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Arithmetic datapath role
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Building blocks for digital architectures

& Arithmetic unit
— bit-diced datapath (adder, multiplier, shifter, comparator)
— bit-serial datapaths (adder, multiplier, shifter, comparator)
¢ Memory
— RAM, ROM, buffers, shift registers
¢ Control
— finite state machines (PLA, random logic)
— counters
& |Interconnect
— switches
— arbiters
— bus
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Binary number representations
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Number systems: sign and magnitude

Sign and Magnitude Representation

+

0100=+4

1100=-4

High order bit is sign: 0 = positive (or zero), 1 = negative

Three low order bits is the magnitude: 0 (000) thru 7 (111)
n-

Number range for n bits = +/-2 -1

Representations for 0
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Number systems. one’ s complement

Ones Complement

Subtraction implemented by addition & 1's complement

Still two representations of 0! This causes some problems

Some complexities in addition

KTH/ESDIab/HT 10/4/00




KTH/ESDIab/HT

10/4/00

Number systems. two’s complement

Twos Complement

like 1's comp

+

except shifted 0100=+4
one position
clockwise 1100=-4
Only one representation for 0
One more negative number than positive number
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Addition and subtraction of numbers

Twos Complement Calculations

4 0100
+3 0011
7 0111
If carry-in to sign =
carry-out then ignore
carry
if carry-in differs from
carry-out then overflow 4 0100
-3 1101

1 ]0001

-4 1100
+(3) _ 1101
-4 1100
_+3 0011
-1 111

Simpler addition scheme makes twos complement the most common
choice for integer number systems within digital systems
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Multiplication of numbers

Partial Product Accumulation

A3 A2 A1 A0
B3 B2 B1 BO
A2 B0 A2 B0 A1 B0 A0 BO
A3 B1 A2 B1 A1 B1 A0 B1
A3 B2 A2 B2 A1B2 A0 B2
A3 B3 A2 B3 A1B3 A0 B3
S7 S6 S5 S4 S3 S2 S1 SO
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Datapath circuit techniques

for adders
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Binary adder
A B
Cin Cout
Sum Carry
A B Ci § G status
0 0 0 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 I propagate
1 1 0 0 1 generate
1 1 1 1 1 generate
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Binary adder
P
. Full Define 3 new variable which ONLY depend on A, B
Cin—s "W L ~Cout
adder Generate (G) = AB
Stm Propagate (P) = A® B
Delete =A B
S=A®B®C; C,(G,P) =G+PC;
= AEE‘i+ZBE‘i+Z§Ci+ABCi S(G,P) = P®C;

Co = AB+BCi+ACi
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Ripple carry adder

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

Ladder~ N - 1)tcarry *lsum

Goal: Make the fastest possible carry path circuit
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CMOS full adder

A —cl
B .4

28 Transistors
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Dynamic NP-CMOS full adder

Figure 7.9 Dynamic full adder using

Carry path the np CMOS logic style.
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Dynamic NP-CMOS full adder

Ci
TR ) | 2 T ] sl |
A1 Thga 1T BB
B, T A
n | & ﬁﬁ,/:
¢ 3 3
Ao gz 7
Bo i :
¢ Voo GND Co Voo ¢

Carry path

Figure 7.10 Layout of dynamic full adder using the np-CMOS logic style (from [Kleinfelder91]).
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Pipelined adder

0-btock

Figure 7.14 Pipelined adder in NORA-
CMOS (showing only bit i and bit i + 1).
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Carry bypass adder

Py Gy Py Gy P, G P;

Ci,ﬂ Cu,O Co,l Co2

Py G Py Gy P, G,

L,—.FA_.FA L FA

ldea: If (PO and P1 and P2 and P3 = 1)
then Cy3 = Cy, else “kill” or “generate”.
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Carry bypass adder

