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Bus Energy Reduction by Transition Pattern Coding
Using a Detailed Deep Submicrometer Bus Model

Paul P. Sotiriadis and Anantha P. Chandrakasan

Abstract—A data-distribution and bus-structure aware method-  of circuits that reduce power dissipation. Unfortunately, as tech-
ology for the design of coding schemes for low-power on-chip and nology scales down, not many lines (not even many nodes) can
interchip communication is presented. A general class of coding be regarded as isolated or shielded.

schemes for low power, termed transition pattern coding schemes, In DSM b f le th lina betw i .
is introduced. The energy behavior of the schemes is mathemati- n uses, for example, the coupling between lines 1S

cally analyzed in detail. Two algorithms are proposed for deriving Usually much stronger than the coupling between individual
such efficient coding schemes, which are optimized for desired bus lines and ground [19]. This is a result of the high aspect ratio
structures and data distributions. Bus partitioning is proposed and - of the wires and the small distance between them. Coupling be-
;nnettggg}sgg:;l)lgea:nalyzed as a way to reduce the complexity of the yyeen nodes (lines) implies that power dissipation depends on
' the cross activitieg20] of the nodes (lines) and, therefore, the
Index Terms—Activity, architecture, buses, coding, deep submi- simple formulaP = T, fCV2,/2 cannot be used.
crometer (DSM), digital circuits, energy, estimation, Markov, low  cqging techniques for low-power communication DSM
power, modeling, power reduction, process, submicron, transition, buses, comprised of capacitively coupled lines, was introduced
transition act|V|ty, transition act|V|ty matrix, very Iarge-scale inte- . ! K ’ o
gration (VLSI). in [21]. The energy expression that had to be minimized
suggested that minimizing the expected number of transitions
is not necessarily the best approach to reduce power. The set
of favorable transitions should be selected in a more elaborate
S TECHNOLOGY scales to deep submicrometer (DSMyay. Several studies followed demonstrating the same principle
dimensions, the energy cost of performing computatiddy presenting schemes specifically designed for DSM data or
continues to decrease while the cost of on-chip and intercligdress buses, e.g., [22]-[27]. An attempt for a generalized
communication is not improving. Over the past several yeagpproach was introduced in [27].
significant emphasis has been placed on reducing the energy disFhis paper presentsaethodtransition pattern coding (TPC)
sipation associated with communication through long on-chg§ghemes and algorithm] for designing coding schemes for low-
and interchip buses. Numerous schemes have been presep@¢er communication through buses. The starting point is a
including low-swing signaling, e.g., [1]-[3], charge recyclinggeneral bus model that can accommodatgcoupling between
e.g., [4]-[7], and data coding, e.g., [8]-[17] including theorethe lines. Abus energy modelvhich introduces new energy
ical paper, e.g., [18]. The starting point of these papers ismeasures in closed form based on the transitions of the entire
simple and very popular power estimator, ttensition activity  bus, is derived from this general bus model.
The transition activityZ,, of a circuit node (or line) is a useful A general class of coding schemes is introduced, termed the
power measure when the node (or linejlecoupledrom any TPC schemes. This class contains all schemes for which the en-
other active node in the circuit. If this is true, then, the transtoder and decoder are time-invariant, finite-state machines. The
tion activity corresponds to a power dissipation given/by=  input to the encoder is the new data vector to be transmitted,
T,fCVZ2 /2 whereC is the capacitance between the node (ling@nd, the state of the encoder/decoder is the last vector trans-
and the ground, andl is the operating frequency. This formulamitted through the bus (state of the bus). Many of the schemes
is very convenient for estimation of power dissipation. Morepresented in the literature are examples of this general class.
over, such an energy model allows for the design and evaluationhe introduced bus-energy model is used to study, in detail,
the energy-reduction properties of the class of TPC schemes.
Closed-form expressions are derived for the energy reduction
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Fig. 1. Elementary segment of DSM bus. RE(t) correspond to the PMOS and NMOS transistors of the

inverter.

behavior of the TPC class as a whole by providing analytical NOw, let7” be the period of the clock synchronizing the bus.
mathematical expressions. Practical issues, for example, powspPPose that. at time = 0, the transmission of the new data
overhead of the encoder/decoder, have to be addressed for ¥plles,V;"", i = 1,2,...,n starts {/;"" is 0 or Vqq). Since

cific coding schemes, bus structures and data distributions, 4R data are “sampled” at the other end of the bus (segment) at
are out of the scope of this paper. sometime, < T, itis reasonable to assume that the time period

[0, T is sufficient for the lines to settle to their final values. That
is
Il. GENERAL ENERGY MODEL FORDSM BUSES
Vi(w, T) = Vo~ (1)
A bus consists of a segment of parallel wires or a sequence

of segments with repeaters and possibly latches between thfhall = € [0, L,] andi = 1,2,..., n. Since the operation has
The energy required to drive a sequence of segments is appré@tiod’, (1) implies that
mately the sum of the energy required to drive each segment in- Vi(x,0) = VoM @
dependently. Therefore, we can consider only the simplest case e v
in our analysis. A_ _general_mode_l of the b_us segments shoglg 51 1 ¢ [0,L,] andi = 1,2,...,n (V" is 0 or Vaq). This
include the capacitive and inductive coupling between any t@simply due to the fact that previous data must have been es-
lines. An elementary segment of lengthiis: shown in Fig. 1. taplished byt = 0. This assumption allows us to express the

Details on the model can be found, e.g., [28]-[32]. energy drawn from the power supgl¥aq) by the driver of the
All the parasitic elements between the lines and groungh |ine during the transition period as

(shielding or substrate) and between the lines themselves, are in- T

pluded m_the mgdel. Inthe glementary segment abq(/e)A_a:' B = / Via - I3(t) dt. 3)
is the serial resistance of thith line, ¢; ;(z) Az is the parasitic 0 ’

capacitance between thith line and groundg; ;(z)Az is the
parasitic capacitance linésandj, p; ;(z) Az is the self induc-
tance of theith line andy; ;(z)Az is the mutual inductance
between linesg and;. All parasitic elements are distributed an
their densities; (), ¢;i(z), ¢ ; (), pi,i(x), ui j(x) May vary

The total energy drawn from the power supply during the tran-
sition is of courseF = Y'"_, E;. After some algebraic manip-
éllations (details are available in [20]), the transition energy is
expressed as

along the length of the vv_ire_s_. Note that Ium_pe_d parasitics can E=V"")T.C. (V™ - yold) 4)

always be regarded as limiting cases of distributed ones and

therefore can be parts of the model. whereV™*" V°! are theold and thenewvectors of the voltages
Let L, be the total length of the bus segment. Lgtr, t) be of the lines

the current running through thih line at the point;, 0 < z < o ypew

L, and timet > 0. Similarly letV;(z, t) be the voltage at point " yold , Vmew

= with respect to ground. The bus segment is driven by a driver, vee= |2 =t

which in most cases is a CMOS inverter. Also, the segment has yold /new

a load that represents a buffer or a latch. A standard simplified " "

model for the driver of theth line,i = 1,2,...,n is shown andC is then x n matrix with elements

along with the line it drives in Fig. 2, [33]. ~ " e i
The capacitorC¢ models the parasitic capacitance of the Cij= { _E"jz_l ok if 7éj' (5)

