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Digital Device Components

* Asimple processor illustrates many of the basic
components used in any digital system:

Control

Input-Output

Datapath

e Datapath: The core -- all other components are support
units that store either the results of the datapath or
determine what happens in the next cycle.
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Digital Device Components

* Memory:
— A broad range of classes exist determined by the way data is
accessed:
* Read-Only vs. Read-Write
e Sequential vs. Random access
 Single-ported vs. Multi-ported access

— Or by their data retention characteristics:
* Dynamic vs. Static

— Stay tuned for a more extensive treatment of memories.

e Control:
— A FSM (sequential circuit) implemented using random logic,
PLAs or memories.

* Interconnect and Input-Output:
— Parasitic resistance, capacitance and inductance affects
performance of wires both on and off the chip.
— Growing die size increases the length of the on-chip
interconnect, increasing the value of the parasitic.
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Digital Device Components

7- 5

* Datapath elements include adder, multiplier, shifter, etc.

— The speed of these elements often dominates the overall system
performance so optimization techniques are important.

— However, as we will see, the task is non-trivial since there are
multiple equivalent logic and circuit topologies to choose from,
each with adv./disadv. in terms of speed, power and area.

— Also, optimizations focused at one design level, e.g., sizing
transistors, leads to inferior designs.

is common for datapaths.

U Control Bit-sliced organization

= Bit 4 -

= 0 O I R L o

= ::> 1z N = S | Bit2 :>;

: T ITE s e
Bit 0
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Single-Bit Addition

7- 6
Half Adder Full Adder
A B A B
S=A®B S=A®B®C
C,.=AeB cé Coe = MAJ(A,B,C) Cout‘éc
S =AB+BC+ AC S
A B |C. S A |B |C |Cul|S
o lo lo o 0o |0 |0 |o |O
o |1 lo |1 0o |0 |1 |o |1
1 lo lo |1 0o |1 |0 |o |1
1 11 |1 1o 0 (1 |1 |1 |oO
1 |0 (0 |0 |1
1 0 1 1 0
1 1 0 1 0
1 1 1 1 1
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PGK

* For a full adder, define what happens to carries
— Generate: C_,, = 1 independent of C

*G=AeB
— Propagate: C_,=C
*P=A®B
— Kill: C,, = 0 independent of C
c K=~Ae~B
A B c G P K Cout S
0 0 0 0 0 1 0 0
1 0 1
0 1 0 0 1 0 0 !
1 1 0
1 0 0 0 1 0 0 L
1 1 0
1 1 0 1 0 0 ! 0
1 1 1
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Full Adder Design |

* Brute force implementation from eqns
S=A®B®C (16 transisotrs)
C,. =MAJ(AB,C) (10 transisors)
INV (6 transistors)

VLSI Design Chih-Cheng Hsieh



Full Adder Design |

* FactorSintermsof C_ ,:S=ABC+(A+B+C)(~C,,)
* Critical path is usually Cto C

7- 9

in ripple adder

out
" __,T\M, NORITY |,
— 28 transistors {1 ot 5 i
5 | T
,,,,,, MINORITY (@)
N e B ] Cou

S I i 4

P
%J [ —
|
|
|
|
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Full Adder Design |

— Feed carry-in (C) to the inner inputs.

— Use minimum size at summing (S) logic for minimizing
branching effort on the critical path.

— Asymmetric gate to reduce the logical effort from C ->~C_,

— Eliminate output inverter: 24 transistors

I

C—q|1

A8 BB B[ A—d[l B[l cq[1 B —d[i
c—B  A-df hcﬂj Al
C—4 A—% —Hj A—-% >

A—[4 B[4 B—j A1 Bt cf B[

v B c—F

— Cout ;9
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e Standard cell layout afals ailille
— Fixed pMOS (nMOS) ”’2@%’% /// //‘f/fg » /?ﬁ
location & pitch Ez %@gigs 2 52

Datapath layout AN | ||

— Smaller bit-pitch (height) G A ZE Ll

. . . 7] \ NEX N

with wider MOS size //\EE@ \ \Q @Eg@ %E
GNDM/%//W////%/%/ e

........................

ono| [ A W (e e, Tansine & 6 a
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Full Adder Design IlI

* Transmission gate full adder
— 24 Transistors, providing buffered outputs of proper
polarity with equal delay.

A B C A B C
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Full Adder Design IV

e Zhuang full adder
— 22 Transistors, extra inverter delay by computing ~P
from P.

Y
[ b
V jgﬂp c.

D P
-
7.

