


In this pap er, w e prop ose inno v ativ e enco ding tec hniques tar-

geting the reduction of the a v erage n um b er of transitions on

the address buses of micropro ce ssor -ba sed systems. Here, the

data and address buses are at the core of the in terface b et w een

the pro cessor and the memory and I/O sub-systems. In par-

ticular, they are used, on-pro cessor , to access the �rst and the

second-lev e l cac hes, as w ell as, o�-pro cessor, to access the ex-

ternal lo w er lev el cac hes, the main memory (usually through a

memory con troller), and the I/O sub-systems (to supp ort di-

rect memory accesses from the I/O con trollers). Our goal is to

a v oid an y mo di�cation to the standard memory comp onen ts ,

hence adding the enco ding circuitry inside the pro cessor, and

the deco ding logic inside the memory and the I/O con trollers.

In the next section, w e summarize the main c haracteristic s of

curren tly a v ailable co des, and w e compare their p erformance

through analytical and exp erimen ta l analysis. In Section 3 w e

prop ose new enco ding sc hemes that com bine the prop erties of

existing approac hes. This with the ultimate ob jectiv e of exploit-

ing the adv an tages o�ered b y eac h tec hnique, and th us iden tify-

ing the b est metho d for the sp eci�c micropro cesso r, the MIPS

RISC [8 ], w e ha v e used for the exp erimen t s. P o w er and tim-

ing e�cien t implemen tat ions of the enco ding/dec o d ing logic for

suc h enco ding tec hnique are also presen ted.

2 Previous Work

2.1 Bus-Invert Encoding

In [2 ], Stan and Burleson ha v e prop osed a redundan t co de, called

the bus-invert co de, to decrease the a v erage p o w er. A redun-

dan t bus line, called INV , is needed to signal to the receiving

end of the bus whic h p olarit y is used for the transmission of

the incoming pattern. The enco ding dep ends on the Hamming

distance (i.e., the n um b er of bit di�erences) b et w een the v alue

of the enco ded bus lines at time t� 1 (also coun ting the redun-

dan t line at time t � 1) and the v alue of the address bus lines

at time t. The Hamming distance is compared to N=2, where

N is the bus width (assuming N ev en without loss of general-

it y). If the Hamming distance b et w een t w o successiv e patterns

is larger than N=2, the curren t address is transmitted with in-

v erted p olarit y and the redundan t line is asserted; otherwise,

the curren t address is transmitted as is , and the INV line is

de-asserted. The bus-in v ert metho d can b e expressed b y the

follo wing equation:

(B
(t)

; INV
(t)

) =

n
(b(t); 0) if H(t) � N=2

(�b(t); 1) if H(t) > N=2
(1)

where B(t)
is the v alue of the enco ded bus lines at time t, INV

(t)

is the additional bus line, b(t) is the address v alue at time t,

H(t)
= ( B(t�1)

jINV

(t�1)
;b(t)j0 ) is the Hamming distance, and

N is the bus width of b(t) .

The corresp onding deco ding sc heme is simply de�ned as:

b
(t)

=

n
B
(t) if INV = 0

�B
(t) if INV = 1

(2)

2.2 Asymptotic Zero-Transition Encoding

As men tioned in Section 1, the Gra y co de ac hiev es its asymp-

totic b est p erformance of a single transition p er emitted address

when in�nite streams of consecutiv e addresses are considered.

Ho w ev er, the co de is optim um only in the class of irredundan t

co des, that is, co des that emplo y exactly N -bit patterns to en-

co de a maxim um of 2

N
data w ords. Adding redundanc y to the

co de, b etter p erformanc e can b e ac hiev ed b y adopting the T0

co de [6 ]. The T0 metho d requires a redundan t line, INC , to

signal with v alue one that a consecutiv e stream of addresses is

output on the bus. If INC is high, all other lines on the bus

are frozen, to a v oid unnecessary switc hings. The new address

is computed directly b y the receiv er. On the other hand, when

t w o addresses are not consecutiv e, the INC line is lo w and the

remaining bus lines are used as standard binary co des for the

new addresses.