1,7

driver; and,C] models that of the load. The switeh connects
the line toRH(¢), (s; = 1) or RE(t), (s; = 0) depending on whereg; ; is the total capacitance between lineand j, and

whether a one or a zero is transmitted. The resisijf$t) and ¢; ; is the total capacitance between linend ground. Note that
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C1 4 TABLE |
i} ENERGY DRAWN FROM V44 BY A TWO-LINE BUS MODELED AS INFIG. 4
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Fig. 3. Energy-equivalent lumped DSM bus moflel= 4). B
The matrixC (the conductance matrix of the network) becomes

(1) C () C; ) (n 14X =X 0 . 0 0
Il IL .. . -\ 142X\ i\ 0 0
-L L1 l ir _I_ 1
_ 0 )\ 14+2)\ - 0 0
C; I CLI CLI I C C— : : : : : cy.
- - - - 0 0 0 o 1 n ) Y
Fig. 4. Simplified energy-wise approximate DSM bus model. 0 0 0 . -\ 14\
(8).

¢ includes the parasitics’! andC7 of the driver and load, The energy drawn from the power supply during the transition
respectively. Also note that' is the conductance matrix of thecan pe expressed as

lumped capacitive network below, where the distributed lines

have been replaced by (lumped) nodes interconnected through  E = (Vv*¥)T.C . (V¥ — Vold)

the total capacitances; ( for examplen = 4). n
The network of Fig. 3 can be considered as a limiting case = {Z vRew (vpew — yeld)

of the original bus (segment) when all capacitances become i=1

lumped and all inductances and resistances are eliminated. n—1

Therefore, when the above network replaces the bus, driver, F A (VA = veeY) (VY = Vi)

and load capacitors, the energy dissipation frgga remains i=1

unchanged for all transitions. This lumped network is, in some old old

sensegenergy-wiseequivalent to the complete distributed bus N (Vi+1 -V )] } CL. ©)
model of Fig. 1.

Remark: Throughout the paper, we make the convenn standard 0.18:m technologies, minimum distances between
tion that bit value “1” corresponds toVyq-V and bit wires,\ can take values as high as six. In 0/18+technologies,
value “0” corresponds to O V, i.eground Thus, the data ) can be greater than eight. In general, technology downscaling

vector L = [ly,ls,...,1,]T corresponds to voltage vectorresults in an increase of the line aspect and thus an increase of
V = [V,Vs,...,V,]T such that V; = 1[; - Vgq for the factor).
i1=1,2,...,n,0rV = Vyq - L. Example: For a bus having two lines, modeled as in Fig. 4,

During the transition of the bus from)agical stateL(k — 1)  Table | shows the energy drawn frovjyq during the transition
to stateL(k), an amount of energy equal f(L(k — 1), L(k)) [V}, V4] — [V, V1.
is drawn form the power supplyUsing (4), the energy is ex- The energy loss caused by the interaction of the lines through
pressed as C7 is captured by the “lambdas” in Table I.
Example: Inthe case of isolated bus lines £ 0 in the above
E(L(k-1),L(k)) = L(k)"-C-[L(k)— L(k—1)]"-V{,. (6) example), the energy formula is reduced to

Example: In many structures of DSM buses, the capacitive E = (VieW)T . ¢ . (vuev — yoldy
coupling between nonadjacent lines is very weak compared to n ld
that between adjacent lines. Then, the general model simplifies =3V (VY = Ve by (10)
=1

to the circuit shown in Fig. 4, wher€7 is the total inter-line

capacitance; and;;, is the total line-to-ground capacitance. Fo{yhich simply counts the number of lines that transition from
convenience, we define the factor ground toV4 (zero to one).

)\—C—L.

(7) A. Comments on the Energy Model

Independently of the exact bus structure, if equalities (1) and
1The bits/; are considered to be real numbers. (2) are approximately satisfied (the timing assumption), the en-
2not dissipated. ergy drawn fromV/q during a transitio/°'d — V»*v depends
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Fig. 6. General class of coding schemes: TPC schemes.

only on the newv/ ™" and previous vector¥°'d, This is ex- vector. This information is sufficient and no other earlier states
pressed by the block diagram shown in Fig. 5 using a memaaye required. The decoder realizes the relation
element (register). .

Remark: Although the coding scheme design procedure that D(k) = G(L(k), L(k — 1)). (12)

is presented in the following sections is applicable to any ty - . .
of bus, the bus of Fig. 4 is used extensively for the examplesl%'eomb'mng the modeling equations of the encoder and decoder

[(11) and (12)] with the desirable property that for every
k,D(k) = D(k), translates into the requirement that for every
Ill. GENERAL CLASS OF CODING SCHEMES w e W andd € {0,1}™ itis

A general class of bus coding schemes is considered in this G(w,F(w,d) = d. (13)
section. Although many of the techniques proposed in the liter-
ature belong to this class, the unifying approach presented h&rerefore, for every fixedw € W, the mappingl — F(w, d)
is new and results in exact, closed formulas of power consumnust be injective. Moreover, for evety, the set
tion and power reduction.

In Fig. 6, we see the general modeltisfie-invariantcoding Xw ={F(w,d):d € {0,1}"} (14)
i;:(h ke)mis [Z?\(/}Sg ;:](i)ff)'"?\iv!lrf( lf)r](;pig. ;réeelrr:g (l;; S (i t?r;/ﬁg&r)ntaining allthe possible vaIuesf@k) when the last state was
mitted, and decoded during the same clock cyclassuming .L(k - 1).: w, must have e-xactly eIe.ments so thats b|t§ of
the bus does not introduce significant delay). information can be transmitted each time. The funcfibgives

i iti iXT = [t 1M i
The “original” data bus withn lines has been expanded td'se t© thetransition matrixT’ = [t; j];j—, with elements

a bus withm + « lines in order to accommodate the higher 1. ifw: € X,
(actual) bit rate due to encoding. The output of the decdmley, tij = { / : . }
statevectorL(k) = [l1(k),l2(k), ..., lm+a(k)]T, contains the
logical valuesof thesem + a lines. The following relation holds The matrixT” has exactl2™ ones in every row and specifies the
for every time period:: possible transitions of the bus, i.e., given a sfate— 1) = w,

it gives all the stated.(k) = w; that can follow. The matrix
T doesnot provide any information on howhe data values
are mapped into the possible transitioiénally, we define the
transition graphG -, which carries the same information as that
of the transition matrix

0, otherwise (15)

L(k) = F(L(k — 1), D(k)). 11)

Vector L(K) depends on both the input data vecfotk) as
well as the previous state(k — 1) of the bus. The knowledge
of the previous state is important because the energy dissipation . = {(w, F(w,d)) : w € W, d € {0,1}™}. (16)
of the bus is due to the transitidi(k — 1) — L(k). Recursion

(11) may force the vectak(k) to take values in a subsBt = Relation (13) defines (the restriction of) the functi@non the
{wy,wa,...,wr} of {0,1}™F (only). TheM elements of¥/  vertices of the transition graph. The valuesin the seth’ x
are thecodewordsf the coding scheme. W — G are immaterial and can be chosen in any convenient