Y

Vel |
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Full Adder Design V

 Complementary Pass Transistor Logic (CPL)
— Compared to | : x2 faster, 30% lower power.
— Compared to llI: Slightly faster, but more area
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Full Adder Design VI

— Footless dual-rail domino
— Very fast, but large and power hungry
— Used in very fast multipliers

c_1—| Al

Ty .
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Carry Propagate Adders

* N-bit adder called carry-propagate adder (CPA)
— Each sum bit depends on all previous carries
— How do we compute all these carries quickly?

AN...l BN...l
/\/ /\/ OUt |n OUt
O@/ ®/1 carrles
S o
0“_\ + n 1111 1111 As s
+0000 +0000 By 4
Sy 1 1111 0000 S, .
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Carry-Ripple Adder

* Simplest design: cascade full adders
— Critical path goes from C,, to C_,, (minimize t.5c,,¢)
— Design full adder to have fast carry delay
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Inversions

7- 18

* Critical path passes through majority gate
— Built from minority + inverter
— Eliminate inverter and use inverting full adder

A, B, A; Bz A, B, A B:

Cout - I - Cin
C; C2\ C,
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Generate / Propagate

* Equations often factored into G and P
* Generate and propagate for groups spanning i:j
Gi; =G + Ry ® Gy

P,=P, ¢ R, - Valency-2 group PG Logic
* Base case
G.=G =A B Goo =G, =G,
Pi=R=A®B, Poo = Fo =0
* Sum:

Ci—l — Gi—l:O’ S=P®C, Si — Pu @Gi—l:o
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PG Logic

TG TG T U | & |somerers

G4 P4 G3 P3 GZ I:)2 Gl Pl G0 I:)O
( )
2. Group PG logic
L G3:0 G2:0 G1:0 G0:0 )
C C C C
NP L 2 1 C D ° 3: Sum logic
C4
| | | | |
Cout S4 S3 Sz Sl
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Carry-Ripple Revisited

C=AB+(A+B)C,, & %A mr ma oo

- AB +(A®B)C,, [@%@ @% @%@: @%@ a2 j

= Gi + PiCi—l
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Carry-Ripple PG Diagram o

For N-bit adder , e )
|
tripple — tpg + (N _1)tAO +tx0r |
B
B
t, : delay of 1-bit propagate %{@
/generate gate %{M
t,, : delay of AND-OR gate e g
in grey cell %{M v
t .. :delay of final sum XOR 5 |
B
-

|15:o 14:0 13:0 12:0 11:0 10:0 9:0 8:0 7:0 6:0 50 4:0 3:0 2:0 1:0 o:o|
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PG Diagram Notation

7- 23
Group generate Group generate Minimize the
& propagate only load on critical
(AND-OR & AND) (AND-OR) path
Black cell Gray cell Buffer
Ik k-1: Ik k-1 I
I i I
Gi: Gi:
Pi:t jDﬁGi:j Pi:tjDi i Gy T Gi
Gi-1; Gi-1;j—
L P.. _\ P..
3_ - ; i
Pk-lj_ N
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Manchester Carry Chain Adder

7- 24

Majority gate Pass Transistor Logic

Static

Dynamic
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Manchester Carry Chain

* Valency-4 group generate
P, P, P,
Co :Go:o :Co C—O% - a% - 6;% =4l &
C, =G, =G, + PG, e G G
C,=G,,=G,+P,(G,+RC,) 3.2 10
Cy =Gy =G;+ R (G, + P, (G, +RC,)) : ¢

3:0 2.0 1:0 0:0

: P,
o[ Ty 01l T L ¢ CJ—q’_"'
Co(Go—[ 0 G G, C{>C (G30
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Manchester Carry Chain - Domino.

26

* Equivalence of Manchester carry chain and
multiple-output domino gate

P1 P2 P3
¢ — C_OIJ_—L‘D‘*% C_{FJ:I 0— C_ZFJ__I ¢— c,
’ (G(HEQ . i\é/ Gﬂgv eﬁg 1 >-axa

C0 (GO:O) C1 (G1 :0) C2 (G2:0)

o—a—4F—iF
Llp___ G—| C,=Gyy
P Ga 3 O C,=Gyy
Z_i% . G Ci=Gyyg
P1-—| G1_! ~ C. =G
Y 0~ Coo
Gy
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Manchester Carry Chain Adder

7- 27

* Valency-4 stages. Similar to carry-ripple adder
with N/3 stages

(1514131211109876543210)

J
™~

15:0 14:0 13:0 12:0 11:0 10:0 9:0 80 7:0 6:0 5.0 4.0 3:.0 2.0 1:0 0:0
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Carry-Skip Adder

e Carry-ripple is slow through all N stages

e Carry-skip allows carry to skip over groups of n bits
— Decision based on n-bit propagate signal