Bit 0-3 Bit 4-7 Bit 8-11 Bit 12-15
[l l — y ]
Carry Carry Carry Cany.
| propagation propagation propagation propagation
Sum Sum Sum tsum l Sum
-
M bits
. -
t e
P '
~  Ripple adder
Ve
s
e
Ve
' Bypass adder
Z
s
4 : 8 > Figure 7.18 Propagation delay of ripple-carry
versus carry-bypass adder.
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Linear carry select adder

Setup

PG | |

n"g"  ——  "0" Cdrry Propagation

<L

"1" —f  "1" Carry Propagation

JL

Cok-1 —] Multiplexer L Cokes

! Carry Vector

Sum Generation
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Linear carry select adder: critical path

Bit 0-3 Bit 4-7

Bit 8-11 Bit 12-15
| Setup | I Setup L Setup | | Setup ,
"0" "0" Carry "0” "0" Carry oG "0" Carry “0—"—-| "O" Carry

ol II L ||

"1" Carry "1" Carry I "1" Carry
nin

nyw nyw

" 1 " Carry
win

®]L ]| © jL(S) JL ” jL(”iL

) iL

i

‘-I Muttiplexer l—-l Multiplexer |——-l Multiplexer HMultlplexer I—»
!

1|8

LSum Generation Sum Generatﬁl | Sum Generation Sum Generation
So3 S4q Ss.11 Sizas (10)
N
Laaa = tsetup M (M tearry + MUy + toum
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* THE SIGNALS ASSOCIATED WITH THE ADDER ARE:
* THE FOLLOWING IS A SCHEMATIC OF A 4-BIT LOOKAHEAD
ADDER WITH GATES DECOMPOSED TO YIELD GATES WITH A MAX-
GENERATE SIGNAL G; IMUM OF FOUR TRANSISTORS IN SERIES.
G
Gi=A.B; [ —
A _D—\—D_c, = L
&
PROPAGATE SIGNAL P,
Pi=A+B K '%%—“ -
5 I
CARRY SIGNAL G;
5 i ]
Ci = G; + PGi_y +' PPiGi-z + = + P, P,C,. A [ i IS — L
8, ;"
SUM SIGNAL S; 5 Il
Si=C.,®A @B,
For four stages P
C, =G, + P,C, .
s = [~ S.
C; =G, + P,G, + P,P,C, I
C; = G; + P,G; + P;P,G, + P,P,P,C,
Ci = G, + P,G; + PG, + P,P,P,G, + P,P;P,P,C,
= Gi + Py (Gy + Py.(G, + P,.(G, + P,.Cp))). &
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Carry look-ahead circuit structures

« Static carry lookahead gate

KTH/ESDIab/HT 10/4/00 23

Carry save (CSA) and carry propagate (CPA) adders

I

© 77@ T

t—— cout

oy dar { |
oo | ,@’75'2’

SSSSSS Jun'meniid 1

ccccccccc
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Adder delays

KTH/ESDIab/HT

50.0 Y T T
.f/
400 b /,f’ ripple adder i
A‘/r
A
&
)y(‘)
30.0 | 1
e‘{
a e
s e linear select
/ P
20.0 F y W 4
el
S e | I
10.0 g square root select
L . ’
0'00.0 20.0 40.0 60.0
N
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® Carry-Look-Ahead Adder Comparison of Adder Types (one stage)
'Add +  CarryRipple
r*_* _i _* _‘l Teate ie. 1.51mCMO
LY.L e i T =0,8ns
Carry 16 T Gate
i Generator -+
T 1 1
' FA FA FA . T
. 1 Carry Select
® Carry Select Adder T
8 I Carry Look Ahe.
a4t .
4 Carry Save
[ MUX }]l_, MuX 0:1 R R R NG
I [ ] ] *) theoretical lower limit; without Wordlength
fan out, wiring taken into account
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Datapath circuit techniques
for multipliers

KTH/ESDIab/HT 10/4/00 27

Multiplier definition

Consider two unsigned binary numbers X and Y that are M and N bits wide respectively. To
introduce the multiplication operation, it is useful to express X and Y in a binary represen-
tation.