At the other end of the bus, the decoder uses the value of thay in order to simplify the hardware implementation of the
current and the previous states of the bus to reconstruct the datection. If the transition grapti'z has more than one strongly
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connected component [34], then, the coding scheme is dege Data to be sent New
erate in the sense that some of the codewords are not utilize D(k) Codeword
Col d ord | -
To avoid this degeneracy, from now on, we assume ¢hais Lk-1) | - L(k)
strongly connectedStrong connectivity of?r is equivalent to N ¥ -
theirreducibility of the transition matri¥’, [34], a property that \\ 00 f 00 00
will be used later. X o1 o1 2 o1 3
Remark 1: The sequence of bus state¢k),k = 1,2,... wi& 10 x2 w,& 10 :6 w3& 10 :6
is defined by (11), the initial state.(0) and the data 116 TR T
sequenceD(k),k = 1,2,.... If the random vectors 00 s 00 Y4 00 s
D(1),D(2),D(3),... are independent and identically o1 4 o1 s o1 6
distributed, (i.i.d.) and independent di(0) as well, then w,i& 10 6wl 0 06 w0
the bus stated.(1), L(2), L(3),... form a Markov random o2 TR 1S
sequence. Note that " Y1 v
Fig. 7. Graph representation &f.
P (L(k) IL(k' - 1) L(k —2),...,L(1))
= Z P.(L(k),D(k) | L(k — 1), L(k — 2),...,L(1)) 101(w4). The transition matrix resulting frorfi' with columns
D(k) and rows indexed according to stateg ws, . .., ws IS
= 3" PA(L(k) | D(k), L(k — 1), L(k — 2),..., L(1)) Llo o011
D(k) 110101
- Pr(D(k) | L(k — 1), L(k = 2),..., L(1)) p_|t 01011
= P(L(k)| D(K), L(k — 1)) - P.(D(k)) 110101
D(k) 1 01 0 1 1
1 1.0 0 1 1

= Z OL(k),F(L(k—1),D) * Pr(D)
D To indicate the correspondence between the input vectors and
the 2™ ones in each row df’, we use the following symbolic

whereé, , = 1if z = y andé, , = 0, otherwise. Therefore, matrix that contains all the information of the functiéh
L(k) depends statistically only oh(k — 1), which proves the

statement. The assumption that the data sequence is i.i.d. is often (00) (01) 0 0 (11) (10)
necessary in order to make the analytical and/or numerical cal- (10) (00) 0 (11) 0 (01)
culations tractable. 7 [(0) 0 (00) 0 (11) (01)

Remark 2: Since, in general, the encoder and decoder, given (11) (10) 0 (00) 0  (01)
by (11) and (12), are finite-state machines, particular attention (11) 0 (10) 0 (00) (01)
must be given to their design so that the possible transmission (01) (11) o 0 (10) (00)

errors of the bus are notastrophici.e., they do not propagateln this example,TPC favors transition patterns in which the
for ever. Alternatively, this can be achieved by using a particular
voltages of neighboring bus lines change values in the same

state of the bus, not i/, as a reset signal for the states of bOthecnon This reduces theffective capacitancbetween ad-

the encoder and decoder. jacent lines. For a typical 0.18m technology, with minimum
distance between the wires, the value)ois about 5. In this
case, the coding schemes results in a theoretical energy reduc-
tion of about 22%even though the number of the bus lines has
A simple TPC scheme is presented here that encodes a%gfn increasedThis should not be surprising. In general, the
eme encodes the informatid}( k) into transitions among

qguenceD of m = 2-bit data vectors into a sequendg, of q ds that h t less than that of th
m + a = 3 bit vectors. The set of codewords contains the fofrc;nimg;ssbe?we:\r/letr?g sxgrr?gle dzrt]:r(%)ag/otivoe;is) anthatotthe
lowing M = 6 elementdV = ,Wa, . ..

g {wi,wz,... we} In the following sections, we address three issues of TPC: 1)
exact calculation of the energy consumption; 2) design of coding

schemes; and 3) complexity reduction.

A. Motivational Example

w, =000 | w, = 001 | wy = 010
wy = 101 | ws = 110 | wg = 111

B. Statistical Measures of Energy

Letw,ws, ..., wys be the codewords of the coding scheme
and let E(w;,w;) be the amount of energgrawn form the
power supply during the transition from codeword; to

Th dina f ionF is qi hin Eig. 7. E 3The energy estimation results that follow remain unchanged if we use the
€ coding functionf” Is given as a graph in Fig. 7. FOr €X-gissipated energinstead of theenergy drawn from the power supplhis is

ample, if L(k — 1) = 001(wy) andD(k) = 11 thenL(k) = due to the long-term averaging 35 — o in definition (18).
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codewordw ;4. We define thesnergy cost matriof the coding If p(0) is the probability distribution of the initial sta(0) of

scheme as the bus, then, using the Chapman—Kolmogorov formula [36],
. that is,p(k) = p(r) - P*~" k > r, we have
E = [E(wiij)]i,jzl' (17) &
p(k) = p(0) - P*. (23)

To_quant|fy the energy behavior of the coding s_chemes We NERR use (23) to evaluate the time average expected energy of
to introduce a statistical energy measure that is both physmat & general coding scheme of Fig. 6. We start by calculating
meaningful and can lead to relatively simple algebraic expres- expected value dE(L(k — 1) L(Ik)). Let pi(k) be theith
sions. It is appropriate to define thiene aveage expected en- entrance of the probability vectly(k) a;nd P ‘ be the(i, j)
ergy per transition of the bu#’, as the limit of the average & )

! . " element of the transition probability matriX. Then
expected energy consumption our consecutive transitions

when N goes to infinity E(L(k—1),L(k))
L X M
Eo= lim —- > BE(L(k-1),Lk).  (18) = D PoL(k) = w;, L(k — 1) = w;) - E(w;, ;)
N—ooo N Pt i,j=1
M
Throughout this paper, the overbar means statistical expectation _ Z P, (L(k) = w; | L(k — 1) = w;)
with respect to all random variables involved in the expression, ) !
here, with respect t&(k — 1) andL(k). In (18), the quantity -’(P (L(k = 1)) = w;) - E(w;,w;)
T - ) 1y Wy )
1 N M
w2 BT, L) = 2 Pk 1) Bww,)

is the average expected energy drawn fidm during the first LetAe B = [a; ; - b; ;]; ; be theHadamard producf37] of two
N transitions. The limita®' — oo provides the time averaging. matricesA, B of the same dimensions and febe the (column)
vector with all its coordinates equal to one. Then, we can write

C. E C ti Using TPC
nergy onstmprion Fsing EL(E—1D, L) =pk—1)- (PeE)-1  (24)

To derive the energy properties of TPC schemes, we need
to make some assumptions on the statistics of the input daf using (23)
{D(k) = (di(k), da2(k). . .. ,dm(lzf))T}k. For presentation pur- BLk—1),L(k) = p(0)- P*"' . (Pe E)-1.  (25)
poses, the analysis is done for input data sequences formed out
of statisticallyindependenanduniformly distributedvectors ~ To continue with the evaluation of the time average expected
in {0,1}™. The result, (33), holds without any change fior  €nergy, it is necessary to recall our assumption onstieng
dependendata vectors witany distributionin {0,1}™. It can connectivityof the transition graplézr. As mentioned before,
also be directly extended to the case of Markov data sequendB§,strong connectivity ofir is equivalent to thareducibility

a|though this would increase the dimension of the pr0b|em S@f- the transition matri)T, and the |rredUC|b|||ty of transition
nificantly. probability matrix P, due to (21), [37]. Moreover, matriR is

Suppose for now tha{D(k)}k is a sequence of indepen_row stochastic by its definition. All the above allow us to use the
dent and uniformly distributed vectors if0,1}™. Then, following modified version of the Perron—Frobenius theorem
L(k),k = 1,2,... (Fig. 6) is a first-order homogeneous37, corollary 8.4.6] .

