EE3230 Lecture 9:
Datapath Subsystems

Ping-Hsuan Hsieh (3 5 %)
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Outline

* Addition/Subtraction
* Multiplication

* One/Zero Detectors
* Comparators

* Counters

e Shifters
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Digital Device Components

* Processors are composed of many basic components

Control

Input-Output

Datapath

* Datapath comprises the core

 Other components are for supporting

— Power management and distribution, clock generation and
distribution, analog, RF modules, etc.
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Digital Device Components

* Memory:
— Read-only vs. read-write
— Sequential vs. ramdom access > the way data is accessed
— Single-ported vs. multi-ported access |
— Dynamic vs. statc

e Control:

— FSM (sequential circuit) implemented using random logics,
PLAs, and memories

* Interconnect and I/O:

— Parasitic R, C, L affect performance for wires both on and
off the chip

— Growing die size increases the length of the on-chip
interconnect, increasing the impact of parasitics

data retention characteristics
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Single-Bit Addition

* Half adder A B A| B |C,| S
o|loflo]o

S=A®DB Coui ol 11 0| 1
C,.=4°*B S 1 10| 0] 1
1111110

e Full adder A|B|Clc,ls
A B oo o0o]o0o]oO

S=A®DBDC olol 11 o0l 1
C.. =MAJ(A,B,C) C°“ré_§c o[1]0f|o0] 1
= AB+BC+ AC S o |1, 11110
110|001

11o0|1]1]0

11110 1]0

11 1] 1|1
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Full-Adder Design |

* Direct implementatio

n from equations

S=A®B®C (16 transisotrs) |
Cout = MAJ(A,B,C) (]_O tra nsisors) total 32 transistors
INV (6 transistors) _
A~ —A A ~><} A
A B FE# B B {>& B C —>@ C
EQDS C— b—C
N
812l Cou C— —C AH{TBﬂ Bl
cl1Z B C— A —
Bl L JB _ ——4— Cou
C—| A—
A A A{isﬁ B8
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Full-Adder Design Il

* Compute S from C,,: S =ABC + (A + B + C)(C,,,)

ey

e Mirror structure
A~ MINORITY |,
o= o
| —
****** M!NQB!T,Y,WWﬁ (a) TTTTTTTTTTTTT T
‘ C
A P 4
> %T %L% %[ %
C % ! %r %
C

,,,,,,,,,,,,,,,,,,,,,,,,,,

total 28 transistors
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Critical Path Optimization

* CtoC,
* Feed carry-in (C) to inner inputs

in ripple-propagate adders

 Minimum-size transistors at summing (S) logic for minimizing
branching effort on the critical path

 Asymmetric gate to reduce logical effort on carry-in
* Eliminate output inverter — 24 transistors
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Layout

* Standard cell layout style - = E
— Fixed cell height veo (18 /WW/WW/% o
— Fixed active area pitch Sg: é%:@tggzs t g@a 52
— Fixed transistor size el NeNmshmy | NN )
. |
K SIS lﬂ \

NN

e Datapath layout N/ o s 3 A
— Horizontal poly placement Q f@ | E |
“ § 4

N
|

[fovays

T4
IS
1 X
AT LT
[ras B

(W7
N2

N
N
N

P E—

_ - i,
Smaller height (G)NDW%/%/W/;/#%

— Various transistor size

Vo0 R S
=-o . 575
R R R u
Cc =< ANE) OO N NN o S SN S ON N = 3 /
o vaw  w .
B NS AN NENENTNS SXENENSNNGENGENSENGENVENRE, NN ] N
" o N ¥ | S wAmwA ] .
GND /[ R E (e e SU LI U NS "
(b)
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Full-Adder il

* Transmission gate full adder
— Buffered outputs of proper polarity

— Equal delay for S and C

L P

24 transistors

out

(important for multipliers)