Ob viously , this redundan t co de outp erforms the Gra y co de on

unlimited streams of consecutiv e addresses. Since all addresses

are consecutiv e , the INC line is alw a ys asserted, and the bus

lines nev er switc h. As a consequence , the asymptotic p erfor-

mance of the T0 co de is zero transitions p er emitted consecu-

tiv e address. The incremen ts b et w een consecutiv e patterns can

b e parametric, re
ecting the addressabili t y sc heme adopted in

the giv en arc hitecture . In this resp ect, our co de has the same

capabilities of the Gra y sc hemes rep orted in [5].

The T0 enco ding sc heme can b e formally sp eci�ed as follo ws:

(B(t) ; INC(t)) =

n
(B(t�1); 1) if b(t) = b

(t�1) + S

(b(t); 0) otherwise
(3)

where B(t)
is the v alue on the enco ded bus lines at time t,

INC

(t)
is the additional bus line, b(t) is the address v alue at

time t and S is a constan t p o w er of 2, called stride .

The corresp ondin g deco ding sc heme can b e formally de�ned as

follo ws:

b
(t)

=

n
(b(t�1) + S) if INC = 1

B
(t) if INC = 0

(4)

2.3 Analytical Performance Comparison

Let us compare the t w o bus enco ding tec hniques discussed so far,

considering the binary co de as the reference for the comparison.

F or the analysis w e consider a stream of unlimited length whose

addresses ha v e a random uniform distribution, and a stream

of unlimited length whose addresses are consecutiv e. T able 1

rep orts the results of the comparison, where N is the address

bus width. Notice that, in the case of the bus-in v ert co de, the

a v erage n um b er of transitions p er clo c k cycle, TN , is giv en b y:

TN =
1

2N
�

N=2X
k=0

kC
k
N+1 (5)

where C
k
N

is the binomial co e�cien t.

Stream Code Avg. Trans. Avg. Trans. Avg. I/O
Type per Clock per Clock Pow. Diss.

per Line

Out-of-Seq Binary N=2 0:5 1
Addresses T0 N=2 0:5 1

Bus-Inv TN TN=N
TN
N=2

In-Seq Binary N=2 0:5 1
Addresses T0 0 0 0

Bus-Inv TN TN=N
TN
N=2

T able 1: Analytical P erformance Comparison.

2.4 Experimental Performance Comparison

In this section, w e �rst analyze the b eha vior of the addresses

generated b y a RISC micropro ces sor, then w e pro vide exp eri-

men tal results for comparing the ab o v e discussed enco ding tec h-

niques. The n um b er of transitions o ccurring on the address

bus during the execution of b enc hmark programs, deriv ed from

di�eren t application domains, has b een used as the metric to

estimate the p o w er consumption.



Benchmark Stream In-Seq Binary T0 Bus-Invert

Length Addr. Trans. Trans. Savings Trans. Savings

gzip 119102 60.16% 232587 140845 39.44% 232586 0.00%

gunzip 63884 64.94% 118409 81433 31.23% 118094 0.27%

ghostview 404595 57.28% 678295 470949 30.57% 678236 0.01%

espresso 1751673 60.17% 3014854 2239400 25.72% 3014649 0.01%

nova 544994 52.99% 959912 836708 12.83% 959334 0.00%

jedi 14690249 53.96% 23145174 18521606 19.98% 23145174 0.00%

latex 700317 71.42% 1400540 200490 85.68% 1400540 0.00%

matlab 6400326 76.56% 12000527 5800465 51.66% 12000527 0.00%

oracle 500326 69.99% 880547 680485 22.72% 880547 0.00%

Average 63.04% 35.52% 0.03%

T able 2: Exp erimen tal Comparison of Existing Enco ding Sc hemes for Instruction Address Streams.

Benchmark Stream In-Seq Binary T0 Bus-Invert
Length Addr. Trans. Trans. Savings Trans. Savings

gzip 34393 52.47% 131651 97157 26.20% 118184 10.23%

gunzip 14602 10.59% 92349 91739 0.66% 81953 11.26%

ghostview 112689 10.74% 554499 542323 2.20% 507987 8.39%

espresso 570750 5.56% 3956543 3945485 0.28% 3426699 13.39%

nova 220050 10.56% 1381975 1368763 0.95% 1204694 12.82%

jedi 6145049 12.67% 47268786 47156168 0.24% 41114510 13.02%
latex 200109 0.01% 763 771 -1.05% 558 26.87%

matlab 1204110 0.00% 5400375 5400385 0.00% 5351262 0.91%

oracle 120111 0.01% 466606 466616 0.00% 466039 0.12%

Average 11.39% 3.37% 10.78%

T able 3: Exp erimen tal Comparison of Existing Enco ding Sc hemes for Data Address Streams.