Markov [36] random sequence ( see Remark 1 in Section Ill), Theorem 1 (Perron—Frobenius)An irreducible row-sto-
and, the conditional probability of the transitian — w, is chastic matrixP is similar to a matrix of the block-diagonal

given by form

A 0} 26)

2w if, w; € X, A= [

P.(L(k)=w,;|L(k—1) =w,;) = » Wi = A,

(L) =y | Bl 1) =) = {27 T € X 0y
. . . 7 whereY isin Jordan form with eigenvalues of modulus less than

Thetransition probability matrixP” of the states of the coding ;0 andA, is the diagonal matrix

scheme is defined as

. 2mi dmi 2((] - 1)’/T’i

, A;=d 1,7 T, e——". 27

PP 1My = Po(L(k) = w; | L(k = 1) = w)] . (20) ! 1ag( €T e ) @)
From (19), we conclude that whereq is the number of modulus-one eigenvalues of maktix

and it is always greater than or equal to one. O
P=1/2". (21)  Therefore, there exists a nonsingular matixand a matrix

The probability (row) vector of the stafe(k) is A asiin the theorem such that
P=A-A-A" (28)

p(k) = [PT(L(k) :w1)7"'7PT(L(k) :'UIJW)]' (22)

4Expression (6) can be used if the bus is modeled as in Fig. 1 or Fig. 3
5This is a typical case of data streams in telecommunication systems.  E(L(k — 1), L(k)) = p(0)-A-A* 1. A71.(PeE)-1 (29)

?

Moreover, from (25), it is




1286 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: FUNDAMENTAL THEORY AND APPLICATIONS, VOL. 50, NO. 10, OCTOBER 2003

and hence TABLE I
TRANSITION ENERGY OF THE2-LINES EXAMPLES BUSs
N
1 1 N
~ Y B(L(k - 1),L(k)) = p(0) - A- — ew State
Nkzzl(( ), L(k)) = p(0) N 00 [o01] 10 11
N [ Akt 0 1 o g;) 0 6] 6] 2
. Z[ B Yk_l} ATl (PeE)-1. (30) 2 0 [0 111
Pt = | 10] 0 |11 1
S lfafo[s5[5]o
Since the spectral radius Bfis less than one, we ha¥e — 0
asr — oo. Also, for every integer, it holds that [38]
TABLE I
N . . L. TRANSITION ENERGY OF THETHREE-LINES EXAMPLE Bus
lim 1 Z QI _ 1, ifris a mulitiple of ¢ (31)
N-oo N 10, otherwise : New State
k=1 000 [ 001 | 010 | 011 | 100 | 101 | 110 | 111
From (30), we conclude that 0f 0611} 7 )6 12]7]3
ooiJ]o[of16]6]6]6]|12]2
N oloj o 11| o |1 |1t |22]1]2
. 1 T ot
lim — > E(L(k—1),L(k)) =p(0) - A - ] - €, Sfom|o 5|50 [11]16]6]1
N—ooo N (75}
k=1 < |[10] 0|6 16120 | 6| 6|2
A7l . (PeE)-1. (32 Offo1[o [0 [21[11 ][00 |11
moj o [ 11| S| 6|5]16]0]1
Since P is a row-stochastic matrix, its right eigenvector cor- mjo|s5[10|s5][s5[]10]5]0

responding to the eigenvalue 11s Therefore, we can write

(A-€T)-(ex - A1) = 1 - bT whereb, is the left eigenvector

of matrix P corresponding to eigenvalue 1, thabfs- P = b;, D. Energy-Estimation Examples

and satisfies; - 1 = 1. Equality (32) can be written as The results of the previous section are applied to the example
~ of Section lll-1. Consider again a two-line and a three-line buses

lim 1 ZE(L(k —1), L(F)) of structure as in Fig. 4 andl = 5. For simplicity, we setC, =
N—oo N = ’ 1 andVyq = 1. The transition energies of the 2-line bus are
calculated using (4), and shown in Table II.

y-A-el-e;- A7 (PeE)-1

=2(0 T In the example of Section 1lI-1, two bits of information are
=p(0)-1-by - (PeE)-1 transmitted each time. Without using coding and assuming the
=bl - (PeE)-1 (33) datais asequence of independent and uniformly distributed vec-

tors, the expected energy per transmission (or transition) is
sincep(0) - 1 = 1. Thus, for the case of i.i.d. and uniform input

sequence the time average expected energy is B, - Z Po(L(k) = wy, Lk — 1) = w;) - E(w;, w;)

EazboT'(P°E>‘l:ZLm'boT'(T°E)'l- (34) L7J41
=Y P(L(k) =w;) P(L(k — 1) = w;) - E(w;, w;)
Now, recall that the transition matrik has a one in théi, ;) =l
position if and only if the transitiom; — w; is allowed. There 0 6 6 2 1/4
are exactly2™ ones in every row of the matriX'. In the case — [1 11 1} R U UNEE S 1/4 —3. (36)
of uniformly distributed input data, the time amge epected 4747474 8 1} 9 (1) 53
o] o]

energy is independent of the way that data vectors are mapped
into the bus transitions . -
. . Suppose now that we apply the coding scheme presented in
Now consider data sequences of independent rfoit Fig. 7. For the three-line bus witfl, — 1, Va4 = 1 andA = 5
uniformly distributed vectors. Letp? be the probability the transition energies are given in Table Il '

tﬂaﬁ m2§k> :m+'f1‘/'" = 1,2,...,2™. '!'hen, every row 01]: The codewords used in the example are = 000, w, =
the 2 X 2 transition matrix P is a permutation o 001, w3 = 010,w; = 10L,w = 110, andws = 111. The

m+4a _ om m d d d . 5 .
2 2™ zeros and the™ numbers{, ps, ..., pym. energy-cost matriof the scheme, defined by (17), is