M- N-1
X = Z x.2' Y = 2 v.2 (7.23)
i=0 j=0

with X, ¥; € {0,1}.The multiplication operation is then defined as follows:

M+N-|

z=xxy= Y 72
k=0

= [Ag x,.z‘](fz;)yjz"] = le[lgx,.y,z"”)

i=0Nj=0

(7.24)
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Binary multiplication

101010
X 10 11
101010 AND operation
16 1 0 1 :‘ 0 Partial Products
000000

+ 101010

111001110
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Indirect multiplication
7 -
| Multiplier Muttiplicand_
A1 Y Y X -
T Sign [SonX
\/ Flip-flops [SgnY
' Adder /
Cout* Snat Sn—Z' . SO “min
WRITE BUS control
1.SetA=0 .
2. Read the LSB of Y register
3. AND it with the multiplicand X and add the result to Y
4. Store the sum to A and shift the contents of A and Y one bit right
5. Repeat 2. to 4. until all bits of the multiplier are handled
6. Read the result from A and Y registers
KTH/ESDIab/HT 10/4/00 30
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Array multiplier
o 5 o o
xg xg xé l x$ Y,
HA FA FA HA
Xyl

©

Xbl X$ X$

I: 'Za 'Zs ‘14

FA FA FA HA

KTH/ESDIab/HT 10/4/00
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MxN array multiplier critical path

ooy

o4

HA |« FA 4

FA L HA

1y o4

FA [« FA

FA |«

-~

HA| Critical Path 1
meonae Critical Path 2

| O A

FA |« FA |« FA HA

tmult:“M’l)*(N’Z“t
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+(N

carry

- 1)tsum +(N - l)tand

32
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Carry ripple vs. carry save array multiplier

aik xk Carry Ripple Carry Save pik aik xk

sik = ik 7(bik)((xk,\ v
cik = (aika bik)y (aikaxk A yi)y(bikaxk A y))

Basic Cells

x2 x! x0 x2 X1 X0

l;—"fl: ™7 I—L yo | onnenn | | e | r""L yo
SIS, INONT
-| " '-lk v l l o] y
[\ N \\\ p' ,L.‘: AN \ p!
. Y rh V2 n| al V2
i
i i
ps \pA \pz p2 AN ,' \ ‘| AN p?
ps
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Carry save multiplier
) 1
HA HA HA
A
HA FA FA
Vector Merging Adder
- (N - 1)tcarry”N’l’tand*tmerge]
KTH/ESDIab/HT 10/4/00 3
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Adder cellsin array multiplier

° .

P
P

Identical Delays for Carry and Sum

KTH/ESDIab/HT 10/4/00 3
Array multiplier floorplan
L 5 Yy Xy
" L
T, a1 J D A Yialiplier (Cell
L LR L | C 8 7
T L 1 1 *
L\ R YR "«I_\u I:I FA Multiplier Cell
Yy Al il Ny
¢8| [eF] [eF] e . i,
|_‘I.| = ||]—|,II L1 &y Vectnr Merging £l
i § N 4 Y
T =
j{% E. % oand Y dpnals are brosteased
- sy fhrruugh tse complete areny,
{— a1
L2 Ly LE L £y
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Wallace tree multiplier

Lt

o g o : 5
|z PFulato 2
b [0 B
L Tt v 7
" ALiRa
! 24} 0
T /
i Py /
| R
i TR
smEp
Al B gl
couT CIN . cecene
= i
full o B Sy oo 4
 2dder ; w_ / P.
Sum 2

FIGURE 2.29 A 6-bit Wallace-tree multiplier. The carry-save adder (CSA) requires 26
1-26, six are half adders). The final carry-propagate adder (CPA) consists of 4