Benchmark Stream In-Seq Binary T0 Bus-Invert
Length Addr. Trans. Trans. Savings Trans. Savings

gzip 153495 57.43% 833799 738693 11.41% 809194 2.95%

gunzip 78486 52.81% 482093 427145 11.40% 406744 15.63%

ghostview 517284 58.25% 3067635 2795525 8.87% 2911494 5.09%

espresso 2322423 54.39% 15147444 13958602 7.85% 13404439 11.51%
nova 765045 56.63% 5526484 5325856 3.63% 5412030 2.07%

jedi 20835298 57.88% 152427486 142947798 6.22% 137950083 9.50%

latex 900426 55.55% 7002828 6202750 11.43% 5202521 25.71%

matlab 7604436 65.37% 42405967 34005893 19.81% 39474425 6.91%

oracle 620437 59.13% 3939551 3479461 11.68% 3594330 8.76%

Average 57.62% 10.25% 9.79%

T able 4: Exp erimen tal Comparison of Existing Enco ding Sc hemes for Multiplexed Address Streams.

The addresses generated b y a micropro cesso r ob ey to the spa-

tial lo calit y principle, that is, they are often in-sequence and,

in general, they presen t a v ery high correlation. Ho w ev er, the

things are quite di�eren t if the addresses corresp ond to instruc-

tions or data. In fact, addresses corresp ondi ng to instructions

usually sho w a more sequen tial b eha vior with resp ect to data

addresses. Instructions are usually stored in adjacen t lo cations

of the memory space, while only structured data suc h as ar-

ra ys are generally stored in consecutiv e memory lo cations to

ac hiev e b etter lo calit y . Clearly , there are exceptions to this

b eha vior: Con trol-
o w instruction s cause in terruptio ns in the

sequence of consecutiv e addresses on the instruction 
o w, and

data not stored in arra ys are often accessed without an y regu-

lar pattern. Nev ertheless, sequen tial addressing dominates on

a v erage.

These considerati ons are supp orted b y the data con tained in

T ables 2 to 4, where w e rep ort the p ercen tage of in-sequence

addresses measured on real address streams o ccurring on the

32-bit address bus of the MIPS micropro ce ssor, when di�eren t

b enc hmark programs are executed. Three distinct cases ha v e

b een considered:

� The instruction address bus;

� The data address bus;

� The instruction/d ata m ultiplexed address bus.

The tables rep ort also the n um b er of transitions on the address

bus, for the ab o v e men tioned classes of co des, and the p ercen t-

age of transitions sa v ed with resp ect to binary enco ding.

The a v erage p ercen tage of sequen tial addresses in the b enc h-

mark streams is higher for instructions addresses (63 :04%) than

for data address streams (11 :39%). This b eha vior can b e due

to the fact that references to automatic v ariables suc h as lo op

coun ters destro y the sequen tialit y of the address streams ev en

if arra y data structures are accessed sequen tially . As exp ected,

when the probabilit y of consecutiv e addresses is high, as for in-

struction addresses, a sc heme suc h as T0 can b e e�ectiv e to re-

duce the transitions coun t, o�ering an a v erage sa vings of 35 :52%

(see T able 2), while the bus-in v ert approac h do es not in tro duce

an y sa vings.

On the other hand, when the probabilit y of in-sequenc e ad-

dresses is v ery lo w, as in the case of the data addresses rep orted

in T able 3, the T0 co de can pro vide only marginal adv an tages

with resp ect to binary enco ding (3 :37%). The binary enco ding

can th us represen t a go o d alternativ e for data addresses, since it

do es not require an y redundancy and therefore no enco ding and

deco ding circuitry . Among redundan t co des, another alterna-

tiv e for data address buses can b e represen ted b y the bus-in v ert

co de, that is adv an tageou s for the minimizat ion of the a v erage

n um b er of transitions (10 :78% sa vings on a v erage).