The analysis presented above is still valil'ifs replaced by

2™ . P. We have 0 6 11 12 7 3
T 0O 0 16 6 12 2
E,=bl -(PeE)-1. (35) 0 11 0 22 1 2
E=1o0 0 21 0 11 1 (37
6The obvious identification is used, throughout the paper, between the bi-
nary vectors(0, . . ., 0,0),(0,...,0,1),(0,...,1,0),...,(1,...,1,1) and 0 11 5 16 0 1
the integerd, 2,3, ...,2™. This is done in order to use matrix algebra. 0O 5 10 10 5 O
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TABLE IV IV. TWO ALGORITHMS FOR DERIVING EFFICIENT
DISTRIBUTION OF THEINPUT VECTORS CODING SCHEMES
u: 00| 01|10 11 Suppose the original bus haslines and at every clock cycle
_ ; ; the in random v k he val =
P(D(k)=wu):[0.1]03]04]02 k the input E do ectcﬂDgf) takes the aueég W(?O)_
1,(0...01) = 2,(0...10) = 3,...,(1...11) = 2™ with

probabilityp?, p¢, pd, ..., pl.., respectively. We expand the bus

The transition probability matrix is by a number additional lines; so, we have + a bits to encode

the data.
/4 1/4 0 0 1/4 1/4 Throughout this section, we assume that all vectors
/4 1/4 0 1/4 0 1/4 in {0,1}** are possible states of the expanded bus. In
p_ |4 0 1/4 0 1/4 1/4 (3g) oOther words,M/ = 2mF¢ andW = {0,1}"*. Without
S|4 14 0 14 00 1/40 loss of generality, we can sab; = (0...00),wy =
/4 0 1/4 0 1/4 1/4 (0...01),...,wym+a = (1...11). The transition energy cost
/4 1/4 0 0 1/4 1/4 matrix E is defined as in (17).
Definition: Given m,a and the distributionp? =

The left eigenvectobg of P corresponding to eigenvalue 1 anc{p

satisfying the equatio! - 1 — 1 is ¢ pd,... pt.] we define the setll(m,a,p?) of all

gmta . 2mta gtochastic matriced? such that every row
bg — [0 250.0.187.0.062. 0.062. 0.187.0 250] (39) of Pisa permutation opm+te — 2™ zeros and the™ numbers
.250,0.187,0.062,0.062,0.187, 0.250]. paly 4
p17p27 e 72)2711
Thus, the time average expected energy of the coding schemé&xample: Let m = 2,a = 1 andp? = [2,1,2,5]/10. The
given by (34), is following three matrices are members of theBétn, a, p?):
E,=bl - (PeE)-1=234. g 0 0 0 z

Therefore, using this coding scheme, we can achieve energy re-
ductions up to P, = 1

3—-234
100 - <T> % = 21.9%.

Now, suppose that the data are stationary but not uniformly dis-
tributed. Suppose that for every clock cyklghe random vector
D(k) has the probability distribution shown in Table IV.

If the data is transmitted uncoded through the two-line bus,

—_
o

NONNFEFNOOGNNREFENNEHDNDO OUQL OOt Ot

S ONODODOUUNOONOSDODODUTNNODODNFEEFEFONN
H OO UMOOOEHOOHEUMUOOOROOoOONO
SO ODUMUNOCO NODODOSDUINOOHRODOONDNH
SN O OO R OONUMMOOOR OO NNODO O
O OO MRODOOUMEOOMRO OOMOOoOOoOoOo

= OUUO OO NOO IO ODONODO ONOOOMKEO

the time average expected energy is [see (36)] P, = 1
0 6 6 2 0.1
0 0 11 1 0.3
E,=[01,03,0402- | o 11 o 11 lod _ |
0 5 &5 0 0.2 - -
= 3.94. (40)
If we use the coding scheme of Fig. 7, the transition probability 1
matrix P is given by P; = 0 (42)
0.1 03 O 0 02 04
04 01 0 02 0 03
04 0 01 0 02 03 L2 0 2 0 0 5
P= : (41) , . o : : .
02 04 0 01 0 03 Following the discussion in the previous sections, the design
02 0 04 0 01 03 of an efficient TPC scheme with the parametessa, p? is
03 02 0 0 04 01 equivalent to choosing an appropriate matifix from the

setll(m,a,p?). Note thatP leads directly to the derivation
of the time-average expected enerfly, using (35), that is
E, = by -(PeE)-1whereb, is the left probability eigenvector

The left eigenvectorb, of P corresponding to eigen-
value of one and satisfying the equatibﬁ -1 = 1is

by = [0.251,0.160,0.087,0.036,0.196,0.271]. The time p
average expected energy of the coding scheme, given by (Cg), '

isE, =b - (P-E)-1 = 2.74. Therefore, using the coding p_ Approximately Optimal Coding (AOC)

scheme, we can achieve energy reductions up to . R .
9y P Motivated by (35), where matrixP is involved in the

3.94 —2.74 point-wise product with the energy cost matd we may
100 - [ &=—=——"—) % = 30.6%. o o9 Mt
3.94 attempt achieving a lowt, by minimizingl® - (Pe E) - 1
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4D (000) 4D (000) € (000)
(1) 01) (01)
(001) (001) (001)
111
(000 @, (199) O, 11y MU0, (o11)
49, (111) © , (111) a9, (111)
E:):); (000) :;3 (000)
(001) (0o1)
(001) ©1n (011) (100) (10) (100)
19, (111) s (111

Fig. 8. Example transition diagram.

instead of)g - (P e E) - 1. Note that this can be done by simplyUsing matrix P*, we can calculate the time average expected

choosingP so thatevery rowsunof P e E is minimal. energy of the coding scheme. The left probability eigenvector
Example: Let us use this approach to derive a scheme thatt P* is (b°)7 = [0.500,0.111,0,0.064,0.125,0,0, 0.200];

encodes a 2-bit sequence with probability distributiyn = and, the time average expected energyis = bST - (P* e

[2,1,2,5]/10, into a 3-bit sequence. Let us consider a bus &) - 1 = 1.78. Note that vectob, has only five nonzero ele-

in Fig. 4 withCp = 1, V44 = 1 and)\ = 5. Using (9) and defi- ments. This means that the stochastic maixcorresponds to

nition (17), we have TPC schemes with only five codeword$00) = 1,(001) =

0 6 11 7 6 12 7 37 2,(011) = 4,(100) = 5, and(111) = 8. Note also that since
0 0 16 6 6 6 12 2 the input vectors (00) and (10) both have probability 0.2, the op-
0o 11 0 1 11 22 1 2 timal assignment of the inputs to the transitions is not unique.
05 5 0 11 16 6 1 For example, the transitions from state 1 to states 5 and 8 can be
E= (43) igned to inputs (00) and (10), respectively, or vice versa. In
0 6 16 12 0 6 6 2 assigne p , resp Y,
0O 0 21 11 0 o 11 1 Fig. 8, we see a transition diagram based®rwith an optimal
01 5 6 5 16 0 1 “input vectors to transitions” assignment.
l0 5 10 5 5 10 5 OJ The expected energy consumption when transmitting the data
We examine the first row, [0, 6, 11, 7, 6, 12, 7, 3] Bf An sequence though a two-line bus uncoded is [see (36)]
optimal choice for the first row of the stochastic mat#xis 0 6 6 2 0.2
[5,1,0,0,2,0,0,2]/10. Note that the maximal entry of the 0 0 11 1 0.1
probability vector,p? = [2,1,2,5]/10, is matched with the E,=10.2,0.1,0.2,0.5] - 011 0 1! lo2
minimal entry of the first row ofE. The second maximal entry 05 5 0 0:5
of p? is matched with the second minimal entry of the first row —1.90 (46)

of K, etc. This procedure requires orgprting the entries of
the rows; and, it guarantees Fh_e ml_nlma}ny of every roWSUke energy reduction of the coding scheme achieved using this
of P e E, and therefore the minimality af* - (P e E) - 1 in simple minimization process is

(m, a,p?). A stochastic matrix achieving the minimum in the

example is 1.90 — 1.78

5 100 20 0 2 100-<T>%:6.3%.
52 0 1 0 0 0 2
50 2 2 0 0 1 0 The energy reduction is small because we ignored the steady-

N 1151 0 2 00 0 2 state probability vectob, during the optimization process. For
L 015 1 00 2 0 0 2 (44) the same setup, the TPC algorithm presented in the following

52 00 2 100 section generates coding schemes demonstrating possible en-
501 0 0 0 2 2 ergy reductions up to 26.5%.