Giso = Gias + Peas @ G Gy =G5 +Rs @ Gy
A16213 816213 A1229 81219 A8:5 BSZS A4Zl B4Zl
I:)16:13 P:I.2:9 I:)8:5 I:)4:1
1 T T C 1 T T C 1 T T C 1 T T
Cout 12 8 4 | Cin
0 0 0 0
816313 S1229 8825 S4Zl
G0 =0 +Pyg @ Gy G, =G, +P, ¢ Gy
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Carry-Skip PG Diagram

7- 29

For k n-bit groups (N = nk) t,, =t, +[2(n—-1)+(K-1) |ty +1t,

(16 15 14 13 12 11 10 9

16:0 15:0 14:0 13:0 12:0 11:010:0 9:0 80 7:0 60 50 40 3.0 2.0 1.0 00
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Variable Group Size

7- 30

Delay grows as O(sqrt(N)) : [2,3,4,4,3] saves 2 levels of logic
compared to [4,4,4,4], shorter group at B/E, longer group at middle.

(161514131211109876543210)

B - - s

i
\

16:0 15:0 14:0 13:0 12:0 11:0 10:0 9:0 80 /7.0 6:0 50 40 3:.0 2:0 1:0 0:0
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Carry-Skip Adder Manchester Stage

7- 31

Al
l | Pora Skip Path
P, P, p. l|34
¢ %E R e @% (Gyo)
Cn (GO)_ii G1‘l v Gz_{ @ Gs" v G4—{
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Carry-Lookahead Adder

* Carry-lookahead adder computes G, ,for many
bits in parallel.

* Uses higher-valency cells with more than two

Inputs.
G0 =Cueas + Beas @ G Gy =Ggs +Rs @ Gy
A16:13 B16:13 A12:9 BlZ:g A8:5 BB:S A4:1 B4:1

] ] ] ]
Cout Gi6:13 Ciz G129 Cs Gss Ca Gaa
—1P16:13 — P12:9 — Pgs 1 Pa1
| | | | | | | |
2y M w5 B
+ + + + Cin

S16:13 S12:9 S8:5 S4:1

G0 =Gt By @ Gy G =G, + B,y @ Gy
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CLA PG Diagram

7- 33

For k n-bit groups (N = nk)t,, =t,, +t,, +[(N=2) + (K =D)]ts +t

(16 5 14 13 12 11 10 9 8 7 6 5 4 3 2 1 O)

A F
G D |

(k11)tap

(n-1tao

16:0 15:0 14:0 13:0 12:0 11:0 10:0 9:0 80 7:0 6:0 50 4:0 3:0 220 1:0 0:0
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Higher-Valency Cells

Delay :t

pg(n)

Gixk
N a1 A r Pix G
Ik k-1:11-1I:m m-1; G TN
k-1:1
P11 DD
GI-1:m

i
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CLA PG Diagram: Manchester

<16 15 14 13 12 11 10 9 8

>,,

. 16
. of

16:0 15:0 14:0 13:0 12:0 11:0 10:0 9:0 80 /7.0 6:0 50 4.0 3:0 2.0 1:0 0:0
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Carry-Select Adder

7- 36

* Trick for critical paths dependent on late input X
— Precompute two possible outputs for X=0, 1
— Select proper output when X arrives

e Carry-select adder precomputes n-bit sum
treat = Loy [N+ (K—2)]tao + 1

select

A16:13 B16:13 A12:9 BlZ:9 A8:5 BS:S A4:1 B4:1

S12:9 S8:5 S4:1

VLSI Design
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Carry-Increment Adder

7- 37

e Factor initial PG and final XOR out of carry-select
1:increment = 1:pg +|:(n _1) T (k _1):|tAO +tx0r

(1514131211109876543210)

{ { { |

13;12 9:8 5:4

14;12 10:8 # |
15:12 11:8 74

15:0 14:0 13:0 12:0 11:0 10:0 9:0 80 70 6:0 50 40 3.0 2.0 1.0 00
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Variable Group Size

° AISO bUffer (15 14 13 12 11 10 9 8 7 6

" A,
noncritical 5 | i

13:11 9:7 6:4

signals o ;
B B B
e Reduce branch ;%%gﬁmg

effort 15:0 14:0 13:0 12:0 11:010:0 9:0 80 70 6:0 50 40 3.0 2.0 1.0 00

(1514131211109876543 )

13:11{ { | |
m |

9:7 6:4 3.0

;l{ 6:%7 i my

15:0 14:0 13:0 12:0 11:010:0 9.0 80 70 6:0 50 40 3.0 2.0 1.0 0
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Tree Adder

7- 39

* |f lookahead is good, lookahead across lookahead!
— Recursive lookahead gives O(log N) delay

 Many variations on tree adders
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Brent-Kung