When the address bus is m ultiplexe d (i.e., mixed instructions

and data addresses), as in the MIPS arc hitecture , the sequen tial

b eha vior is often in terrupted , when the selection signal switc hes

from instruction to data and vice v ersa. Hence, the m ultiplexed

address bus sho ws an in termediate b eha vior (48 :64%) for the

data in T able 4. As a matter of fact, the sequen tialit y of the ad-

dresses on the bus is somewhat reduced b y the time m ultiplexin g

and b y the inheren t randomness of the data addresses.



3 Mixed Bus Encoding Techniques
The di�eren t e�ects of the enco ding sc hemes discussed in Sec-

tion 2 on the n um b er of bus transitions ha v e suggested us the

use of com bined tec hniques whic h ma y exploit the b est prop er-

ties of eac h metho d to further impro v e the o v erall system-lev e l

p o w er budget. In this section, w e in tro duce some no v el enco d-

ing options, and w e presen t transition coun t results collected

during the execution of the usual b enc hmark programs.

3.1 T0 BI Encoding

F or arc hitecture s based on a single address bus used to transmit

b oth instruction and data addresses, as in the case of external

second-lev e l uni�ed data and instruction cac hes, a new enco ding

can b e applied to exploit the adv an tages pro vided b y the T0 and

bus-in v ert approac hes. The com bined co de, called T0 BI c o de ,

reduces the a v erage p o w er and requires t w o redundan t lines,

INC and INV . The formal de�nition of the co de is the follo wing:

(B
(t)

; INC
(t)

; INV
(t)

)=

8><
>:

(B(t�1) ; 1; 0) if b(t) = b
(t�1) + S

(b(t); 0; 0) if b(t) 6= b
(t�1) + S ^

H
(t)

� (N + 2)=2

(�b(t); 0; 1) if b(t) 6= b
(t�1) + S ^

H
(t) > (N + 2)=2

(6)

where B(t)
is the v alue of the enco ded bus lines at time t, INV

(t)

and INC

(t)
are the additional bus lines, b(t) is the address v alue

at time t, H(t)
= ( B(t�1)

jINC

(t�1)
jINV

(t�1)
;b(t)j0 j0 ) is the

Hamming distance, and N is the bus width of b(t) .

The corresp onding deco ding sc heme is giv en b y:

b
(t)

=

(
B
(t) if INC = 0 ^ INV = 0

�B
(t) if INC = 0 ^ INV = 1

b
(t�1) + S if INC = 1

(7)

3.2 Dual T0 Encoding

F or arc hitectures based on m ultiplexed address buses, suc h as

the one of the MIPS micropro ce ssor, t w o address streams � and

� , with quite di�eren t b eha vior, are time-m ulti plex ed on the

same address bus. Stream �, corresp ondi ng to instruction ad-

dresses, has high probabilit y of ha ving t w o consecutiv e addresses

on the bus in t w o successiv e clo c k cycles; on the con trary , stream

� , corresp ondi ng to data addresses, has almost no in-sequence

patterns. The con trol signal, SEL , a v ailable in the standard bus

in terface to de-m ultiple x the bus at the receiv er side, is asserted

when stream � is transmitted; otherwise, SEL is de-asserted.

An extension of the T0 co de, called dual T0 c o de , can b e ef-

fectiv e in these cases, pro viding the application of the T0 co de

and the up dating of the enco ding/de co d ing registers whenev er

SEL is asserted; otherwise, the binary co de is applied and the

enco ding/d ecodin g registers hold.

Analytically , the dual T0 enco ding can b e expressed as:

(B(t); INC(t)) =

n
(B(t�1); 1) ifSEL = 1 ^ b

(t) = ~b
(t) + S

(b(t); 0) otherwise

(8)

where B(t)
is the v alue on the enco ded bus lines at time t,

INC

(t)
is the additional bus line, b(t) is the address v alue at

time t, S is the stride, SEL is the selection signal, and

~b(t) is

giv en b y:

~b
(t)

=

n
~b
(t�1) if SEL = 0

b
(t�1) if SEL = 1

(9)

The corresp ondi ng deco ding sc heme follo ws:

b
(t)

=

n
(~b(t) + S) if INC = 1

B
(t) if INC = 0

(10)