!5 1.0 2 0 0 0 2] Although AOC may not result in efficient coding schemes for

smallm, it generates very efficient coding schemess#for> 7

Th ductP* e E) -1
e produc(P" e B) - 1is which is demonstrated in the following section. This efficiency

247 is due to the tendency of the eigenvedigito become (more)
10 uniform for largem (or m + a). Another desirable property of
. ?7’ AOC is its low complexity.
(P*eE)-1= o 1o (45)
0 B. Transition Pattern Coding (TPC) Algorithm
7 The objective of the TPC algorithm is to generate TPC
| 15 | schemes with minimum associatdine aveage epected
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0: Initialization: k:= 0, £(0): =0, ., P10):= [0]p, a bus as in Fig. 4 and = 5. The TPC algorithm terminates
in three steps. Fok = 1, 2,3 it gives the stochastic matrices

1: Repeat P, P;, P5 shown in (42). These stochastic matrices result in
2: k:=k+1 time average expected energies 1.7854, 1.3981, 1.3962, respec-
. . tively. Fork = 4, P, = P3.
3 PU):= argmin [(E+1-§T(k—1))eP]-1 Example: Now, let us assume that = 8.« = 1 and a bus,
Pe I(m, a, p¥) as in Fig. 4 and\ = 5. The algorithm is run for the following
4: E(k):=[(E+1-ET(k=1))eP*(k)]-1 three distributions on the left of Fig. 11, thatusiform, tri-
- - angularandtruncated GaussianThe energy savings resulting
5: Until P*(k) = P*(k-1) from using the stochastic matricé¥ (k),k = 1,2,... of the
algorithm, are shown on the right. The first stép= 1, corre-
Fig. 9. TPC algorithm. sponds toAOC; and, as we see, gives a performance very close

_ _ to the that of the final stochastic matrix. As it is mentioned be-
energy £, . To do so, the algorithm solves (approximately) theyre, this is generally the case for > 7. For the three input

minimization problem distributions, the algorithm requires 7, 10, and 11 iterations to
min bg -(PeE)-1. 47 stop.
Pcll(m,a,p?)

N . S C. Results of the TPC Algorithm
By definition, b is the left probability eigenvector @?. We as- N _ ) )
The transition pattern coding algorithm was used to derive

sume thatP is strongly connected; so, &"*+* codewords are ) - T
used andV = 2™+a_ If this is not the case, then, we keep th€oding schemes for various combinations of values of the

largest strongly connected componenPadind reduce the set of dUadruplez, a, A, Input distributior) assuming the bus model
codewords appropriately. Finally, for dll = 1,2,..., (k) € of Fig. 4. In Fig. 12, we see'the energy reductions (W|th respect
[0,00)M and P*(k) € Ii(m,a,p") we obtain the TPC algo- to Fhe uncoded bus) achievable using the codl_ng schemes
rithm shown in Fig. 9. derived form = 2,4,8,a = 1,0 < X < 10 and with three

Note that in the minimization step of the algorithm, each rofffPut distributionsuniform, triangular andtruncated Gaussian
of P* (k) is chosen so that the corresponding entry of the vectgf normalized variances /D = 0.5. Each star(*) in the
[(E+1-¢T(k—1))eP]-1is minimal. In this sensé{ minimiza- graphs indicates the energy reduction of a coding scheme for a

tion problems are solved simultaneously and independently. duadruple 4, a, A, Input distributior). The energy reduction
The algorithm operates “backward” while the varialile ©an be arbitrarily highand depends strqngly on the d|_str|but|on
counts the backward steps. On stegihe value of; (k) is the of the data. F_or example, the graph in the upper right corner
expected energy cost of a (backward) random path of lelgthShOWS reductions up to 80%. _ .
which starts from stateand evolves (backward) with transition N Fig. 12, we see results attributed to coding schemes with

probability matricesP* (k), P*(k — 1),.. ., P*(1), as shown ¢ =1L, i.e., with only one additional line. Itis true that in most
in Fig. 10. ’ o cases larges (additional lines) results in higher energy reduc-

Fork = 0,&(0) = 0 for everyi, since no steps have tions and larger additional occupied chip area. In Fig. 13, we see
been encountered. Fdr = 1, the stochastic matrisP* (1) the energy reduction of schemes resulting fromTR&E algo-

is chosen withinII(m, a,p?) so that the expected cost offithm form = 4,a = 1,2,3,0 < A < 10 and uniform input
the one step (backward) random path starting from any st&listribution. The savings are compared with that of bus invert
i,i = 1,2,..., M, is minimal. Since(0) = 0, the choice of
P*(1) minimizes every entry of the vect¢F ¢ P) - 1. On the _ _
kth iteration, matrixP* (k) is chosen to minimize all entries of - Reducing Complexity
(E+1-¢T(k—1))eP*(k)]-1 = (EeP)-1+P*(k)-£(k—1). A way to reduce complexity is to split the input data bits into
We have that groups and encode each group independently. The approach is
T T . shown in Fig. 14.
e [(E+1-&)eP (k)] -1 The energy dissipation associated with the partitioned coding
=e! - (EeP*(k)) -1+e] -P*(k)-&(k—1) scheme equals the sum of the energy dissipations of the indi-
M M vidual blocksplusthe energy losses due to interactions at the
= pr,j(k) - E(i,5) + Zp;’:j(k) -&i(k—1). (48) boundaries of adjacent blocks (assuming a bus structure as that
j=1 j=1 in Fig. 4). These interactions take place between the last line
of the first block and the first line of the second block, the last
line of the second block and the first line of the third, etc. The
alculation of the expected energy dissipation caused by the in-
eractions is presented next.

The ith entry of (E e P*(k)) - 1 is the expected cost of the
backward step fronk to k£ — 1, starting from staté. Theith
entry of P*(k) - £&(k — 1) is the expected cost of the (backward
random path fronk — 1 to 0. The algorithm stops when the
new transition probability matrix equals the previous one. In ,
practice, this condition is reached after a few iterations. E. The Interaction Energy

Example: Letn = 2,a = 1 andp? = [2,1,2,5]/10, as in The energy loss caused by the interaction of two consecu-
the example in the beginning of Section IV. Again, we assuntige blocks corresponds to thas” of Table | whenVy, V5 are
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8i(k) §(k—1) §(k-2) 8(2) &(1) £(0)
P*(k) P'(k-1) P(2) P*(1)

® ‘@ @

Fig. 10. Expected costs of forward paths using the stochastic matrices derived by the optimization process.

