9 8 7 6 5 4 G Py Gy

|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 Ripple PG
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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)

< 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 ...
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One backward tree  One forward tree
I

DHiE=ESLT @ity
A EFPGKANEIGI 5 - SRPGRINZSE

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 |LF ( 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
« B r-kKungt low fanout, low wiring, high logic levels

« Sklansky: low logic levels, low wiring, high fanout
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A SRiZEHR TR IL2ER SR
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

(D »
NETES

PEKING UNIVERSITY

<61l>



ez XY

PEKING UNIVERSITY

Lzt
A ekt O 2aR 200

Multiplicand: Y = (ym- 2, o :
P (Ym1, Ym2, -+ Y1, Yo) Each dot represents a bit
Multiplier: X = (XN-1, XN-2, oo, X1, X0)
0000000006000 060OCC— 4,
M-I N-1 N-1M-1 o000 0e0000000000« ¢’
_ 7 L - i+] 00000000000 OOOIINC 4
Product: P= ZJ”;z foz _sziyjz o000 0000000000 00« °
j=0 i=0 i=0 j=0 partial products (0000000000000 PO 0« °
0000000000000 0 0 0« °
o Y, Y V% Y Yo multiplicand | |oooooooooooooooloi4 o 3
o 0000000000000 000« ol =
% % % % X % o _ mulipler 0000000000000 0 0« peh-]
W Xo¥s Xo¥s XYz XYy Xo¥o (000 000000000000 O o &
XYs XYs XiYs XYy XY, XY, 00 0000000000000 0« o~
XVs Xy X¥3 XYy %Y XY partial 000000000000 000 0« °
XVe XYs XaYs X¥a KeVs XY products 0000000000000 00 0« ®
XYs XVe XYa XYy XYi %Yo | |ooooooooooooooolo|< °
0000000000000 00 0« °
Xs¥s5  Xs¥a Xs¥a Xy X5¥ XY, T
- 00 0000000000000 0«
P11 P Po Pg P7 Ps Ps P4 Ps [ Py Py product | l (@] X5

< 62>
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A SeiEEngi YO 2R IR

Each dot represents a bit

000000000000000 0« 4
0000000000000 000«—— 4

0000000600 0OOOOOO« |4

000 000000000000 O« °

partial products |ooooooooooooooo|014 °
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« °

X Jaldnynw

X

IPE

PEKING UNIVERSITY

*q

X2

X3

Cout

v

Sout

¥a ¥z ¥1 Yo
&
V2 |\ /7 1A
s
.// :
//'.f |
/ | I ||
4 ! CSA
c | Arre
/- rray
y Wad i
ra |
e I
e | L
i Ve
e T
s J
r
| — -
P S N A CPA
l . \. ) n
L | | I
p7 P Ps Pa 53 P2 P Po
AB  ————-
Sin A Cin ’J—L‘ critical path A B A 5
vy L) ¥ \
" Sin )
A - \/ Cout Cin = Cout Cin

Cc:ut—@ Cin

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.
- ?
‘ oP Faster and smaller: L1 0 o
— Called radix-2" encodin
(o o) 5 g (0 1) (0 1
ad ad d :
(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

<64 >
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A MAREAERZFIRINAREL - g3 (Radix-27r)

e"vmyef ; \g
%5 ez 2
1508
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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
-
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A shifterth REBIMFRIFEIRZ —

module barrel shifter

(
input logic [7:0] a,
input logic [2:0] amt,
output logic [7:0] vy
)i

always comb

case (amt)

; -
{al0],
{a[l:
{al
{al
= {af
= {a
= {a[6:
default: y = a;
endcase

endmodule

bk M A R A A
l "o

L]
L]
< 11}
]

)}

x2] )3
UM
t4] }:
£8] k1
£6l )4
]}

amt

8-bit
Barrel
Shifter

(gN:.,e »

EN) e 7.

A 5195
I598%

PEKING UNIVERSITY
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Transisiors

IRt

A Wire Geometry

1 wm

4]

K7

kg
hiS

I
K13
2
(S

Intel 90 nm Stack Intel 45 nm Stack

Transisicrs

CIEIPN »
NETES

PEKING UNIVERSITY

ZFEEMTEAIN

p = resistivity (£2*m)

1

r=F
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
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IRt

A 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

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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A Wire Repeaters

* Write equation for EImore Delay

— Differentiate with respect to W and N

— Set equal to O, SOlvﬁnh reststance

;o wnit 1wV Cﬁf
wit — ZRC ' wrt cap
v;;, RC =" C=C1+pw)

éx"N"’e »
NELF T

PEKING UNIVERSITY
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