3.3 Dual T0 BI Encoding

Similarly to what w e ha v e done for the T0 BI co de, w e can de�ne

the the dual T0 BI c o de . With this sc heme, whic h is exp ected

to w ork w ell on m ultiplexe d buses, the o v erall switc hing activit y

can b e reduced b y resorting the T0 co de an ytime stream � is

transmitted on the bus, while the bus-in v ert is used for stream

� . As for the T0 BI co de, the dual T0 BI can o�er signi�can t

sa vings for the a v erage p o w er. The dual T0 BI enco ding is de-

�ned as:

(B
(t)

; INCV
(t)

)=

(
(B(t�1); 1) if SEL = 1 ^ b

(t) = ~b
(t) + S

(�b(t); 1) if SEL = 0 ^ H
(t) > N=2

(b(t); 0) otherwise

(11)

where B(t)
is the v alue on the enco ded bus lines at time t,

INCV

(t)
is the additional bus line, b(t) is the address v alue

at time t, S is the stride, SEL is the selection signal, H(t)
=

( B(t�1)jINCV

(t�1)
;b(t)j0 ) is the Hamming distance, N is the

bus width of b(t) , and

~b(t) is de�ned as b efore.

The deco ding sc heme can b e summarized with the follo wing

equation:

b
(t)

=

(
(~b(t) + S) if INCV = 1 ^ SEL = 1

�B
(t) if INCV = 1 ^ SEL = 1

B
(t) if INCV = 0

(12)

3.4 Experimental Performance Comparison

In order to test out the p erformance of the newly prop osed en-

co ding tec hniques, w e ha v e used again the MIPS micropro ces sor

as reference arc hitecture on whic h measuring the n um b er of ad-

dress bus transitions required b y the execution of the usual set

of b enc hmark programs.

T ables 5 to 7 summarize the results, in terms of n um b er of tran-

sitions and transitions sa vings with resp ect to the pure binary

enco ding.

When the p ercen tage of in-sequence addresses is high, as in the

case of instruction address streams (see T able 5), the sa vings

pro vided b y the T0 BI, the dual T0 and the dual T0 BI co des

are v ery remark able (35 :52%, on a v erage, with resp ect to pure

binary). Ho w ev er, the same sa vings ha v e b een obtained b y using

the simple T0 co de. Th us, the latter seems to b e the most

preferable solution in this case, due to the relativ ely lo w cost of

the T0 enco ding/d ecodin g circuitry .

Regarding the data address streams, sho wn in T able 6, no sa v-

ings are pro vided b y the dual T0 co de, while the T0 BI and the

dual T0 BI o�er some adv an tages with resp ect to binary en-

co ding (12 :82% and 10 :66%, resp ectiv ely ). By comparing these

results to the ones pro vided b y the bus-in v ert metho d, w e can

claim that the T0 BI represen ts the most e�ectiv e solution for

a v erage p o w er minimizati on.

If w e consider m ultiplexe d address buses (see T able 7), the

dual T0 BI co de sho ws the b est sa vings (22 :25% on a v erage) if

compared to the T0 BI and dual T0 co des (19 :56% and 12 :15%

o v er pure binary , resp ectiv ely) . F urthermore, the dual T0 BI

pro vides the absolute b est sa vings, th us b eing the most e�ectiv e

co de, concerning the a v erage p o w er, for the address bus of the

MIPS micropro ce ssor .



Benchmark Stream In-Seq Binary T0 BI Dual T0 Dual T0 BI
Length Addr. Trans. Trans. Savings Trans. Savings Trans. Savings

gzip 119102 60.16% 232587 140845 39.44% 140845 39.44% 140845 39.44%

gunzip 63884 64.94% 118409 84003 29.06% 81433 31.23% 81433 31.23%

ghostview 404595 57.27% 678295 481845 28.96% 470949 30.57% 470949 30.57%

espresso 1751673 60.17% 3014854 2286402 24.16% 2239400 25.72% 2239400 25.72%

nova 544994 52.99% 959912 838481 12.65% 836708 12.83% 836708 12.83%

jedi 14690249 53.96% 23145174 18521606 19.98% 18521606 19.98% 18521606 19.98%

latex 700317 71.42% 1400540 200490 85.68% 200490 85.68% 200490 85.68%

matlab 6400326 76.56% 12000527 5800465 51.66% 5800465 51.66% 5800465 51.66%

oracle 500326 69.98% 880547 680485 22.72% 680485 22.72% 680485 22.72%

Average 63.05% 34.92% 35.52% 35.52%

T able 5: Exp erimen tal Comparison of Mixed Enco ding Sc hemes for Instruction Address Streams.