Input Distribution Iterations of the algorithm
y
4E-3 30
%0
2
f— 0
10
(000..0) (111..1) 112 3 4 5 6 7
g, .
4E-3 S% |lei® 9 0 0 0 0 8 s s
g 4
f— 7 20
>
(000..0) (111..1) o 112 3 456 7 8 910
60
10 E-3 % ] ) ) ) ) ) ) ’ N I ]
40
=
20
000..0) (111..1) 1i{2 3 4 5 6 7 8 9 10 11
AOC

Fig. 11. Energy savings corresponding to the stochastic matrix derived in each iteratiorm Bfla¢gorithm for different input distributions.

the voltages of the adjacent boundary lines of the two blockectorsfed into then encoders, Fig. 14, are statistically inde-

For simplicity of presentation, all coding blocks are assumgundent and identicél.The results can be extended to include

to be identical with parametens, a, W, M and functionst’ the case of Markov sources as well.

and@ as defined in Section Ill. LeB and B’ be two adjacent ~ According to the assumption, the random varial(és$ and

coding blocks of the partitioned scheme in Fig. 14. Moreovdf( k) are independent (because the partial data ve&tgrsand

suppose thaB is “higher” thanB’, e.g.,B and B’ are the first L’(k) are independent) and the expected valud @f) can be

and second blocks, respectively, in the figure. Nowllgt) and derived using Table V.

L'(k) be the outputs of block® and B’ at timek, [(k) be the —

last (bottom) bit ofL(k), andl’(k) be thefirst (top) bit of L' (k). */ (¥)

Thus,/(k) and!’ (k) correspond to adjacent lines in the bus. The= A - P-(I(k) = 0,1'(k) = 0,I(k +1) = 0,'(k + 1) = 1)

situation is illustrated in the example of Fig. 15. +X-P.(I(k)=0,I'(k) =0, l(k +1)=10I(k+1)=0)

~ FromTable |, we extract Table V, which presentsititerac- Lo Po(l(k) = 0,1 (k) = 1,i(k+ 1) = 1,I'(k + 1) = 0)

tion energydrawn from the power supply during tt¢h transi- , ,

tion. For convenience, we have $gt = 1 andVyq = 1; thus, +20- Po(i(k) = L,U(k) = 0,(k +1) = 0, I'(k+1) = 1)
k

all quantities are normalizedChis amount of energy drawn is  + A« P.(I(k) = 1,I'(k) = 1,I(k+ 1) = 0,I'(k+ 1) = 1)
due to the inter-line capacitance. Call this (normalized) energy 4+ X . P, (I(k) = 1,I'(k) = 1,I(k + 1) = 1,I'(k + 1) = 0).
costJ (k). (49)

To proceed in the analysis of the energy behavior of the parti-
tioned coding scheme we have to make some assumptions or8ligrouping one-half of the fourth term with each of the firstand
statistics of the input data that allow for a relatively simple prehe fifth terms, one-half of the third term with each of the second
sentation of the methodology. We assume thatpdugial data and the sixth terms, and taking into account that the two-bit

"To get the real values we have to multiply themWig,C'.. 8Spatially and temporally.
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Input Distributions:

uniform triangular truncated Gaussian
(00..0) (11.1)  (00.0) (11..1) (00..0) (1.
— 80 80 80
I 601 -
3
o~ % 407
I 20
B 0
g 0 5 10
E — 5 80
S g
s s 3
— -~ M %
o <
g & J
A s = 0 0 0
- 0 5 10 0 5 10 0 5 10
— 80 80 T 80
I 60} - - -t 60} - - - - - I 60} - - - -t
N 3 .
- % 40} - - 40 W 40 W
) A j . )
I J 201W— 20} - .- .- L 20%. . ... L.
S 0 : 0 0
0 5 10 0 5 10 0 5 10
_ A ——>» — A ——>» —— A —>

Dependence on A

Fig. 12.

5 10

Fig. 13. Energy saving achievable by TPC schemes and the bus invert sche

for uniformly distributed input datap, = 4, = 1,2,3 and0 < A < 10.

sequence§l(k)} and{l'(k)}, are independent (to each other),

(49) can be written as

J(E)=X-P(l(k+1)=0)-P.(I'(k) =0,I'(k+1) = 1)
+ APl (k+1)=1)-P.(I(k) = 1,I(k+1) = 0)
+ A P(l(k+1)=0)-P(l(k) = 0,l(k+ 1) = 1)
+ AP (l(k+1)=1)-P.(I'(k) =1,I'(k+1) =0).
(50)

Bus
( . |Encoder : Decoder|
: 1 . 1 :
L
7S
:  |Encoder : Decoder
. 2 - 2
D(k) T C;
L
7%
Encoder : Decoder
\ n : n

L(k). (k)
N N ‘\
) A} \\
Encoder[ |+ . . |Decoder
1 \\,’ l_ A 1
A T CI
: Encgder hoo /‘ Decoder
! : L
4 )' /(
Ll k , 4 ’ I/
(%) )

Let W be the set of codewords of every coding block in the bus;

thus,L(k), L' (k) € W for everyk. Let Wy, and Wy, be the Fig.15. Example oB, B’,

L(k),L'(k).l(k) andl’ (k).

1291

Energy reduction achievable by coding schemes resulting from the TPC algorithm=az, 4,8, = 1,0 < A < 10 and three input distributions.

> D(k)

e14 Partitioned coding scheme: a juxtaposition of simpler blocks.
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TABLE V We also have that
ENERGY DRAW FROM THE POWER SUPPLY BECAUSE OF THEINTERACTION OF
ADJACENT LINES I(k) AND I’ (k) M )
Pol(k+1)=a) = pi(k+1)-hi, (55)
J(k) [I(k+1), I (k+1)] i=1
00 [ 01 | 10 | 11 and
00 0 A 0
!
[{(k), I'(Kk)] i 0]2h )0 AR Zpl ey 0
’ 0|0 20|00 ) i _ .
Tl o a 0 Finally, we define the four diagonal matrices

H,, = diag (hi,,h2,....,hiL)

subsets of¥ containing only the codewords whofest bit is 0 H,. = diag (b, b, - hAL) -

and 1, respectively. Similarly, 16V, and W, be the subsets _ o )
of W containing only the codewords whossst bit is 0 and 1, Example: The TPC scheme presented in Fig. 7 has the six

respectively. See the example that follows. codewordaw; = 000, wy = 001, w3 = 010, wy = 101, w5 =
Sincel(k) is the last bit ofL(k) and (k) is the first bit of 110, andws = 111. Therefore

