CSE/EE 462: VLSI Design
Fall 2006
Adders and Multipliers

Jay Brockman

[Adapted from Mary Jane Irwin and Vijay Narananan, CSE Penn State

and Rabaey’s Digital Integrated Circuits, ©2002, J. Rabaey et al.]
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Full-Adder
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v¥
cin— aléllélltlar —Cout | gl s | ¢ | Cow
7 status
Sum 0] 0o | o0 0 0 delete
0 0 1 1 0 delete
0 1 0 1 0 propagate
0 1 1 0 1 propagate
1 0 0 1 0 propagate
1 0 1 0 1 propagate
1 1 0 0 1 generate
1 1 1 1 1 generate
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The Binary Adder
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Cin—. Full I
adder Cout

Sum

S = A@B@Ci
= AECi+ABCi+KI§Ci+ABC
C0 = AB+BCi+ACi

S=C,(A+B+C)+ABC,
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Complimentary Static CMOS Full Adder
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S=C,(A+B+C)+ABC,
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ﬁ =T

delay of
= ~2 time units
CO
delay of L
— 1 time unit
28 Transistors
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Verilog Model with Delay

module fadd(sum, cout, a, b, cin);
output sum, cout;
input a, b, cin; after delay of 2 time unit

assign #2 sum = a ~ b ~ cin; Xxor

assign #1 cout = a & b | b & cin | a & cin;

endmodule <-~___§__§-

after delay of 1 time units
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The Ripple-Carry Adder

A, Bg A, B, A, B, A; B
v Vo Vo Vo
Cio Coo Cot Cop2 Cos
— FA FA FA |—> FA —
cO cl c2 c3 c4
§ { — !
So S, S S3

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

tadder = (N'l)tcarry + tsum

Goal: Make the fastest possible carry path circuit
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Verilog Model

module rippled4(sum, c4, c3, c2, cl, a, b, c0);
output [3:0] sum;
output c4, c3, c2, cl;
input [3:0] a;
input [3:0] b;
input cO;

fadd bitO(sum[0], cl1, a[0], b[0], c0);

fadd bitl(sum[1], c2, a[l1], b[1], cl);

fadd bit2(sum[2], c3, a[2], b[2], c2);

fadd bit3(sum[3], c4, a[3], b[3], c3);
endmodule
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Verilog Testbench

modulle t_rippled();
wire [3:0] sum;
wire c4, c3, c2, cl;
reg [3:0] a;
reg [3:0] b;
reg cO;

ripple4 ripple4_1(sum, c4, c3, c2, cl, a, b, c0);

initial begin #100 $finish; end
initial begin

#10 a = 4"b0000; b = 4"b0000; cO = 0;
#10 a = 4"b0101; b = 4"b1010; cO = 1;
end
endmodule
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Modelsim Simulation Results
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Inversion Property

A B A B
Ll o
Ci—| FA |-C, = Ci—d FA b—C,
; z

S‘(AaB:vCl') = S("nga E‘i)

C,(4,B,C,) = C (4,B,C,)

CSE/EE 462 L04 Adders and Multipliers.10 Brockman, ND, 2006

Minimize Critical Path by Reducing Inverting Stages

Even cell Odd cell
Ao By Ar By Ay B Az Bs
b b X b b
CI 0 Co 0 co,l Co 2 Co,S
—| FA p—>qd FA > FA p—>q FA —>
Y { { !
So Sy S; S3

Exploit Inversion Property
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Express Sum and Carry as a function of P, G, D

Define 3 new variable which ONLY depend on A, B
Generate (G) = AB

Propagate (P)=A @B

Delete = K E

C (G, P) = G+ PC,
(2] A

S(G,P) = P®C;

Can also derive expressions for S and C, based on D and P

Note that we will be sometimes using an alternate definition for
Propagate (P)=A + B
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Carry-Bypass Adder

Po Gi Po Gy P, Gy P3G Also called
[ 2 / y 3 y 3 L2 Carry-Skip
Cio Cop Cot Coz2 Cos
— FA |— FA |—| FA |— FA |—
Po G1 Py Gi1 P, Gy Ps
Yy b4 43 3oy BPEPOIPR
Cio Cop Co1 Cop
FA |— FA |—| FA

Multiplexer

Idea: If (PO and P1 and P2 and P3 =1)
then Cy3 = Co, else “kill” or “generate”.
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Carry-Bypass Adder (cont.)

Bit 0-3 Bit 4-7 Bit 8-11 Bit 12-15
] l — ! {

Carry Carry Carry Carry
propagation propagation, propagation, propagation
Sum Sum tsum l
M bits
tadder = tsetup + I\/Itcarry + (N/M'l)tbypass + (M'l)tcarry + l:sum
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Carry Ripple versus Carry Bypass

ripple adder

bypass adder

4.8 N
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Carry-Skip Adder Extensions

a Variable block sizes
e A carry that is generated in, or absorbed by, one of the inner
blocks travels a shorter distance through the skip blocks, so can
have bigger blocks for the inner carries without increasing the

overall delay

~ Tl Ty Ty

a Multiple levels of skip logic

N N N S [

skip level 1
AND of the
— first level skip

skip level 2
Lx signals (BP’s)
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Carry-Skip Adder Comparisons
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8 bits 16 bits 32 bits 48 bits 64 bits
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Carry-Select Adder

Setup

[ JL

0" —| "'0" Carry Propagation

<L ]