Benchmark Stream In-Seq Binary T0 BI Dual T0 Dual T0 BI
Length Addr. Trans. Trans. Savings Trans. Savings Trans. Savings

gzip 34393 52.47% 131651 83540 36.54% 131651 0.00% 118184 10.23%

gunzip 14602 10.59% 92349 82928 10.20% 92349 0.00% 81953 11.26%

ghostview 112689 10.74% 554499 500750 9.69% 554499 0.00% 507987 8.39%

espresso 570750 5.56% 3952944 3471146 12.27% 3956543 0.00% 3426699 13.39%
nova 220050 10.56% 1381975 1233051 10.77% 1381975 0.00% 1218763 11.81%

jedi 6145049 12.67% 47268786 42116937 10.90% 47268786 0.00% 41114510 13.02%

latex 200109 0.01% 763 577 24.38% 763 0.00% 558 26.87%

matlab 1204110 0.00% 5400375 5369926 0.56% 5400375 0.00% 5351262 0.91%

oracle 120111 0.01% 466606 466293 0.07% 466606 0.00% 466039 0.12%

Average 11.40% 12.82% 0.00% 10.66%

T able 6: Exp erimen ta l Comparison of Mixed Enco ding Sc hemes for Data Address Streams.

Benchmark Stream In-Seq Binary T0 BI Dual T0 Dual T0 BI
Length Addr. Trans. Trans. Savings Trans. Savings Trans. Savings

gzip 153495 57.44% 833799 715717 14.16% 736373 11.68% 709769 14.88%

gunzip 78486 52.81% 482093 356057 26.14% 426705 11.49% 343335 28.78%

ghostview 517284 58.25% 3067635 2661381 13.24% 2785341 9.20% 2785341 14.29%
espresso 2322423 54.39% 15147444 12349832 18.47% 13586402 10.31% 11883056 21.55%

nova 765045 56.63% 5526484 5218195 5.57% 5254072 4.92% 5054617 8.53%

jedi 20835298 57.88% 152427486 131617956 13.65% 141103112 7.43% 126132486 17.25%

latex 900426 55.55% 7002828 4202462 39.99% 6202718 11.43% 4002340 42.85%

matlab 7604436 65.37% 42405967 32257681 23.93% 34005845 19.81% 30775139 27.43%

oracle 620437 59.13% 3939551 3116685 20.89% 3479391 11.68% 2964637 24.75%

Average 57.62% 19.56% 12.15% 22.25%

T able 7: Exp erimen ta l Comparison of Mixed Enco ding Sc hemes for Multiplexed Address Streams.

4 Encoding and Decoding Logic
The results of Section 3.4 sho w that, for a m uxed bus, the

dual T0 BI co de is the most e�ectiv e in terms of transition

coun t. It is no w necessary to ev aluate if the p o w er sa vings

ac hiev able through activit y reduction is not o�set b y the cir-

cuitry required to implemen t the co de on a system bus. After

describing the the basic enco der/dec o de r arc hitectur e, w e ana-

lyze their p o w er consumption when the enco ding sc heme is used

to minimize the p o w er of on-c hip and o�-c hip buses.

4.1 Architectures

The enco der arc hitectur e can b e deriv ed directly from Equa-

tion 11. It consists of a section for the T0 enco ding whic h gen-

erates the INC signal, a section for the bus-in v ert logic pro viding

the INV signal, and the output m ultiplexor, whic h is con trolled

b y the input signal SEL and b y signal INCV = INC + INV .

While the arc hitecture of the T0 section w as fully describ ed

in [6], the bus-in v ert section has b een realized b y a Hamming

distance ev aluator of the enco ded bus lines at time t � 1 con-

catenated with the INCV signal and the address v alue at the

presen t time t, follo w ed b y a ma jorit y v oter to decide if the com-

puted Hamming distance is greater than half of the bus width.

Besides the enco ded bus lines, the circuit outputs the INCV sig-

nal (the SEL signal, needed b y the deco der, is already presen t

on the bus). The circuit has b een syn thesized using Synopsys

Design Compiler, and implemen t ed on to a 0 :35 �m, 3 :3 V olt li-

brary from SGS-Thomson. Its critical path is 5 :36 nse c , and it

is through the bus-in v ert section and the output m ux.