________________
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Full-Adder IV

 Complementary Pass Transistor Logic (CPL)
 Compared to design-I: 2x faster, 30% lower power

 Compared to design-Il: slightly faster, similar power,
i but more area
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Full-Adder V

* Footless dual-rail domino
— Very fast, but large area and power hungry

— Similar delay for S and C_ . = used in very fast multipliers

out

S| <@ ol ©>S_h
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Carry Propagate Adders (CPA)

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

An..1 Bn..1
o Cout
Cout% \/ /LCin @/O@‘/ Jl@/cames
+ 1111 1111
+0000 +0000 B4___1

SN...'] 1111 0000 Sa 1
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Carry Ripple Adder

* Simplest design: cascade full adders
— Critical path goes from C,  to C_,
— Design full adders with fast carry delay
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Inversions

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

A, By, A3 Bs Ay B, A; B;
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Generate/Propagate/Kill

* Equations often factored into GPK
defining what happens to carries

— Generate: C,,, = 1 independent of Cin (G =A ¢ B)
— Propagate: C_,,=1lifandonlyifC, =1 (P=A® B)
— Kill: C,,, = 0 independent of C,,
A B C G P K T S
0 0 0 0 0 1 0 0
1 0 1
0 1 0 0 1 0 0 L
1 1 0
1 0 0 0 1 0 0 1
1 1 0
1 1 0 1 0 0 ! 0
1 1 1
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Generate/Propagate

* G & P for multiple bits spanning i:j
Gi:j = Gi:k +E:k °

%1 |\alency-2 group PG Logi
dalency- rou 0gIC
p -p +p y-2 group PG Log

* Base case (single-bit)
G,=G, =4 °B Gy =G, =C,

P.=F =4®8B5, R,=H=0

e Sum

Ci—l = G'—I:O’ S=P®C, Sz' = Pz @Gi—lzo

l
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A4 B4 A3 B3 A2 BZ A1 B1 Cin
JUUUUTUD | &
G4 P4 G3 P3 Gz Pz G1 P1 GO

(
L G3:0 G2:0 G1:0 GO:O
C C C C
T Ll P
Cq
\ \ \ \ \
Cout S4 S3 82 81

1: Bitwise PG logic

2: Group PG logic

3: Sum logic
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Carry-Ripple Revisited

A Bi G

C, =A4B +(4+B)C, e

== Gi + BCi—l Gy P4 Go
Go=G +E ° Gi—l:O‘ \ } R[? @
—_ \ G3:0 GZ:O G1:0 GO:O y
Si - Pz s> Gi—l:O
C -G +T— % | — % | @ | @
out ~ 0
Cs
[ [ [ [ [
C t S4 83 82 S1
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Carry-Ripple PG Diagram

* For N-bit adder < Bit Position
(15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0)
o |
ZLripple = tpg + (N — 1)ZLAO + Zonr %ﬁ
|
. 5|
t,, - delay of 1-bit propagate s
/generate gate %ﬁﬁ
t,, :delay of AND-OR gate 5
in grey cell W
grey ce .
t . :delay of final sum XOR a |
B |
B |

|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

Aejeq
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Carry-Skip Adder

* Carry-ripple is slow through all stages

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

G16:0 = G16:13 + Pl6:13 ¢ G12:o G&o = Gs:s +P&5 ¢ G4:o

A16:13 B16:13 A12:9 B12:9

I316:13

A8:5 BS:S

G12:0 = G12:9 + Plz:9 ¢ Gs:o
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Carry-Skip PG Diagram

* For k n-bit groups (N = kn)

(16 %5 14 13 12 11 10 9 8 7 6

G16:13 ﬁ

(k-1)tao

(n-1)tao

16:0 15:0 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 0:0

i = Lo + [2(n=1)+ (k=D]t40 + 1o
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Variable Group Size

* Delay grows as O(sqgrt(N))
— [2,3,4,4,3] saves 2 levels of logic compared to [4,4,4,4]

(16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 O)

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 00
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Carry-Lookahead Adder

* Computes both P;; and G;, for many bits in parallel.