(15 14 13 12 11 10 9 8

15:14 13:12 11:10 9:8 :

13:.0]

15:014:013:012:011:010:0 9.0 80 7.0 6.0 50 4.0 3.0 2.0 1:0 0O:0
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Sklansky

15:14

mw

15:12| 14:12

““H o

15:8| 14:8

15:014:013:012:011:010:0 9:0 80 7:0 6.0 50 4.0 3.0 220 1.0 00
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Kogge-Stone

(15141312111098765432 10)
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Tree Adder Taxonomy

7- 43

* |deal N-bit tree adder would have
— L =log, N logic levels
— Fanout never exceeding 2
— No more than one wiring track between levels

* Describe adder with 3-D taxonomy (/, f, t)

— Logic levels: L+
— Fanout: 2f+1
— Wiring tracks: 2t
 Known tree adders sit on plane defined by
[+f+t=1L-1
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f (Fanout)

VLSI Design

Tree Adder Taxonomy

Sklansky 2(6)

0 (1)

— e
&&ON e

1(2)

Kogge-Stone
3(8)

\/

t (Wire Tracks)

3(7)

| (Logic Levels)

Brent-Kung

- 44
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Han-Carlson

(15141312111098765432 10)

-

15:14

ﬂ..

15:12

1

15:8

15:014:013:012:011:010:0 9.0 80 7:0 60 5.0 40 3:0 2.0 1.0 00
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Knowles [2, 1, 1, 1]

(15141312111098765432 10)

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
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Ladner-Fischer

(15 14 13 12 11 10 9 8

/7 W

9:8

15:014:013:012:011:010:0 9.0 80 7:0 6:0 50 4.0 3.0 2.0 1:0 0O:0
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Taxonomy Revisited

7- 48
(b) Sklansky
(1514 13 12 11 10 9 8 7 6 5 4 3 2 1 0)
|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 0:0 O I(Logic Levels)
f (Fanout) O
Sklansky
Q. (a) Brent-Kung
T Q (5 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0)

A

15:1: 13:12 11:10

Pl

Carlson

|15:014:013:O12:011:010:0 9:0 80 7:0 6:0 5:0 4.0 3:0 2.0 1:0 0:0

Carlson

(d) Han-Carlson
(c) Kogge-Stone Q

(514 13 12 11 10 9 8 7 6 5 4 3 2 1 0) O

O

(15 14 13 12 11 10 9

t (Wire Tracks)

|15:014:013:012:011:01010 9:0 8:0 7:0 6:0 5:0 4.0 3:0 2.0 1.0 O:Ol 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:Ol
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Summary

Adder architectures offer area / power / delay tradeoffs.

Choose the best one for your application.

Architecture Classification | Logic Max Tracks | Cells
Levels Fanout
Carry-Ripple N-1 1 1 N
Carry-Skip n=4 N/4 +5 2 1 1.25N
Carry-Inc. n=4 N/4 + 2 4 1 2N
Brent-Kung (L-1, O, 0) 2log,N -1 | 2 1 2N
Sklansky (0, L-1, 0) log,N N2+1 |1 0.5 Nlog,N
Kogge-Stone (0, 0, L-1) log,N 2 N/2 Nlog,N

- 49
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Summary

— Prefix Tree
- #

5
A/ Carry/Lookahead

4

=

= ; 3 / Carr;i Select & 32-bit
S (l m m 64-bit
< .'. Ripple Carry

1 \L\”é .]/ / n )

20 40 60 80 100
Delay (FO4)
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Subtraction

A-B=A+B+1
AN...1 BN...1 AN...1 BN...1
e A
AT Ay S
(@ Sy, ,=A-B (b) S, ,=A¥B
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Multiple-Input Addition

e Carry-Save Adder (CSA) N

— k N-bit words can be summed V
with k-2 CSA and 1 CPA. 1600 Y
\ Y
10101
0001 X \/
0001 0111 1101 0010 giéi Z \_‘,“_/
] l | + a
L4-bitCSA J/Oigil S = s
G0 l_|1011 - Xg Yo Z, X Y, Z,% Y,Z, X, Y, Z
= 0101 X : / ? / : / : /
( 5-bit CSAj 1011 Y
v\+001o Z
01010_ 00011 00011 S C, S, C; S, C, S, C, S,
Y O l O l O— C XN...1 YN...1 ZN...1
— T 01010 A
© 10111 \+ 00011 B
10111 S
(b) Cn.t Shui
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VLSI Design

o 00 B W IN B

Outline
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. Comparators

. Counters

. Shifters

. Multiplication
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1’s & O’s Detectors

* 1’s detector: N-input AND gate
* O’s detector: NOTs + 1’s detector (N-input NOR)