Concerning the deco der, its arc hitectur e can b e obtained eas-

ily from Equation 12, and it is reminiscen t of the T0 deco der

detailed in [6 ] ( SEL and INCV are the con trol signals of the

m ultiplexer) .

4.2 Power Analysis: On-Chip Busses

The analysis is carried out for three co des: Binary , T0, and

dual T0 BI. The binary enco der and deco der consist only of

in ternal bu�ers, the T0 circuitry is the one presen ted in [6 ],

and the dual T0 BI enco ding/dec o di ng logic has the structure

describ ed in Section 4.1.

The same reference input switc hing activities (deriv ed from the

b enc hmark address streams) are applied to the inputs of the

three enco ders, and the p o w er consumption is estimated using

the probabilistic mo de of Synopsys Design P o w er at a frequency

rate of 100 MHz.

Concerning the deco ders, the reference switc hing activities de-

riv ed from the b enc hmark streams cannot b e used to estimate

the p o w er of the T0 and the dual T0 BI deco ders; this is b e-

cause the circuits receiv e, as input, the enco ded address streams

whose switc hing activities are reduced. Therefore, the switc hing

activities used for the estimation are deriv ed from suc h streams.

T able 8 rep orts the total p o w er consumptio n results. The p o w er

v alue of the dual T0 BI enco der is appro xima tely one order of

magnitude w orse than the one of the T0 enco der for on-c hip

loads up to 0 :4 pF , while for higher v alues the di�erence is re-

duced. On the other hand, the p o w er v alues of the deco ders

for the T0 and dual T0 BI co des are comparable, due to the

similarit y in their arc hitectur es.



Load Binary T0 Dual T0 BI
(pF) Enc/Dec Encoder Decoder Encoder Decoder

(mW) (mW) (mW) (mW) (mW)

0.01 0.1319 6.2891 3.1422 60.3139 3.6518

0.02 0.1660 6.3786 3.2043 60.4658 3.7238
0.04 0.2342 6.5579 3.3284 60.6372 3.8687

0.06 0.3023 6.7393 3.4525 60.8119 4.0176

0.08 0.3704 6.9219 3.5766 60.9895 4.1665

0.10 0.4381 7.1048 3.7088 61.1708 4.3163

0.16 0.6398 7.6538 4.1084 61.7393 4.7664

0.20 0.7742 8.0198 4.3772 62.1226 5.0682

0.30 1.1104 8.9376 5.0523 63.1054 5.8232

0.40 1.4465 9.8562 5.7274 64.1040 6.5785

0.50 1.7827 10.7749 6.4025 65.1125 7.3337

0.60 2.1188 11.6935 7.0776 66.1232 8.0889

0.70 2.4549 12.6122 7.7527 67.1388 8.8441

0.80 2.7911 13.5309 8.4278 68.1622 9.5993

0.90 3.1272 14.4496 9.1029 69.2003 10.3545

1.00 3.4633 15.3682 9.7780 70.2499 11.1098

2.00 6.8246 24.5550 16.5289 80.8256 18.6619

3.00 10.1859 33.7418 23.2798 91.5777 26.2141

4.00 13.5472 42.9286 30.0308 102.4174 33.7663

5.00 16.9085 52.1154 36.7817 113.2670 41.3184

10.00 33.7150 98.0493 70.5364 167.7545 79.0793

T able 8: Enc/Dec P o w er Consumption for On-Chip Loads.

4.3 Power Analysis: O�-Chip Busses

When a o�-c hip system bus is considered , it is necessary to

in tro duce input and output pads at the c hip in terface. P ads

usually represen t the most p o w er consuming part of the en tire

c hip. The binary enco der is th us constituted only b y the output

pads driving t ypical output loads. This same structure m ust b e

added at the outputs of the T0 and dual T0 BI enco ders. Con-

cerning the deco ding circuitry , only the p o w er dissipated b y the

logic is considered in the analysis, since the p o w er consumption

due to the input pads has sho wn to b e negligible with resp ect

to the one consumed b y the output pads seen b y the enco ders.