KTH/ESDIab/HT

adders
7-30). The delay of the CSA is 6 adders. The delay of the CPA is 4 adders
KTH/ESDIab/HT 10/4/00 s
X
my Y
) N
Partial Product w Generator
N
X*yY¥ 1 m mix* yO
Vo } Carry Save Adder Stages
LS LI (Wordiength M + 2)
Number of Carry Save Stages
n=4 n in Seriesn~log N
8
‘ -
T + + +
9 18 27
} Vector Merging Adder
(Carry Propagate)
p
10/4/00 38

10/4/00

19
19



KTH/ESDIab/HT

Wallace tree multiplier

Yo Y1

bL"

Yo Y1 Y2

|

Y3 Ya Y5

1

KTH/ESDIab/HT

FA FA
G I Ciq

¢ r:l/ cn

[

A 4

FA

1s
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Daddatree multiplier

KTH/ESDIab/HT

v
S55534 S15S24 S42Ss51 So5S14 S32541 S04S13 Soo
TR R i B A Ei
(11843 2 18a3[ 3 Lo | 4 ]51’3,; 5 ] 0
i L 405

y
/1

A

n7y p

S35544/ {g;
=Y

|
|

S21S0p2 Syy
o A

Sa0/ 20 20
S10S01
L

130

19\

- - [ T g
{251 { 26 — 27—

vPs Ps yPq

FIGURE 2.30 The 6-bit Dadda multiplier. The carry-save adder (CSA) requires 20 adders
(cells 120, four are half adders). The carry-propagate adder (CPA, cells 21-30) is a ripple
carry adder (RCA). The CSA is smaller (20 versus 26 adders), faster (3 adder delays versus
6 adder delays), and more regular than the Wallace-tree CSA of Figure 2.29. The overall
speed of this implementation is approximately the same as the Wallace-tree multiplier of

Figure 2.29; however, the speed may be increased by substituting a faster CPA.
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Serial-seria multiplier

ouTt
W coniol
l_‘—'.
FULL
ADDER FF
v
—» SHIFTREQISTER | SW conirel
M\ Y
SHIFT REGISTER AV Xin
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Serial-parallel multiplier

COEFFICIENT REGISTERS

R

R

=) [ ] =]

o

T

=1

0 —

FA

FA

FA

FA

[

REG

1L

REG

] [rea{]
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Parallel vs. serial multipliers

Parallel Multiplier lParaIIeI-Serial Multiplier l

MsB 3 Ls8 MsB X Lsg]
N N
L8 J ] [MSB C LS8 !—*I Partial Product il
[4 '\]‘ * Ml N+M
7| Full Aders ; ¥
v —t \l ‘N+,Ma,llAde_rs_[ l/
M8 [ ] M i N+M
i N MsB Pacc LSBiI 1
Ms8 p LsB J l I
KTH/ESDIab/HT 10/4/00
Parallel vs. serial multipliers
lSerial-Pazra»lIel MultiplieT]
MSB € isB
M
l&sa X L$8 'S Partial Product I
s
Sign Extension pyreS p.“ LSB_I
8,

Pipeline
o Register

Serial Multiplier

Pacc LSFIO]

One Full Adder

Sign Extension

10/4/00
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Multiplier performance

KTH/ESDIab/HT

N is the input word length
M is the number of FA stages
in Wallace tree structure
T is the basic gate delay
T{m) is the ROM access time
in logarithmic multiplier

Assumed delays in this table:

Full adder delay

CLA delay

*) 1l/throughput values are considered in thig table

10/4/00

2T
8T

MULTIPLICAND| MULTIPLIER [CLOCK PULSES| FULL ADDERS | AND-GATES
parallel parallel q m n
parallel serial n n n
serial parallel 2n n n