B  allones

NECE
ECE
% i
T

1

D=

D

Mimic the adder delay

Az QO
A, C

A; QO

1

Ao Q

e AL AL AL

B

— allzeros

a

allzeros

“wired-OR”

VLSI Design
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VLSI Design
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. Comparators

. Counters

. Shifters
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Comparators

A = 00...000
A=11..111
Equality comparator: A=B

O’s detector:
1’s detector:

Magnitude comparator: A<B

- 56
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Equality Comparator

* Check if each bit is equal (XNOR, aka equality
gate)

* 1’s detect on bitwise equality

e
DI
D

>W >W >W >W
o0 Pk NN wWWw
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Magnitude Comparator

 Compute B-A and look at sign
* B-A=B+~A+1
* For unsigned numbers, carry out is sign bit

VLSI Design Chih-Cheng Hsieh



Signed vs. Unsigned

* For sighed numbers, comparison is harder
— C: carry out
— Z: zero (all bits of A-B are 0)
— N: negative (MSB of result)
— V: overflow (inputs had different signs, output sign # B)

A=B Z Z

A# B Z Z

A<B C+7 (N®V)+Z
A>B C (N® V)
A<B C (N® V)
A>B  C+7Z (NOV)+Z
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VLSI Design

o U1 &5 W N =
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. Addition/Subtraction
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. Comparators

. Counters

. Shifters
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Binary Counters

7- 61
Asynchronous Synchronous Synchronous
counter up/down counter incrementer
TC clk TC clk

YIVITY
0
e}ﬁée

Ik
| = ol
Q, B E
down/up —~{>O—‘ osat et

Half adder only
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Linear Feedback Shift Register

* The input to the LFSR register comes from the XOR of
particular bits of the register : pseudo-random-bit-
sequence (PRBS) generator

clk Table 10.7 Characteristic polynomials

7- 62

QrMaMaE ae I Felineriial
|_l lJ 3 1+x%+x°
4 1+ +a*
5 1+23+2
. 6 1+x +a°
adlU a 5 7
Cycle Ql1] Q21 | @31/ y 7 1+4°+x
0 1 1 1 8 1T+al+x0+ a7 + a8
1 0 1 1 9 1+x +4°
2 0 0 1 15 1 4 2ol 4 515
3 1 0 0 16 1+ x*+ 213+ x15 + x16
i L L : 23 1+ 18 4+ 5%
d : - ~ 24 1T+ a7+ 622 + &2 + 5%
6 1 1 0
7 1 1 1 31 1+ x84+ 531
repeats forever 32 1+ x50 + 530+ 431 + 532
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Linear Feedback Shift Register

Sketch an 8-bit linear-feedback shift register. How long is the pseudo-random bit
sequence that it produces?

m Figure 10.57 shows an 8-bit LEFSR using the four taps after the first,

sixth, seventh, and eighth bits, as given in Table 10.7. It produces a sequence of
28-1 = 255 bits before repeating.

clk — - 5
QM Q2]™ Q3] Q4] QS]] Q6] Q7] Q[8]

]

FIG 10.57 FRTSETS N
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Coding

7- 64

Error-detecting and error-correcting codes (ECC)
by adding extra bits to the data j%]j

— Parity: check number of 1’s is even

single-bit error detecting %}j
A =PARITY =ADADA D..DA ,

— ECC : single error correcting & double C,=D,®D,®D,
error detecting (SECDED) C,=D,®D,®D,
4 data bits D,.; and 3 check bits C., C,=D,®D,®D,

7 6 &5 4 3 2 A1 7 6 &5 3 4 2 1
= 111 110 101 100 011 010 001 = 111 110 101 011 100 010 001
< 2|l M N O <2HH H O
@ & 4/H|/H /M| ® 54/l H B L]
D, b, b, D, C, C, C,
Check Biis Data Bits Check Bits
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Gray Code

* Consecutive numbers differ in only one bit
— No glitch when applying to decoder
— Power saving by reducing transition

Table 10.9 3-bit Gray code

Binary > Gray Number Binary Gray Code
Gy =By, 0 000 000
1 001 001
G =B,®B
2 010 011
. 3 011 010
Gray - Binary 4 100 110
By =G4 5 101 111
B .=B,®G N-1>i>0 6 . S
7 111 100
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. Shifters
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Shifters

* Logical Shifter:
— Shifts number left or right and fills with 0’s
* 1011 LSR1=0101 1011LSL1=0110
* Arithmetic Shifter:

— Shifts number left or right. Rt shift sign extends, Lf

shift fills with O’s
e 1011 ASR1=1101 1011 ASL1=0110

* Barrel Shifter (Rotator):

— Shifts number left or right and fills with lost bits
* 1011 ROR1=1101 1011 ROL1=0111
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Combinational shifters

e Useful for arithmetic operations, bit field
extraction, etc.

