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Multiple functional units

« A complex processor may have multiple functional units working in parallel:

Connections for reading physical registers:

Instruction  — — — — — — requires read ports on ROB
Issue
Architectural
register file
/
i _
Fetch Function Commitment

Units

__ __ Result/status
forwarding buses

Dispatch |

Instruction ——I
dispatch
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Serial Adder Concept

* At time I, read a, and b.. Shift

S

> SO
control ————e—> Shift register
Produce s; and c.+1 cLK —p—
* Internal state stores c..
Carry bit c, is set as c;, Seial T o
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Basic Addition Unit - Full Adder

CIN

X Y Cin S Cout
0 0 0 0 0
0o 0 1 1 0
0 1) O 1 0
0 1 1 0 1
1 0 0 1 0
>1 O/\ 1 0 |1
1 1 0 0] 1
\1 1/ 1 1 i/

full adder
— X
_ 1y S
—{ CIN COUT

S=x@y®dC,_

= S=P®C,
C,. =Xy+xC.+yC.
=C,,,=G+P-C_

Yy

Kill =X - y

Generate = x-y
Propagate =x® vy

~X+Y

S

C,,=MAJX,Y,C.)

out™

COouT



Full-Adder Implementation

* A full-adder is therefore a majority gate and a 3-input XOR:
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Ripple Carry Adder

As By Az Bz Ay By A By * So, itis clear, the C_ , output of the

, ’ out
é >ﬁ< H Full Adder is on the critical path.
Cout— | | - Ci « Can we exploit this to improve the
C C C
3\/ 2\) 1 design?

Sy S3 S, Sy
B A By A By A3 B3 S=A®B EI_)Cin —
t ¥ ' t Y 'Y = ABC,, +(A+B+C,,)C,,
Cio Co,0 Co Cop Co3

- [EGY)

R
- -
~—
~ifm—

adder (N 1)tcarry sum ::> tpd = O(N)



. S=ABC, +(A+B+C,)C,,
Full-Adder Implementation

24 Transistors

28 Transistors Voo
) Voo i C, {A -qE'B -qg Fl‘ {m—r :(4% B{ﬂ{‘ C ﬁ :
B 9 * %ﬁ 2.
}ci —414__ AL Pl 1 i s
A 5 Qci / Aﬁ ‘% g

ﬂE} N 2+4+2+4+6+3

C, =AB+AC +BC. ~ G=AB LE. 7
S=ABC, +(A+B+C,)C,, P=A®B | 3
244424341244 ...BUT ~64 stages to propagate
LE, = =9 .e., PE,,=4%

3
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Exploiting the Inversion Property
Hﬂ%ﬂ s ol Hn# “'ﬁ wﬂ% HIE IS B
ﬂ adl F"'H[ » - | .C, =

- L'% )
A— 8] B_IE_ A—|é B—Ié c—|% B S‘(A,B,CI) - S(ﬁ,g, CZ)

S C,(4,B,C}) = C,(4,B,C))
Even cell Odd cell
Ao Bo Hq [ fan By Az Bs We saved the
¢ ¢ i i ¢ ¢ i i inverter, so PE_ =452

opt
Cio Coo Co1 Co.2 Cos
—>| FA p—>d FA ——> FA b—>d FA >




Sizing the Mirror Adder

* Problem: How can we make a high speed bitslice layout?

 |f we upsize each stage according to Logical Effort,
we will have non-identical bitslices.

e Such upsizing will result in huge gates.

* Why not design the adder to inherently achieve optimal Electrical Effort (EF,,,=4)?

« Assume everything not on the carry path can be sized like a minimum inverter!

Not on the critical path!

13
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Sizing the Mirror Adder

* Now, let’s try to size the first stage to get EF=4:

 Remember, logical effort is a function of gate topology and not sizing!
« Therefore, we can temporarily size the first stage as a minimum sized inverter,

IVINg US:
) ) LE, = iz =2
3 -
 Soto get EF=4: +d[ &9 ﬂdlilr M@, sd%rc.qg. 5-q
A-q
I—ECin ) CL,Cout CL,Cout H"Z —d

EFc,cin = — =2 | 4 ¢
CCin CCin EF =4 ’ _4% ¢

: A
* Butwhatis C ,,? g{ =




Sizing the Mirror Adder

» What is C,_c,,?

* Obviously, we have the second stage...
« But don’t forget the next full adder!

*S0C oyt ISt C g =6+Cg, +6+9=C, +21 -
+ And now, we can find C;, using the EF constraint we found: ¢_ | =27 Cen =2

sd” e Hﬂlaﬁ; sd[Z @' 8q |0
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Subtraction Ay 1 By

* To subtract two’s complement, just remember that:

—X=X+1 m) A-B=A+B+1

. So, to subtract: =
+

 |nvert one of the operands.
« Add a carry in to the first bit.