* Uses higher-valency cells with more than two inputs

(%61):= (a613 +-136ﬂ3 * (3120 (i&O =:(3%5 +-l%5 * (;40

A16:13 B16:13 A12:9 B12:9 A8:5 B8:5 A4:1 B4:1

Cout Gie:13 C12 G129 C8 Gs:s Cq Ga:1
= P16:13 = P12 Ps:s P4
i i i i l l i i
\/ \ \ \/ B
+ + + + /G,

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

G12:O = G12:9 +P12:9 ¢ G&o G4:0 = G4:1 + P4:1 * Go:o
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Carry-Lookahead PG Diagram

* For k n-bit groups (N = kn)

(16151413121110987654321o)

ankannhannra==ks
|| (@

(k1)tAo

/r"

(n-1)tao ((
-

16:0 15:0 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 0:0

bre =g o + [((n=-D+(k=-D]t,, +1.,
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Higher-Valency Cells

Delay : t

pg(n)

Gi:k
. . P Gij
itk k-1:11-1:m m-1;] Ge '1'_|

N
% B —— D
Gt
Y
-
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Carry-Select Adder

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

* Carry-select adder precomputes n-bit sum
tselect = tpg +|:n + (k - 2)]tAO + tmux

A16:13 B16:13 A12:9 B12:9 A8:5 B8:5 A4:1 B4:1
= V V
+ + +
[ L [
Cout Ci2 Cs C
Y JL1 \ oV JL1 \ Y JL1 4
+ + +

S16:13 S12:9 S8:5 S4:1
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Carry-Increment Adder

* Factor initial PG and final XOR out of carry-select

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

. . . s

13;12 ] 9:8| III}QA;
1412 | 1&8‘P 6:4 |
10:8

(0

15:12 11:8 10: 7:4

e dTTTT

15:0 14:0 13:0 12:0 11:010:0 9.0 80 70 6:0 50 4.0 3.0 2.0 1:0 0:0

5 B

tincrement = tpg + [(n - 1) + (k - 1)] tAO + txor
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Variable Group Size

e Fanout increases
with group size

e Buffer noncritical
signals

 Reduce branch
effort

(1514131211109876

13:11

-

12:11

5
54

ﬂ

-

'S E
mé;ﬁﬁ

15:0 14:0 13:0 12:0 11:010:0 9.0 80 7:0 6:0 50 4.0 3.0 2.0 1:0 0:0

)

(15 4 13 12 11 10 9 8 7 6 5 4 3 2 1 0
12:11£ﬁ {Biﬁ S:k 3:2 1:0
13:11 9:7 3:0 ﬁ

o

1

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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Tree Adder

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

* Many variations on tree adders

EE3230



Brent-Kung

(151413121110987

n

-
5

15:14 13:12 11:10 9:8 7:

m

15:12 11:8 74

15

N

11:0

13:

15:014:013:012:011:010:0 9:0 80 7:0 6:0 5:0 4.0 3:0 2.0 1:0 0:0
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Sklansky

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

15:12| 14:12 11:8] 10:8

15:8| 14:8] 13:8| 12:8

15:014:013:012:011:010:0 9:0 80 7:0 6:0 50 4:0 3:0 2.0 1:0 00
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Kogge-Stone

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

» Various structures 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) 2logoN—-1 |2 1 2N
Sklansky (0, L-1, 0) log,N N2+1 |1 0.5 Nlog,N
Kogge-Stone (0, O, L-1) log,N 2 N/2 Nlog,N
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Summary

Prefix Tree
e
g /

5
A/ Carry/Lookahead

A~ 4

=

= . - / Carry Select & 32-bit
S ( m 64-bit
) £

g . . Rippl? Carry

“TTe n)
1 k—L/L"// J J}

20 40 60 80 100
Delay (FO4)
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Subtraction