. . -n{n+1) 1 1
serial serial or 2
KTH/ESDIab/HT 10/4/00 45
Multiplier performance
Multiplier type NxN 8x8 xﬁgiﬁ "‘5ééé§:“-‘
Indirect with (2N+2)NT 1447 sdaT  2112%
RCA
Linear array {4N-2)T 30T 627 1267
with RCA )
Linear array (2N+8) T 24T 40T 727
with CLA
Wallace tree (2M+8) T 16T 20T 24T
with CLA
Pipelined *) > 2T > 27 > 27 > 27
linear array
Logarithmic 2T (m) +8T 2T (m) +8T  =—— —
with cra

46
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Multiplier 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

KTH/ESDIab/HT 10/4/00
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Other datapath elements

KTH/ESDIab/HT 10/4/00
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Binary shifter
Right nop Left
1L
Aj —t—— JTC J—D— B;
==
-

—t
Ai.] I—‘—T I L Bi-]
J L

1 | Bit-Slice i

49

Barrel shifter
WAL T >
N e
i >
A S}i_ul-___lj:-w.ft‘wjj- == : Data Wire
| . B, w2 Control Wire
CT T T >‘
N el el el
b o | o | ]t >
T 'T

Area dominated by Wiring!
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4x4 barrel shifter
A
A
A,
AO
Shy
Buffer

Sh1 Shi Sh2 Sh2 Sh4 Shd
enprbasbanany shfaabasdennny sadibBdogidaany
g L o Vi L—‘ ~
Ay | i ¢ &= btk -r-'; |:|> B,
\ NN LN L \
\ vy \ il- \
\ VA N by \
\ [ NN \
VL N Y A \
\ .'I"L___]E \ R T !
\ =L [N L v - =l N
PV S A 1 *:L[>“z
\ [ A -1 \
\ [ AL by \
\ v vl \
N N Vo o !
V e N N gy !
N AL NN L l: N L A \
Ay N hy N 1 NI 7 \ B,
\ [N (N \
\ [ L 1 N
\ L) L} b N
\ [ - \
\ . (N N e \
N = g B Vo N T T \
\ b [ L () - A \
Ag N It l! N T ]! N b \ By
vl NI R \
\ vy vl \
\ [ [} \
Asssssssnunnw V Aesssssssnssua ' bAeassssssssssesnw
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Power considerations in datapath structures

KTH/ESDIab/HT 10/4/00
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Reducing supply voltage

® Operate at lowest supply voltage at lowest
possible speed!

® Use Architecture optimization to compensate for
slower operation.

e.g. Concurrency, Pipelining

,[/‘ Trade-off AREA for lower POWER

KTH/ESDIab/HT 10/4/00
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Reducing supply voltage

KTH/ESDIab/HT

Normalized Delay

7.50
7.00
6.50
6.00
5.50
5.00
4.50
4.00
3.50
3.00
2.50
2.00
1.50
1.00

1 I
<4 Multiplier

Clock generator; 2.0 um technology

Ring oscillator

Add

Pl
Adder (SPICE) |

‘(Microcoded DSP chip _]

2 4
Voo (V)

10/4/00

Figure 4.56 Normalized
propagation delay as a function of
supply voltage for a number of
experimental circuits.
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Architecture trade-offs. reference datapath

KTH/ESDIab/HT

COMPARATOR
»
1
-]

1l
N
¥
¥

Area = 636 x 833 u?

Critical path delay = Tqger + Tcomparator (= 25nS)

= fref = 40Mhz

Total capacitance being switched = C,

Vdd = Vret = 5V

Power for reference datapath = Py = Cof Vier? fref

10/4/00
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Parallel datapath

COMPARATOR
>
©

COMPARATOR
>
3
]

Area = 1476 x 1219 2

® The clock rate can be reduced by half with the same
throughput = £, = fr;/ 2

[ J Vpar =Viei/ 1.7, Cpar = 2.15C, ¢
® Ppar = (2.15Cgq) (Vyef/1.7)2 (f4/2) = 0.36 P

KTH/ESDIab/HT 10/4/00 57

Pipelined datapath

COMPARATOR
»
n
=]

R R T MESSEE | G

Area = 640 x 1081 u?

