Ripple carry adder (RCA)

byy Ay b, a, by 3
| || ||
FA = -+ -<—| FA HA
SN-1 5 o

Fig. 1. Ripple carry adder.
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Carry acceleration

e Consider an FA operation * Investigate carry function
a; b; a; b, c¢; Function
! 0 00 Kill
C; <= FA [« Ci 0 1 |c| Propagate
$ 1 0 |c.4| Propagate
Si 1 1| 1| Generate

* Rewrite carry function

c,=ab+(a®b)c, =G +Pc

Note that G; and P; do only depend on the input
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Manchester carry chain adder (MCC)

buﬁer - 5,, - P - b, — P, Carry from
A et I b~ 9, i b— 9, | previous block
l_l €3 [] C2 [ €1 [] S
ca"y to F ks l% s ks L{_I "2 e k2 'LI‘I " b Ky ‘% %a Do
next biock P, l 1 p, 1 1 p, l 1 p, 1 l
SUM SUM SUM SUM
{ { ) 13
$3 $3 S4 Sg
Fig. 3. A 4-b block of a Manchester Carry Chain Adder.
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Carry skip adder (CSK/VSK)
b15 b,, b11 bs b, 4 bs b, 4-b RCA
a,, |4 a,, |2 a a, a, a, /
N Y S N N
4 _ c,= 0

Fig. 4. A 16-b Carry Skip Adder.
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Carry select adder (CSL)

18 13 b12 ba b7 b4 bs bo
a a a a a a a a
18 13 12 8 7 4 3 0
(.. 1] -] -] [-.. 1]
0 0 0 0
6-b RCA ~— 5-b RCA |=— 4-b RCA [<— 4-b RCA ~—
1 Ve
6-b RCA| r<— S, s,
Sig Si3 S12 Sg S, Su
Fig. 5. A 19-b Carry Select Adder.
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bal bzs b27 bz4 bzs bzo b15 b12 1 8 b1 b4 ba bo 4-b CLA
8y |8y |8y |8y |8y |8y a5 |4, |3, |8, |a, |a; |&, ao/
[ oo 1] ... 1] .- 1] |. | |. | .. Lo« 1]
Cag C24 C2o Cq2 Cg Ca4 S, 0
Sy Su Sy1 Su Sy Sy Sis Si2 Si1 S S; S, S; S
PG’
Look-ahead-carry Generator < Look-ahead-carry Generator <
Pl g
Look-ahead-carry Generator

Fig. 6. A 32-b Carry Lookahead Adder.
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CLA with high regularity — ELM

cllin

[sH -

S5

B #L | [
g — 31
a[s[ T |[e ols| T |[]
Sy
rP rP |—P I—P
|6 €] | o€ | o] €] o €|
| 1 1 1 1 1 ) 1
|P El PlE IPIEI Pl E flplEIT[lpiEhflplel'l ’_IPIE\7
eeilesilenilnei il nnilanl
b, a, b, ag by as b, a, b, a, b, a, b, a, b, a,
ps® G ps @ PG PQ G+PH
t t | I
£ la T Fz T o p— % |n
ps ps P G
Fig. 7. An 8-b ELM adder.
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Signed-digit addition
¢ Use a signed-digit number system with
- digits 4. €{-a,...,-1,0,1, ..., a}
- base r= 3;: yvhere
- value D=Yd
i=0
* Addition algorithm
Signed Digit Addition (A, B, S)
For 1 = 0 to m do
1. Compute a temporary sum digit p; = a; + b;.
2. Compute an interim sum digit u; and a carry digit c;41:
7 - ¢ip1 + u; = p; such that |u;| <r—2and |¢;4q] < 1.
3. Compute the final sum: s; = u; + ¢ciy1.

LiU

Fig. 8. The radix-r OSD addition algorithm.
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Fig. 9.

LiU

Signed-digit adder (SD-r)

bk ay b, a, b1 a,
oy VI | R
DAI DAI DAI

P2 Py

DA

!

(a)
Signed digit adder. (a) SDA. (b) Values of k£ and b for different 7.
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S, Sy

Base | #digits # bits/digit

r k b
128 5 8
64 6 7
32 7 6
16 8 5
1 4

16 3

n = 32 bits

(b)
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Carry-save addition (CSA)

* Represent A with a sum vector AS and a carry vector AC

A= i(aci + asi)ri

* Add numbers without propagating the carry

ac,, bs,, as,, ac, bs, as, bs, as,
L1 L !
FA FA HA
R | |
bey acy, bey, “ e l be,
l 1 |
FA FA FA
SE:I slsn sl—cn__l slsm sl:—J 3131 $5¢

Fig. 10. Carry save adder.
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Adder experiment

* Automatic layout generation for gate matrix with in-house tool
* Power estimation with HSPICE Random inputs

l

Initialize Circuit

Simulate & Estimate
power (HSPICE)

No

Yes

Fig. 15. Measuring average power dissipation.
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Transistors and area in the adder circuits

NUMBER OF TRANSISTORS AREA
70
| (1] 16bits
60000 Iﬂ 32 bits e
64 bits or
50 L
40000 | §
€ 40}
s
g
”
© 3°F
<
=]
-
20000 | 20|
10}
00 RCA MCC CéK VSK C'SL CLA B&K ELM CSA 36-4 oo RCA MCC CsK VS CQL CLA B&K ELM CA SIS-A