 2’scomplement

/-— sub/add
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Multiple-Input Addition

e Carry-Save Adder (CSA)
e Kwords can be summed with k-2 CSA and 1 CPA

0001 X
0001 0111 1101 0010 0001 0111 1101 0010 0111 Y
vy TonCon Tour S
} 4-bit CSA / 1011 S
e gLol . ©

0101_|_|1011
\ \+/ / 0101 X
5-bit CSAj 1011 Y
10101 [ v\+001o Z
\ 01010 00011 Joo1I S

+

V 01010 C

(a) 10111 +
01010 A
(©) 10111 + 00011 B
10111 £

Ky Ygllf Xy Yo Zy Xy Yo Z, X% Y, Z

W@WWW
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Outline

* Addition/Subtraction
* Multiplication

* One/Zero Detectors
* Comparators

* Counters

e Shifters
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Example

1100 : 12
0101 : 5

10

EE3230



Example

1100 : 12
0101 : 5,
1100
0000
1100
0000
00111100 : 60

10

10
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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-1)-bit product
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General Form

« Multiplicand: Y = (Yy1, Yoo - Yoo Yo)

* Multiplier:

X = (Xn_1r Xnoor -r X1, Xp)

M -1 N- N-1M-1
° . _ J A I+]
Product: P = z y,2 x,2' | = E X.y;2
j=0 i=0 i=0 ;=0
Ys  Ya Ya o Yo Yy Yo multiplicand
Xs X, Xy X, X X multiplier
Xo¥s  Xo¥a Xo¥3  Xo¥Yo  XoY1 %Yo
Xi¥Ys Xi¥4 Xi¥3 XYy XY XY
XYs XYy XY XY, X¥; XY partial
X¥s  X3Ys XYz XYo XYy X5Y products
X5 Xa¥a  XKgY3 XYy XYy XY
XsYs  XsY, Xs¥s3  Xg¥o,  XgYq o XY, |
Py P Pe Pg P, Pg Ps P, Py P, Py Py product
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Dot Diagram

* Each dot represents a bit

partial products

<

0000000000000000

X Jaidninw

X15
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Unsigned Array Multiplication

* Fast multipliers use carry-save adders (CSA) to sum
the partial products.

— A CSA typically has 1.5~2 FO4 inverter delay
independent of the width of the partial product

— A carry-propagate adder (CPA) tends to have 4~15 FO4
inverter delay depending on the width, architecture, and
circuit family
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Array Multiplier

Xo

X4

X2

X3

Y3 X Y1 Yo
/
(
I
!
|
pd
: CSA
| Array
I
I
I
I
I
A
1
)
/
| 7 _
( (
<[ N Y N U S Py CPA
I \ \ J J _
[ | | |
p7 Ps Ps P4 Ps3 p2 P Po
critical path A B
A B
'
Cout Cin = Cout Cin
Sout
Sout

EE3230
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Rectangle Array

* To fit rectangular floorplan

Xo

Y3 Y2 Y1 Yo
N .
\_ ‘ \_ ‘ \_ ‘ \_ ‘ J
P7 Pe Ps P4

Po

P1

P2

P3
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Summation of Partial Product with CSA

e CSA is effective a “1’s counter”

 Known as (3,2) counter

®
Table 10.14 An adder as a 1’s counter ° (3,2) Counter
A B € Carry Sum Number of 1's : a
0 0 0 0 0 0 b [Sum
v v L4 c Carry
0 0 1 0 1 1 2 e
0 1 0 0 El 1 T e
0 1 1 1 0 2 o ®
e s . T ®
1 0 0 0 1 1 g )
1 0 1 1 0 2 o :
1 1 0 1 0 2 °
Y Redundant
1 1 1 1 1 3 s Output
47
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Wallace Tree Multiplication

* Wallace tree architecture speed up column addition,
requiring [log;,,(N/2)] levels of (3,2) counters.