Sn.1=A-B
 Therefore, to provide an adder/subtractor: L/

« Add an XOR gate to the B-input
« Use the sub/add selector to the XOR and carry in.

/L— Sub/Add
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Carry Skrp (Carry Bypass) Adder

Also called
* * * 4 Carry-Ski
Ci.ﬂ Cn.ll Co.l Cn.z CD.S ry p
— FA » FA » FA o FA —
P, G, P, G, P, G, P, G,
4 3 i + 3 + 4
Cip Con Con Coz
o FA » FA o FA » FA

Idea: If (PO and P1 and P2 and P3 =1)
then Cy3 = Cp, else “kill” or “generate”.

Bit 0-3 Bit 4-7
l tsetup

Setup Setup

J g =

Y

M Sections of (N/M) Bits Each
+(M -1)t

t

skip

Bit 8-11

=1

Setup

L

Carry o| Carry ||
‘ propagation " |propagation

\/ u

Sum Sum

Carry
propagation

ll

Sum

p/g

_|_

N

— 1t

M

Bit 12-15

Setup

U

Carry
propagation

tsum l

\/

Sum

carry

bypass + tsum

=0(%u)

ripple adder

bypass adder

4.8
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Carry-Select Adder

Gkl

Let’s guess the answer for

Sefup

PG

"o" Carry Propagation

— C(],k+3

Sum Generation

each value of the carry.

t

select

Bit 0-3 Bit 4—7 Bit 8—-11 Bit 12-15
Setup Setup Setup Setup
0 = 0-Carry 0= 0-Carry 0 = O-Carry 0 = 0-Carry
1-> 1-Carry 1 - 1-Carry 1 1-Carry 1- 1-Carry
—>| Multiplexer ——>{ Multiplexer > Multiplexer > Multiplexer
Ci,O C0,3 C0,7 Co,ll

&

Sum Generation

4

= tp,g +

S0—3

N

—1 T

carry

M

Sum Generation

M

Sy

&

Sum Generation

S8—11

N-bit input with M CSA blocks

il

Sum Generation

T Hlm :O(%)

S12—15

C0,15



Square Root Carry Select

Bit 0-1 Bit 2-4 Bit 5-8 Bit 9-13 Bit 14-19
Sctup Setup Setup S 50 I I I
(1) i
A Ci{*Lnr‘ " Caér‘L\' "U"Caj:'L 40
|1'u| - f'l“* " "'11!-.‘ o .
(1) 2
~ ‘I*,L c ‘II{ c 3 30
T EL . arry arry ]
u-l_ir I cam 0" rﬂ'" | T -l'l'l"' | E
(3) ! (3) | (4) (3) 5
(4) < J-I (5) it J-I (6) g 20
—»  Multip kxcll_. Multiplexer | ——  Multiplexer ﬂ =
Cro - -

& < L

[Sum Gcntr:tifn Sum Gcntr:tlnT Sum Generation Sum G

So-1 S2.4 Ss.8

Lot = tyg + MUy +V2NE, +1 = O(m)
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Carry Lookahead Adder - Basic Idea

* Problem - C_ , , takes approximately k gate delays to ripple. G =A-B

* Question - can we calculate the carry without any ripple? P-A®B
| |
Cout,k — f (Ak’ Bk J Cout,k—l) — Gk + I:)k | Cout,k—l V%D
Cout,k 3 Gk + Pk '(Gk_l + Pk—l 'Cout,k_z) dl:' I:b G3
Cout,k = Gk + Pk '(Gk—1 + Pk—l ) ( LT I:)1((30 + POCin,O))) qu [,—[p N
Aoy Bo A, B An-1, BN1 [ P o1
| | | <3|| J_|c Go
~ Cio a4 | _
\\ —|_T Co3
Po I?’_!]I—
P, | -
Ci,O_I PO C| 1 Pl CI N PN_l P, I_l I:ll_
P3 i:I I:II—

21 So S, SN-1



Tree Adders (Logarithmic CLA) " * ' 1-A®5
ree ers (Logarithmic ) S-PoC.
» Can we reduce the complexity of calculating P;, G; ? C,=G+P-C_
Ro=RR Gu=6+PF-G; :: g;: > P_T:G’IGT:G r
PG
—=C =G+ P.C Ps Gs — -1 |
out,1 1:0 1:0 ~in,0 P, G, — PG P G.. - b G
I:)3:2 - Ps ' Pz G3:2 — Gs T Ps 'Gz ﬁ: g:: PG P_mlas:z
:>Cout,3 — Gs:z + P3:2Cin,2 :; g_ — mlgm PG5 G,.
‘ :: z: [ PG| __|PG| _|PG @ c:
Po=PF By G5 =065, +PF,, -Gy e fF‘G [c] _ ' z
:>Cout,3 =G, + P3:0Cin,0 P G lesl” o s Cs
1:tree — tp/g +|7|ng N _ItAND/OR +tsum — O(Iog2 N) P‘Z:G: - PG T C:

22 Po, Co l_ Co
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Tree Adders (Logarithmic CLA)

« Many ways to construct these CLA or tree adders, based on:

» Radix: How many bits combined in each gate
» Tree Depth: How many stages of logic to the final carry (>=log,.4i,N)

» Fanout: Maximal logic branching in tree
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Manchester Carry-Chain Adder

-1 VDD

T o 4 4 cllf
Gi PO_T_ PLT_ P, { Psf B _
'é-' — C, — 1 T1 TT TT c, t- =0. 692(: [Z R }
Ci o . = g ~ 0 .
i,0 G0°_| | Glo—l a G20—| | Gso_l r N (N +1)
T K - 0.69
Pi 1 ¢n I — JI — J| — I |
Static Circuit L 1 1 1| where R =R, C/=C
tatic Circults 1 : = =
—Voo Y Y Y Y
1 B w = % “ Propagate/Generate Row
1 ed[l _
S . TT &
G— [
o —
L

2« Dynamic Circuit Inverter/Sum Row



* The home computer that 80s kids learned
how to play games on and program with:

The Commodore 64

* Introduced in Dec. 1982 for $595. Continued selling until 1992!
« 8-bit, 1 MHz, 64KB RAM, 16KB ROM

« Ran BASIC as it’s interface.
* The highest selling single computer model of all time.

* |t has been compared to the Ford Model T for its role in
bringing a new technology to middle-class households
via creative and affordable mass-production.

« Considered the computer that provided the foundation
for the development of open-source software (freeware)

Source:
http://www.gondolin.org.uk

LOMAIDORE B4 HBASILE WE e
SYSTEM 38311 BASIC BYTES FREE




IF PERSONAL COMPUTERS
ARE FOR EVERYBODY,
HOW COME THEY'RE PRICED

A personal computer L F : will be far more
|-.xlppn-ed TS = challenging than

$1395° $999° $1355 e

playona
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SR S S e

/ / R | Cutman Gt A Li ™ ’
=z commaodore \0\ :::.3.‘;:::‘. 99 PR '
COMPUTER [\ R s .

%
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100" Gt Bn sy W
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Grade School Multiplication

1 2 3 4
X 1 2




Multiplication using serial addition

1 O - O _ O/ Multiplicand
% B O | 1 _— Multiplier
1 0 1 O 0
]— O 1 O 1 O __Parfial
O O O O O O Products
+ 1 01 0 1 0 B
Result
11001110




Binary Multiplication

N
multiplicand
® © o o
® © 0 o multiplier
\
¢ & o o partial
\ e o o o product \~ can be formed in parallel
array
® © o o
® © o o _

double precision product
® 6 ¢ 06 ¢ 0o o0 o

A
v

2N



Serial Shift and Add
- Concept: q Pa”}(@”m

« Multiplying by ‘1’ is copying the multiplicand | .

« Multiplying by ‘0O’ is a row of zeros i Multip!icand\
« Select multiplicand or zeros Lo _

according to multiplier bit PNQAMUX Lo
* Add to result
« Shift multiplier and accumulated result ,VJ

k-bit adder
..-i"'"k

tserial :O(N 'tadder):O(NZ)

for RCA
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Array Multiplier

« Calculate the final product in

a single combinatorial calculation Yo'7 | Yo'e | Yo's | Yot4 | Yo'3 | Yo¥2 | Yo¥1 | Yo¥o
(=potentially one cycle) Yi¥7 | Yi¥e | Yi¥s | Yix¥a | yixa | v | vk | Yo
YoX7 | Y2Xe6 | Y2Xs | YaXq | V2X3 | Y2aXa | VX1 | V2Xo
VaXg | V¥ | Vats | Yaty | Vats | Vs | vaxg | Vo
YaX7 | YaXe | YaXs | YaXa | YaX3 | YaXo | VaXa | VaXo
Ys'7 | Ys¥e | Ys¥s [ Vs¥q | Ys¥3 | Vsba [ Vst | YsYo
Ye'7 | Ye'6 | Ye's | Ye¥a | Y6¥3 | Ye'2 | Ye'1 | Y6'o
+ | V9 | Yi¥e | Ya¥s | Ye¥a | YeNa | Y% | Yt | Yo
Pis | Pu | P | P2 | Pu|Pwo| Py | Ps | P2 | Pe | Ps | Py | P3| P2 | P1I | Po




Array Multiplier Implementation

A3 A2 Al AD

» Stack 2-input Adders: « B B Bl BO | "
C BOx A3 BOxA2 BOxAl BOxAO
+ Bl xA3 BlxA2 BlxAl BlxA0
X3 g X2 g X1 g Xo g Yol sum sum
B2 x A0 Internal Signals

xgg xzé xlé xoé Y1 Zg
Y Y /

<

Y2 Y1 YO0 Outputs
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Can we do it better?