* Latch-based shift register can shift only one bit
per clock cycle.

* A multiple-shift shifter requires additional
connectivity.
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The Binary Shifter

Right nop Left

:3:1:5:5:11:1:5:1:3:3:1:5:1:3:3:5:5:1:3:3:5:5:1:3:1:5:5:1:3:1:5:5:1:3:5:5: Bit-Slice i
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Barrel shifter

* Can perform n-bit shifts in a single cycle.
* Efficient layout.
* Does require transmission gates and long wires.
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Barrel shifter structure

Accepts 2n data inputs and n control signals,
producing n data outputs.

n bits

data 1

n bits

n bits

data 2
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Barrel shifter operation

7- 72

* Selects arbitrary contiguous n bits out of 2n input
bits.

* Examples:
— right shift: data into top, O into bottom;
— |eft shift: 0 into top, data into bottom;
— rotate: data into top and bottom.
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Barrel shifter cell

out

N, — 1 # i i
: | | out,
*

in;

o Lleol Ly
.

shift, shift, shift,
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Barrel shifter in action

P
-
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The Barrel Shifter

As |
he ho o0 bo >B3
P N S S I
bl hd hd i]_,:" >B2
A - - .{r - g:r ——— : Data Wire
- I" H I" H I" I > B, e Control Wire
X sh3 - {'— T g:.jl'
0 ; B
rlrr '-|_I_rr '-|_I_r' . > °
[

Area Dominated by Wiring
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Barrel shifter layout

7- 76

 Two-dimensional array of 2n vertical X n
horizontal cells.

* |[nput data travels diagonally upward. Output
wires travel horizontally.

* Control signals run vertically. Exactly one control

signal is set to 1, turning on all transmission gates
in that column.
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4x4 barrel shifter

Buffer
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Analysis

e Large number of cells, but each one is small.

* Delay is large, considering long wires and
transmission gates.
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Funnel Shifter

* A funnel shifter can do all six types of shifts

* Selects N-bit field Y from 2N-bit input
— Shift by k bits (0 <k < N)

2N-1 N-1 0

B C

offset + N-1 offset
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Funnel Shifter Operation

 Computing N-k requires an adder

Table 10.10

Logical Right 0...0 Ay ... 4, k

Logical Left Anq... 4, 0...0 N-%

Arithmetic Right | Ay ... Ay, Anq. .. 4, k
(sign extension)

Arithmetic Left | Ayy...4, 0 N-4

Rotate Right Anq... 4, Anq. .. 4, k

Rotate Left Anq... A, Ay ... 4, N-4
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Simplified Funnel Shifter

* Optimize down to 2N-1 bit input

Table 10.11

Logical Right 0..0, An.q...4, k
Logical Left Ay ...A4y, 0..0 %
Arithmetic Right Anq.. . Any, Anq. .. Ay k
Arithmetic Left Ay ...A4y, 0..0 J
Rotate Right Ay . Ay Ayq. .. Ay k
Rotate Left Anq... Ay, An 1.4, J
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Funnel Shifter Design 1

* N N-input multiplexers
— Use 1-of-N hot select signals for shift amount
— nMOS pass transistor design (V, drops!)

K[1:0]

left — Inverters & Decoder

N\\\Z

N D L\JA—LL Kz
Rl
» AL
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Funnel Shifter Design 2

K1
Ny

Z B |y,
Z> B v,
Zs B .
z, =i
z, / -

* Log N stages of 2-input muxes Ko

— No select decoding needed

left

pd=

Al A A

\

RNSNENEN
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Multiplication

* Example:

1100 : 12,

0101 : 5
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Multiplication

7- 86
* Example:
1100 : 12,
0101 : 5,
1100
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* Example:

Multiplication

1100 : 12,
0101 : 5,
1100
0000

- 87
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* Example:

Multiplication

1100 : 12,
0101 : 5,
1100

0000

1100

- 88
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* Example:

Multiplication

1100 : 12,
0101 : 5
1100
0000

1100

0000

- 89
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Multiplication

* Example:

1100 : 12,
0101 : 5,
1100
0000

1100

0000

00111100 : o0

10
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Multiplication

* Example:
1100 = 12, multiplicand
0101 = 5 _multiplier
1100
0000 partial
1100 products
0000 _

00111100 : 60 product

10

M x N-bit multiplication
— Produce N M-bit partial products
— Sum these to produce M+N-bit product
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General Form