The reference input switc hing activities are applied to the three

enco ders. In the binary enco der, the output pads comm ute at

the reference switc hing activities. Con v ersely , the T0 and the

dual T0 BI enco ders receiv e, as input, the reference switc hing

activities, whic h are reduced at their outputs in the same man-

ner as for the on-c hip case. The enco ders outputs driv e the

t ypical input capacitanc es of the output pads (0 :01 pF for a 8

mA output pad). The reduced enco ders output switc hing activ-

ities constitutes the switc hing activities applied to the output

pads, whic h driv e h uge external loads. Therefore, the ma jor

p o w er gains of the prop osed co des deriv e from suc h reduction

in the switc hing activities applied to the output pads.

The T0 and the dual T0 BI deco ders receiv e, as input, the re-

duced switc hing activities resulting at the corresp ondi ng output

pads, and driv e t ypical on-c hip capacitance s.

P o w er results are rep orted in T able 9. By lo oking at the data,

w e can see that the use of the T0 co de is con v enien t for loads

b et w een 20 and 100 pF , while for larger v alues the use of the

dual T0 BI co de is recommende d.

5 Conclusions and Future Work
A comparativ e analysis of existing lo w-p o w er bus enco ding tec h-

niques, suc h as the T0 and the bus-in v ert co des, has allo w ed us

to come up with mixed enco ding sc hemes whic h exploit the b est

c haracterist ics of the co des ab o v e. More sp eci�cally , w e ha v e

prop osed the T0 BI, the dual T0, and the dual T0 BI co des,

and w e ha v e discussed their p erforman ce concerning the reduc-

tion in switc hing activit y obtained on the m ultiplexed address

bus (i.e., instruction and data addresses tra v el on the same bus)

of the MIPS micropro cesso r when real programs are executed.

Load Binary T0 Dual T0 BI
(pF) Global Pads Global Pads Global

(mW) (mW) (mW) (mW) (mW)

5 43.4593 38.3835 47.8148 31.9732 95.9389

10 60.1896 53.1597 62.5910 44.2817 108.2474
15 76.9198 67.9360 77.3673 56.5902 120.5559

20 93.6501 82.7123 92.1436 68.8988 132.8645

25 110.3804 97.4885 106.9198 81.2073 145.1730

30 127.1107 112.2648 121.6961 93.5158 157.4815

40 160.5713 141.8174 151.2487 118.1329 182.0986

50 194.0318 171.3699 180.8012 142.7500 206.7157

60 227.4924 200.9224 210.3537 167.3670 231.3327

70 260.9530 230.4750 239.9063 191.9841 255.9498

80 294.4135 260.0275 269.4588 216.6012 280.5669

90 327.8741 289.5801 299.0144 241.2182 305.1839

100 361.3347 319.1326 328.5639 265.8353 329.8010

110 394.9327 348.8066 358.2379 290.5535 354.5192

120 428.5308 378.4806 387.9119 315.2718 379.2375

130 462.1288 408.1546 417.5859 339.9900 403.9557

140 495.7270 437.8285 447.2598 364.7082 428.6739

150 529.3250 467.5026 476.9339 389.4265 453.3922

T able 9: Enc/Dec P o w er Consumption for O�-Chip Loads.

The dual T0 BI has sho wn to b e the most e�ectiv e sc heme, since

it has pro duced a 22 :25% sa vings o v er the pure binary enco ding,

while the T0 co de | the b est approac h kno wn so far | has only

giv en a 10.25% switc hing activit y reduction.

W e ha v e implemen t ed the dual T0 BI enco ding/de co d ing logic,

and w e ha v e compared its p o w er p erformanc e to the ones of the

binary and T0 enco ders and deco ders when on-c hip and o�-c hip

buses with di�eren t capacitiv e loads ha v e to b e driv en.

Concerning future w ork, w e are no w lo oking in to the problem

of iden tifying the most appropriate enco ding sc hemes for di�er-

en t t yp es of memory hierarc hies (e.g., main memory , L1 and L2

cac hes), address bus connections and I/O subsystems. As a �rst

step in this direction, w e are th us w orking on the c haracteriz a-

tion of existing micropro cess ors (e.g., MIPS, SP AR C, P o w erPC,

DEC-Alpha, P A-RISC, In tel) with resp ect to these arc hitectur al

options.
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