Partial Products

NOOC
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Aloooo o0
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Aloo®

0000000000 O =

00000000 6=

o0
00

000
0000000000 O O =
000

000000 0=

X Jaldiyiny
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Carry-Save Multiplier
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Multiplier Floorplan

vy o 44 44

HA HA HA
Z,
! ¥ '
HA FA
s L
Z,
Half Adder <

Full Adder

Vector
Merging Cell

Vector Merging Adder .
reie X and Y signals are broadcast

o through the complete array
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Booth Recoding s
2'=2"-1

 Multiplying by 0’ is redundant. i=0

» Can we reduce the number of partial products? ., (8) 01000000 (64)

- Based on the observation that —0001 (1) —00001000 (8)
0111 (7) 00111000 (56)

 We can turn sequences of 1's
Into sequences of 0’s. For example: 0111=1000-0001

« So we can introduce a ¢-1’ bit and recode the multiplier:
* For example, the number 56

+27 =32+16+8
= 56

2’ —27 = 6438

= 56




Radix-2 Booth Recoding

 Parse multiplier from left to right

* For each change from O to 1, encode a ‘1’
e For each change from 1 to 0, encode a ‘-1’
* For bit 0, assume biti=-1isa0

« Example: 0011 0111 0011 = 0x373

010 -1/100 -1/0 10 -1

OlOO|lOOO|0100 Ox 484

-0 0 01/000 1|00 01 —Oxi1
Ox 373

40



Modified (Radix-4) Booth Recoding

* Radix-2 Booth Recoding doesn’t work for parallel hardware implementations:
« Aworst case (010101010101010) doesn’t reduce the number of partial products.
 Variable length recoders (according to the length of ‘1’ strings)

cannot be implemented efﬁCientIY- Partial Product Selection Table
* Instead, just assume a constant length recoder. Multiplier Bits | Recorded Bits
 First apply standard booth recoding. 000 0
» Next encode each pair of bits: ool - Multiplicand
1. Within a sequence: 2. Begin of a 1's-sequence: 010 + Multiplicand
0 0 0 -] 11— 10 011 +2 x Multiplicand
0 - ! i 100 -2 x multiplicand
3. End of a 1's-sequence:
101 - Multiplicand
0 —1 —1 +1 —1 0
—1 —1 -2 110 - Multiplicand
* This can be summarized in a truth table: 1 0
41
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Modified (Radix-4) Booth Recoding

Inputs Partial Product Booth Selects
* For example, let’s take our previous example: | =+ w2 oo | P2 |SINCLE DOUBLE REG,
« 0011 0111 0011 =01 0-1 10 0-1 01 0-1 1o ; — o0
0 1 1 2Y 0 1 0
e Thiscomesout:1-12-11-1. O 2 ) : 1
* We could have done this by using the table: I = ! 0|1
1 1 1 —0(=0) 0 0 1
Partial Product Selection Table . 0. Tn-12
Multiplier Bits | Recorded Bits O O 1 1 O 1 1 1 O O 1 1 E.q ﬂD &EWGLEi | ‘I7
000 0 ' K
001 + Multiplicand X3 + 1 Dw—%@ DOUBLE, EID
010 + Multiplicand {1 - |
011 +2 x Multiplicand > NEG,
100 -2 x multiplicand ooth E}
101 - Multiplicand Encoder
110 - Multiplicand
111 0

 To implement this we need pretty simple hardware:




Tree MU"ip"erS PPO PP1 PP2 PP3 PP4 PP5 PP6 PP7 PP8
0 S TR O O R O

* Can we further reduce the multiplier IE + +
delay by employing logarithmic (tree) — — 7 5
structures? S -

I_I ™
}

CLA

l Result
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Wallace-Tree Multiplier




Wallace-Tree Multiplier
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Wallace-Tree Multiplier

First stage
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Pipelining Multipliers

* Pipelining can be applied to most multiplier structures:
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Further Reading

 Rabaey, et al. “Digital Integrated Circuits” (2" Edition)
* Elad Alon, Berkeley ee141 (online)
 Weste, Harris, “CMOS VLSI Design (4" Edition)”