7- 92
Multiplicand: Y = (Y1 Yvor - Yoo Yo)
Multiplier: X = (Xp_1, XNoos -+ X3, Xg)
M-1 O\ /N1 N-1M-1 o
Product: P=>y2 || > x2 |= Xy 2"
j=0 i=0 i=0 j=0
Ys Y. Ys Yo O Y: Y, multiplicand
Xe X, Xy X, X, X multiplier

XYs XYa XYz XY, XYy XY, partial
XYs X¥s XaVs XYp XY XaYg products
XoYs  X¥a XYz XY, XY XY
X5y5 X5y4 X5y3 X5y2 X5y1 X5y0

Piu P P Pg P, Ps Ps P, Ps P, P, P, product
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93

Dot Diagram

* Each dot represents a bit

o
X

multiplier x

Ie}
-
X
o

00 000000000000 0 0«

0000000000000 0 0«
00 000000000000 0 0«

0000000000000 0 0«
0000000000000 0 0«

partial products

0000000000000 0 0 0«

0000000000000 0 0«

0000000000000 0 0«

00000 0000000000 0«

0000000000000 0 0 0«

0000000000000 0 0«

0000000000000 0 0«

0000000000000 0 0«

0000000000000 0 0 0«
0000000000000 0 0«

Chih-Cheng Hsieh
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Unsigned Array Multiplication

7- 94

* Fast multipliers use carry-save adders (CSA) to

sum the partial products.
— A CSA typically has a delay of 1.5-2 FO4 inverters
independent of the width of the partial product,
— A carry-propagate adder (CPA) tends to have a delay
of 4-15 FO4 inverters depending on the width,
architecture, and circuit family.
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Array Multiplier

7- 95
Y3 Y2 Y1 Yo
%
v _
Xo (
|
|
. |
| CSA
I Array
I
X2 I
|
|
X3 1
)
/
4 _
( 4 (
«[ — .___-:-___:_//j CPA
| _ J J J _
L | | |
p7 Ps Ps P4 P3 p2 P1 Po
AB @ ————-—-
i i critical path
Sin A Cin A B A B
_ '
B > Sin
— Cout Cin = Cout Cin
/ Cout Cin Sout
Cout Sout S Sout
out
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Rectangular Array

* Squash array to fit rectangular floorplan

Y3 Y2 Y1 Yo
Xo
X, Po
X2 P1
X3 P2
7 N N 2 N P3
\ ‘ J ‘ J ‘ J ‘ )
P7 Ps Ps P4
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2’s Complement Array Multiplication

7- 97

B Xe Ky Ry Ky XK Xy
Xo¥a Xo¥3 Xo¥2 %Y1 Xo¥o
N-2 M-2 XiYs XYz XYy Xi¥Yy XiYo
Z Z X, y; 2" Xo¥a X¥3 X¥, XY XY
o XsVs XY XYy ¥y X3¥g
- X4Ya X4¥s %Yo %Y1 X4Yo
Xp_q Yppg 2V

X5Ys
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2’s Complement Array Multiplication

7- 98

 Modified Baugh-Wooly multiplier
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Modified Baugh-Wooly multiplier

99

* |tis almost identical to oo Y2 Vi Y
the unsigned array B = =i =
multiplier except %
— the AND gates are “\ | ! Po
replaced by NAND gates x: l/ l
in the hatched cells g ""‘// P
— 1’s are added in place of S | | |
0’s at a few of the Xg = 77 7770
unused inputs. | |// ,// ,//
N N N ™ P3
_L }'\ )hk J_k J_ﬁ
| | | l
P7 Pe Ps Py
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Fewer Partial Products

7- 100

* Array multiplier requires N partial products

* If we looked at groups of r bits, we could form N/r

partial products.
— Faster and smaller?
— Called radix-2" encoding

 Ex: r=2:look at pairs of bits
— Form partial products of 0, Y, 2Y, 3Y
— First three are easy, but 3Y requires adder ®
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Booth Encoding

7- 101

 Modified Booth encoding
— Avoid generating 3Y by using negative partial

products
Table 10.12 Radix-4 modified Booth encoding values
Inputs | Partial Product Booth Selects
X2i+1 X0i Xi1 PP X 2X M.
0 0 0 0 0 0 5
0 0 1 Y 1 0 0
0 1 0 Y 1 0 0
0 1 1 2Y 0 1 0
1 0 | 0 =3% 0 1 1
1 | 0 | 1 Y 1 0 1
1 1 0 -Y 1 0 1
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Booth Hardware

7- 102

* Booth encoder generates control lines for each PP

— Booth selectors choose PP bits
Yi Yi1

Booth

Boothij
Selector
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7- 103

Sigh Extension

* Partial products can be negative

which is cumbersome

— High fanout on most significant bit

’

— Require sign extension

—

< 2 multiplier x

07...............