(a) (b)
Fig. 13. (a) Number of transistors. (b) Area.
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Delay of the adder circuits

RCA CSK
100.0 | 300k
VSK
800 |
N MCC g
2 60.0 | 22“ i CSL
g 3 CLA
§ 2 B&K
400 | CSK ELM
oo f ES4
200 |
0.0 0.0 d
0.0 20.0 40.0 60.0 0.0 20.0 40.0 60.0
Precision (bits) Precision {bits)
Fig. 21 (a) Delay with precision (b) Detail of the faster adders
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P consumption of the adder circuits
40
ES4
——HCA | csL ES4
. csL
aof K oos} B&K
CLA
$ ELM £
Ez.o s CSK i 0.040 |- ,/ > - CLA
H RCA ¥ Y T +f ELM
B MCC ;T _‘__A__,———”
1‘0 3 o_om L e eany ad CSK
. RCA
T
005 20.0 w00 500 *%%%s 200 40.0 500
" Precision (bits) ' Precision (bits)
Fig. 21 (a) P with precision (b) P per bit
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PDP of the adder circuits

200.0

RCA

150.0 {-

Power x Delay (pJ)
g
(=]

RCA

500 |
%3 20.0 00 500 "0.0 200 40.0 %00
Preclision (bits) Pracision (bits)
Fig. 22 (a) P*delay with precision (b) P*delay per bit
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Sub-V; leakage in memories

* Leakage in SRAM cell * Worst case bitline leakage

oL,

- WL=0
BL Vad BLB Bitline s T
. T . leakage 0] Cell —1—"‘-
! P1 P2 ' T
1
N3 N4 | &":‘"J ﬂ—f“
S L S a - - + .
LT b ’:J / " WL=0
T ‘| : T IJﬂ'O‘ Cell _IL\_ Vdd. WL=0
o N1 N2 s WL \ i
+ Gnd BL
Fig. 2 Fig. 4
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Bitline design

* Precharge BL to low

* Vs <0 reduces leakage

: : WL=0 itli
E i T+ v blt:Ime _
X Cell T Y V=
% m WL=0 N\ JE o
Xpea Cell = ' b s)o _5"_ _'ﬂ
. leakage
. WL=0 Conventional SRAM gv v }— —
L 0 - ‘ J_ : ds dd
X Cell T ; 1 .
L L W= pull-down bithine
BL P el 54 BLB / v lvev 1
PMOS leak g leak G ﬁ
Bit-Line | Booster ILZ rs_‘f_ID 10
Pull-down l leakage i L
SRB SRAM I Ve Ve
GND : b)
Fig. 7 '= Fig. 8
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Wordline design

* Negative voltage of wordline reduces leakage

P —

Bitline

>‘(Jlo

leakage

Cell

Cell

Cell

Fig. 10
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Worst-case electrical s
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Power gating

* High-V7 sleep transistor * Dynamic voltage scaling
/,High—V!
BL Vg BLB BL Ydd// / ;‘ \-\,_ BLB
P1 P2 P po

N3 b?— —‘ﬂi N4 N3 ::||»— / —{[I‘ N4
a / / |
T Lol PR
,‘/ _.1

WL N1 N2 WL :] N1/’ N2.‘ WL

Gated—GN_D?'Erl Virtual Gnd WLB _®T1 WL
Gnd =

Fig. 15

Fig. 17
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Asymmetric bitcell design
* Use preferred state, e.g. 0, to reduce leakage
BLB Vg BL BLB Vg BL
N3
T
WL
Fig. 12 High-Vt
0 Low Power Electronics LP components
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SRAM cell body-bias

e Controlling V; of SRAM caell

BL Vg BLB

N3 blﬂ Pi"i N4
aMEE mEy
T —:ZII— —1%- T
WL

ctrl | ctrl
low-Vt high-Vt

Fig. 18
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Power, variability, and scalability results

* Comparison of leakage reduction strategies

Strategy LP Robustness Scalability
Power gating ++ +++ +++
Body-biasing +++ ++ +

Wordline design + ++ +++
Bitcell design +++ + +
Bitline design + + +++

Dynamic Vpp scaling ++ + +

Reorganized Table IV
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Cache memory

* Resizable cache Address .
| ~0100:1010... I— (dle
F 3
up;i; mnsize VITRa AT L S etive
. Miss rate . Missrate
Fig. 27 control [ Data
¢ Multibank partitioning Vaa | | Vad, tow
Selector
Address TQ™C enr, B,
Reset TC
----- dinc onT, C
Reset TC
1.B./B, % 5
Decode
Relocated
Fig. 28 address
L. U Low Power Electronics LP components
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e Controlling V7 of cache lines
0 'Vdd vdd Zvdd
_.n-well voltage
- Line i
Wordline i * r v . s
i I | o]
Cell |[ Cell || Cell Cell| i
| ) 0 fl 1| 2| oo -
I I I
Line i+1
Wordline i+1 ° v H = x
A I A i] |
PPt Cell |[ Cell [ Cell Cell|
p-well voltage ~ ol 12 eee n-1|
I I I T

Fig. 26
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