"1™ | "1" Carry Propagation
Co,k-1 > Multiplexer » Cok+s

Carry Vector

Sum Generation

CSE/EE 462 L04 Adders and Multipliers.18 Brockman, ND, 2006

Carry Select Adder: Critical Path

Tow ] [ow | [ ] [ sew ]
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’Sum Generation‘ ’Sum Generation‘ ’Sum Generation‘ ‘Sum Generation‘
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Linear Carry Select

Bit0-3 Bit 4-7 Bit8-11 Bit 12-15

Setup Setup Setup Setup
I (@)
- "0" Carry " 0" Carry 4-‘10Carry | . .( "0" Carry

?| 1" Carry | o ,| B Carry ?| 1" Carry | TTCETY
51 6 5 5 5
()iL()iL ® ()lL - ()iL ® ()iL

—-‘ Multiplexer }—>| Multiplexer H Multiplexer }—>| Multiplexer }-»
Ciy
° 4 {4 4 1O

Sum Generation Sum Generation

Sum Generation Sum Generation

Sos Sy Sg-11 S1245 (10)

laaa=1 setup [IV] fearry+ M Loum
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Square Root Carry Select

Adder Delays - Comparison

Bit 0-1 Bit 2-4 Bit 5-8 Bit 9-13 Bit 14-19
50 T T
| Setup | Setup Setup Setup | i
@
Ripple adder
0_,»| "0 Carry | ‘U"| "'0" Carry | 0,,_.1 "'0" Carry I ,,0,,.| 0" Carry | 40— PP I
oo s — L R
O ] 4 1 L JL ] 2
- "1" Carry g 1" Carry . 1" Carry g 1" Carry g 30 —
W] =
Multiplexe @ [ ate © Multipl © Multipl @ % 4L E | Linear select
— ultiplexer ultiplexer — ultiplexer
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N
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LookAhead - Basic Idea Look-Ahead: Topology
AO' BO Al’ Bl AN-l' BN-l
| | | Expanding Lookahead equations: Voo
Cok = G+ Pr(Gk-1+Pk-1Co k-2) d p———1Gs
d P Gy
G
All the way: B P !
G
Cok = Gk *Pi(Gi-1+Pr-1(... +P1(Go +PoCi 0))) B P °
Cio 1{1 _
|—| C03
Po {
Py | H
Py { F
P o—r——— H

Cok = F(ALBK Cok-1) = Gk +*PyCo k1

CSE/EE 462 L04 Adders and Multipliers.23 Brockman, ND, 2006

CSE/EE 462 L04 Adders and Multipliers.24

Brockman, ND, 2006




Parallel Prefix Adders (PPAS)

0 Define carry operator € on (G,P) signal pairs

G"P7) (G,P)
- TG
G -
> 1G
l where |—|
G=G"vP'G pr_|
P popp o

e € is associative, i.e.,
[(g”.p™) €(@".pI]€(@.p) = (@"p")€[g".p") €(9.p)]

o
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PPA General Structure

a Given P and G terms for each bit position, computing all
the carries is equal to finding all the prefixes in parallel

(Go,Po) € (G1,Py) €(G,,Py) € ... € (Gy.2,Py2) € (GnaiPrva)

0 Since € is associative, we can group them in any order
e but note that it is not commutative

0 Measures to consider
e number of € cells
tree cell depth (time)
tree cell area
cell fan-in and fan-out
max wiring length
wiring congestion
delay path variation (glitching)

P,, G; logic (1 unit delay)

C, parallel prefix logic tree
(1 unit delay per level)

S, logic (1 unit delay)
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Kogge-Stone PPF Adder
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Tadd = tsetup + |ngN t€ + tsum

CSE/EE 462 L04 Adders and Multipliers.27

Brockman, ND, 2006

logpN—>

A=

More Adder Comparisons
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Binary Multiplication

1010

10

X 1011

1010
10101

00O0O0OO
+ 101010

10
0

1110011
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Multiplicand
Multiplier

Partial products

Result

Brockman, ND, 2006

The Array Multiplier

Xlg X0$ Yo

xsé ng xlg xog Y1 2o
HA FA FA HA
X X X1¥y X v, Yz,
3 2 1 0
N
FA FA FA HA
x3g xzé xl$ xog v: Yz,
FA FA FA HA
z, Yz, Yz, Yz, Yz,
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The MxN Array Multiplier— Critical Path

b4l
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!

HA
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Critical Path 1
. Critical Path 2

r1

Critical Path 1 & 2
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Carry-Save Multiplier

Vector Merging Adder

tmult:(N'l)t +(N—1)tand+t

carry merge}
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Multiplier Floorplan

X3 X, X, Xy
Yy > y V‘ v v‘
HA Multiplier Cell
Y; —» 1p
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Y,
—
CS CS CS CS . !VtM'Cll
T T T I 7 ector Merging Cel
T
Y3 C S C S C S C S X and Y signals are broadcasted

Z through the complete array.
[ \_\I \_\‘l I_\;, 2 e P Y
i \ \ y (—)
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Wallace-Tree Multiplier
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Multipliers —Summary

* Optimization Goals Different Vs Binary Adder
* Once Again: Identify Critical Path

* Other possible techniques
- Logarithmic versus Linear (Wallace Tree Mult)

- Data encoding (Booth)
- Pipelining

FIRST GLIMPSE AT SYSTEM LEVEL OPTIMIZATION
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