L fpipe = fref

C
A\

=11 Cref
Voi/1.7

pipe
pipe =
® Voltage can be dropped while maintaining the original throughput.

® Ppipe= Cpipe Vpipez fpipe = (L1C eg) (Vies/ 17 fret=0.37 Preg

KTH/ESDIab/HT 10/4/00 58
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Datapath architecture summary

Architecture type Voltage Area

Power

10/4/00

Simple datapath

(no pipelining or 5V 1

parallelism)

Pipelined datapath 2.9V 13 0.37
Parallel datapath 2.9V 3.4 0.34
Pipeline-Parallel 2.0V 37

-

KTH/ESDIab/HT 10/4/00 59
Glitching in NOR chain
outl out2 out3 outd out5

REDSEED D D = 1D

V (Volt)

10/4/00
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Glitching in RCA

I

!

Ciy—>| Addo Add1 [ — Add2

Add15

v
>
Q
o
ry

&

Y B v

JS15

2
o
> 40
[y
o
8
o
>
5 20
a
3
o
E
@
0.0
0 5
Time, ns
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Switching activity in adders

Power-Delay-Product'1

16 bit | 32 bit | 64 bit
Ripple Carry 3.09 0.81 0.27
Carry Lookahead 10.0 3.54 1.76
Carry Bypass 5.45 2.39 0.99
Carry Select 4.44 2.08 1.00
Conditional Sum 3.82 1.23 0.42
Logic Transition Histogram
’g' 0.014 Cuqcm;l:m -
I oo s freiied
5 .01 Conditional Sum ==
; 0:006
é‘ 0.004 j
g 0.002 ) ( \ ;‘. \\
o A4S from Callaway & Swartzlander
O i e aniteton %
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Switching activity in multipliers

Power-Delay-Product’!

8 bit 16 bit | 32 bit

Array 32.01 1.15 0.04
Wallace 49.86 5.06 0.81
Dadda 51.3 5.79 0.95

Logic Transition Histogram

4.000%
Axzay —

0.90048 Moditied Array --—
Wallaca ----

0.0004 Dadas
0.00035 /\

0.9003
0.00025
0.0002
0.00018
o.0001 } J:
se-0s | J

]

Probability(é of transitiona)

° $000 10000 15000 20000
Humbe!

from Callaway & Swartzlander

¥ of Trenaitions
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Layout strategy for datapath
«— Control signals —_—
- e : bet2 Vpp (M2)
L] Gomeet
Bit3
Bit 2
Bit 1
bus2 Bit0
0 i GND (M2)
muy regd regl adder buffer
Jeedthrough routing channel!
KTH/ESDIab/HT 10/4/00 64
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Layout strategy for datapaths

(a) Datapath without feedthroughs (b) Adding feedthroughs
and without pitch matching (area = 3.2 mm?)
(area = 4.2 mm?),

(¢) Equalizing the cell height reduces
the area to 2.2 mm?,

Cell area: 2 vs. 3 metal layer process
(&)
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Summary

KTH/ESDIab/HT

1.

The most important message is to select the right structure before starting an elabo-
rate circuit optimization. Going for the optimal performance of a complex structure
by rigorously optimizing transistor sizes and topologies might not always be the best
choice. Optimizations at higher levels of abstraction, such as the logic level, can
often generate more dramatic results. Simple first-order calculations can help give a
global picture on the pros and cons of a proposed structure.

Determine the critical timing path through the circuit and focus most of your opti-
mization efforts on that part of the circuit. Computer-aided design tools are available
to help determine the critical paths and size the transistors appropriately.

Circuit size is not always determined by the number of transistors, but also by other
factors such as wiring and the number of vias and contacts. These factors are
becoming even more important with shrinking dimensions or when extreme perfor-
mance is a goal, as will become obvious in the next chapter.

Although an obscure optimization can sometimes help to get a better result, be wary
if this results in an irregular and convoluted topology. Regularity and modulariry are
a designer’s best friend.
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