. P

. —

® ——>< Redundant
o — Output
o— J|

Partial Products
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Wallace Tree Multiplication

e (4:2) compressors used for more regular layout,
requiring [log,(N/2)] levels of (5,3) counters.

(4:2) compressor

o— ) Cout

Carry
- Carry
Sum Sum
e (a)

‘ B Cout Cin
® Redundant
° — Output J§> 4'

° B F\)L

..__
7
/ Sum
°*— adr P
. }

Carry

OO0 To
OO0 To

Partial Products

LN
o ooTo

rvin
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Summary

* For synthesis/APR design flow:
choose proper adder/multiplier architectures with
various area/speed tradeoff based on applications
* Custom design at schematic level
provides the most performance optimization
* Wiring capacitance needs to be taken care of in
multiplier design, compact cell and short wires
results in fast, small, and low-power designs

EE3230



Outline

* Addition/Subtraction
* Multiplication

* One/Zero Detectors
* Comparators

* Counters

e Shifters
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1’s and 0’s Detectors

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

D
D

B - allones

Iliksieee

—

|
SO

PP 22 22 2>

1

D

D

Mimic the adder delay

Az —O
A, —O

A —O

| h

Ay O

jallones AO_‘E A1‘Hj f\i—m Ag—[

3

— allzeros

a

allzeros

“wired-OR”
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Outline

* Addition/Subtraction
* Multiplication

* One/Zero Detectors
* Comparators

* Counters

e Shifters
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Comparators

* Equality comparator: A=B
 Magnitude comparator: A<B
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Equality Comparator

* Check if each bit is equal (XNOR, aka equality gate)
* 1’s detection on bitwise equality

S
) e L

Al2] A=B
) r— L
g —
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Magnitude Comparator

 Compute B—A and check the final sign bit
* For unsigned numbers, carry out is sign bit
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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+7Z N®TV) + Z
A>B T (N® V)
A<B C (N® V)
A>B C+7 (N®TV) +Z
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Outline

* Addition/Subtraction
* Multiplication

* One/Zero Detectors
* Comparators

* Counters

e Shifters
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Binary Counters

Asynchronous Synchronous
Counter Un/Down Counter
TC clk

o=

Q,

DAl [

YIY

ﬁrlfz
=S 9
)

C|k1

VY
i

down/up —<{>O—[ e

Synchronous
Incrementer

TC clk

pai

gs

reset

(half adder only)

EE3230
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Outline

* Addition/Subtraction
* Multiplication

* One/Zero Detectors
* Comparators

* Counters

* Shifters
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Shifters

* Logical Shifter:
— Shifts number left or right and fills with 0’s

* 1011LSR1=0101 1011 LSL1 = 0110

* Arithmetic Shifter:
— Shifts number left or right.
Rt shift sign extends, Lf shift fills with 0’s

* 1011 ASR1=1101 1011 ASL1 =0110

* Barrel Shifter (Rotator):
— Shifts number left or right and fills with lost bits
e 1011 ROR1 =1101 1011 ROL1 = 0111

Latch-based shifters only shift one bit per cycle
Multiple-bit shifters require additional connectivity
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Binary Shifter

Right nop Left
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Barrel Shifter

e Can perform n-bit shifts in a single cycle

e Efficient layout

* Require transmission gates and long wires

* Accept 2n data inputs
and n control signals,
produce n data outputs

n bits

n bits

data 1

data 2

n bits

EE3230
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Barrel Shifter Structure

 Two-dimensional array

i

1
m)
14
T
10 |
=y
L |

=

Sh0 Shi Sh2 Sh3

* Only one control signal issetto 1

—_ : Data Wire

: Control Wire
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4x4 Barrel Shifter

Sh0 Sh1 Sh2 Sh3

Buffer

* Large number of cell, but each unit is small

* Area dominated by wires
— Long delay through wire and transmission gate

EE3230
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