a /o o /o
a /a/a

S e
s| PPg
S
o s PP1<
Q\
PP
P

S

S

SSSSSSSSSSSSSSS 0000000000000 0 0O
SSSSSSSSSSSSS 0000000000000 00 00

SSSSSSSSSSS 0000000000000 0000°0

SSSSSSSSS 0000000000000 00O0
SSSSSSS 0000000000000 000OF0
SSSSS 0000000000000 00000CGO0
SSS 0000000000000 000GO0

S 0O00 0000000000 O0CGOCOSGIS
................‘

Chih-Cheng Hsieh
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Simplified Sign Ext.
* Sign bits are either all O’'s or all 1’s
— Note that all O’s is all 1’s + 1 in proper column
— Use this to reduce loading on MSB

5

]111111111111111........0........ PP
s | S
1111111111111 00000000000000000 PP,
]? S
11111111111 00000000000000000 PP,
]?y S
111111111 00000000000000000 PP;
y? S
111111100000000000000000 PP,
E S
11111 00000000000000000 PPs
E’ S

111..0....0.0..0...& PPs
S S

1ooooooooooooooooﬂ PP~

S
0000000000000 000 PPsg
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7- 105

Even Simpler Sign Ext.

* No need to add all the 1’s in hardware

— Precompute the answer!

O 1 N M < IO O© I~ ©
AN a NNy a NN a NN Ry a A
AN a ANy a ANy aly Al
o wn
o
o0 v
oo
® 00 v
® 00
00 e v
00 e
00 e o v
00 o e
00 0o o v
® 00 e oo
[ 2K 2K 2K 2K BN 2K N7
L 2K 2K 2K 2N BN 2K )
000 0o oo v
[ 2K 2K 2K A BN 2K K J
[ 2K AN AKX 2K X 2K AN BN J
" 00 e e e e e e
"n 000 e e e e e
n|jn © 0 e e e e e
—1 000 0 e e e
n @ 0 e e e e
—1 0000 e e
13K 2K 2K 2K 2K J
— 00 0 e e
123K 2K 2K 2K J
— 00 e e
n @ O ®
—| 00 e
173K 2K J
—1 Q@
ln| @
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Booth Encoding

7- 106

e Sketch the partial products used by a radix-4 Booth-
encoded multiplier to compute 011102 x 01101,

X2i+1 X2i X2i-—-1 Pi
011100101 1 0 n/a|-2Y=100101+ 1
10111111 11 1 1 1 —0Y = 111111 + 1
001101 1 nfa 0 1 Y =001101+0
1 s i i : : : : . e Ego PP, is necessary in case
S S 1 . |
TYTY YY" PP, PP, Is negative
XXX XIRE PP,
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Wallace Tree Multiplication

7- 107
. . (waq) ”
e CSA is effective a “1’s counter”, known as (3,2)
counter
able 10 A der a : (3,2) Counter
A B (& Carry Sum Number of 1's : a
0 0 0 0 0 0 ® 2
0 0 1 0 1 1 8 :
0 1 0 0 1 1 2 e
0 ED 1 1 0 2 =34
1 0 0 0 1 1 T e
1 0 1 1 0 2 - :
1 1 0 1 0 2 °
1 1 1 1 1 3 S gﬁ?;&dant
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Wallace Tree Multiplication

7- 108

* Wallace tree architecture can speed the column
addition, requires [log;,,(N/2)] levels of (3,2)

counters.
‘_
._
..__
o Redundant
®— Output
=

Partial Products
® 0

VLSI Design Chih-Cheng Hsieh



Wallace Tree Multiplication

7- 109

* [4:2] compressors are used to produce a more
regular layout, requires [log,(N/2)] levels of (5,3)

counters.

Partial Products
17
bl

Redundant
Output

o O To

[4:2] compressor

I rs

Carry

ry

Chih-Cheng Hsieh
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Serial Unsigned Multiplication

7- 110

e Serial multiplication need far less hardware, but
requires multiple clock cycles to operate.

Y X Step Shift Reg Notes
0000/0101 initialize

b 1o
\ V] 0a  1100/0101 add 1*Y
+

0b  01100/010 shift right

LM |
M N s la  01100[010 add 0*Y
en ' :

> | 5 1b 001100301 shift right
__ _:] 2a 11110001 add 1*Y

Shiit Register 2b  0111100]/0 shift right

3a 0111100, 0 add 0*Y
3b 00111100  shift right
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Summary

7- 111

* For synthesis/APR design flow: choose proper
adder/multiplier with various area/speed tradeoff
based on applications.

* Custom design at schematic level provide most

optimization of performance.
* The wiring capacitance need to be concerned in

multiplier desigh, compact cell and short wires
can be fast as well as small and low in power.
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