L'(k), for a, 3 in {0,1}

W*O = {w17UI37’lll5} WO* = {’u}l,’ll}z,'lU3}

P (166) = (k4 1) = ) Wer = fum, s, w6} W = {w, s, )
= )  PB(Lk)=vLk+1)= w) and so
veEW.,,weW.z
-1 01
= Y PT(L(k+1):w|L(k):u> ~PT(L(I€):1/). 0
vEW, o, wEW, 3 1
Similarly 1
L0 0]
P. <l’(k) =a,l'(k+1) = ﬂ) [0 07
1
= Y =& (L’(k+ 1):w|L'(k):u> P, (L’(k) = 1/). H. = 0 ,
vEW, ., wEW5,, 0
(52) L0 1
To get a compact of (k), we need a few more definitions. For r1 07
a=01andi =14,...,.M 1
1
}7‘, _ 17 if w; € W*a HO* = 0
P T 0, i wi g Wi 0
pio= L iTw € Wa L0 0.
B 07 if Wi ¢ Wa* ' ro 07
According to the assumptions on the data and Remark 1 of Sec- 0
tion Ill, L(k),k =1,2,...andL'(k),k = 1,2,... are Markov Hy, — 0 . (57)
random sequences with the same statlstlcal properties. The tran- 1
sition probabilitiesp; ; and the transition probability matrik 1
are defined as in (20). Then, the joint probabilities (51) and (52) L0 L]
can be written, respectively, as
From the definitions oH ..., H ... and (53)—(56)
P.(I(k) =a,l(k+ 1) P;j-pi(k)-hi, - bl
;1 g P.(l(k) =a,l(k+1)=p0)=p(k) -Hyo -P-H.3-1
(53) (58)
and P.(I'(k)=a,l'(k+1)=0)=p(k) - Hps - P-Hp, -1
Pl (k) =a, I'(k + 1) Z Pojpi(k) -, b (59)
54 | (il +1) =a) = p(k+1) - Hoo - (60)

H. -1
(54) P(l'(k+1)=a)=pk+1) Hay 1. (61)
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Combining (58)—(61) and using the Chapman—Kolmogorov fowhen using (66) in numerical calculations, special attention has
mula [36],p(k) = p(0) - p*, we arrive at (62) of the expectedto be paid to the way matriced and A~! are formed. The

interaction energy columns (eigenvectors and generalized eigenvectord) arfid
J(k) its eigenvalues must be arranged according to Theorem 1.
—X-[p(0)- P**'. H,o-1]- [p(0) - P* - Ho, - P- Hy, - 1] The case ofy = 1 corresponds to transition pattern coding
bt i schemes with connected transition graphs. This is always a de-
+A-[p(0) - P77 - Hyw - 1] [p(0) - P* - Hoy - P-Huo - 1] gjrgple property in practice. if = 1, formula (66) simplifies to
+X-[p(0)- P**1 . Hg, -1] - [p(0) - P* -H.o-P-H,,-1] the more compact
k+1
+ A+ [p(0)- P Ho 1]+ [p(0) - P* - Hy - P Ho - 1]. Boi = b} (Hy. - P-Hoo + Hyy -P-Hy)l.  (67)
62 . .
i i i i (62) Example: Following the example of the TPC scheme in
We define thdime aveage pected interaction enerdyfAEIl) Fig. 7, assuming uniformly distributed data, we have the
as transition probability matrixP given by (38) whose probability
) 1 X eigenvectorbo_ is given by (39). Using (57) and (67), with
Eq = lim - kz_l (k). (63) X = 5, we arrive at
- Eoi = Moy (H1s - P-Ho, + Hyy - P- Hy)l
We use Theorem 1 and the decomposiifbor: A-A-A~! of the 02501 T 0 0
transition probability matrix in order to calculate the time av- 0'187 0
erage expected interaction energy between consecutive blocks 0'062 0
of the partitioned coding scheme in Fig. 14. =5 0.062 : 1
Without loss of generality, we can assume that 0.187 1
A = Jag,ai,...,ap—1] with a9 = 1 and with the 0'250 0 1
first ¢ eigenvectors corresponding the eigenvalues '_1' 100 1 1 1 0
l,em/q,e4’f’i/q,... e2(a— 1)’”'/(1 of P, see Theorem 1. L1010 1 )
-1 _ T T
Also,kletA =[bg,b1,..., b, .17 be the inverse ofl. Then 1101011 1
P"=(A-A -kA ) 411 1 0 1 0 1 0
:A_[A 0:|A1 1010 11 0
o v* (1 1.0 0 1 1 0 0
" -1 . 0 0 0 1 1.0 0 1 1
:loz arb—l—A[OYk}-B. 1 1 10101
r=1 n 0 1 1 01 0 1 1
(64) 1 411101 0 1
From Theorem 1, we know that* — 0 ask — oo; and thus, 0 101 0 1 1
the first term of (62) can be expressed using 0 1 110 0 1 1
i 1 0 1
p(0) - PM*' . H,o-1=b] - H,- 1+Ze2q 0 1
1 1
D0)-a, B Hoa L4 er(h ' 0 | =20 69
g1 2, 1 1
p(0)- P"-Ho.-P -Hi.-1=bjHo.PH1.1+) ¢ 0 0 1

r=1

T
p(0)arb, Ho. PH1.1+e2(k)  E Total Energy Consumption of the Partitioned Coding
(65) Scheme

wheres, e, — Oask — oo. Therestofthetermsin (62) canbe e have expressions of the time average expected errgy,
expressed similarly. After lengthy algebraic manipulations, Ws the individual coding blocks, as well as expressions of the
arrive at (66) wheré,. is the complex conjugate of the eigentime average expected interaction enetfy;, caused by the
vectorb, coupling between adjacent blocks.

The total time aveage epected energy consumption

B T
Eai = A lbo (Hix - P-Hou+ Hur - P Hi)l (TTAEE) of the entire coding scheme in Fig. 14 is then given

q—1 by
) ™r 2 T
_4;S1n <?>.|p(0).a,,| .(bT H*ol> Er=n-E,+(n—1)-E, (69)
' (EZ“ H,. l)] . (66) wheren is the number of blocks. For the cage- 1
Er =nby - (PeE)-1+\n—1)-bl(Hy. P-H,,

9Theorem 1y is the number of eigenvalues of modulus one. +H,, -P -H,)l. (70)
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Fig. 16. Percentage of energy savings using partitioned coding schemes
number of blocksyr: number of bits transmitted per block, andadditional

lines,A = 1,10. [6]

Note that this energy is normalized with respectig andC7; [7]
thus, the actual energy consurifgger clock cycle id/2, x Cr, x
Er. Fig. 16 presents the energy savings of partitioned coding
schemes in which the coding blocks are TPC schemes designeié]
using the TPC algorithm. The parameters in the graphsiare
number of blocksy: number of bits transmitted per block, and g
a: additional lines\.
[10]
V. FUTURE DIRECTIONS

This work provides a mathematical framework for the desigmni1]
and evaluation of coding schemes that can be used for power re-
duction in on-chip or interchip communications through buses[.12
Given a specific bus structure and estimating or measuring the
distribution of the data, the two proposed algorithms provide
coding schemes that, in theory, can result in significant energy 5
reduction. For practical applications of a specific scheme, or a
set of TPC schemes, further work will be required to estimate
the complexity and the energy overhead of the encoder and dg
coder. Both complexity and overhead depend strongly on thgs)
particular technology, as well as the specific circuit implemen-
tation that will be used. Another issue that has to be address fg]
is that coding schemes need to be noncatastrophic; or, the en-
coder/decoder has a periodic resetting mechanism.

[17]
VI. CONCLUSION

A bus-structure and data-distribution-aware methodology
for designing and analyzing coding schemes for low-powef18]
communication has been presented. A general class of coding
schemes for low power, termed TPC schemes, has been intrpg]
duced and mathematically analyzed in detail. Two algorithmi 0
have been proposed for deriving efficient TPC schemes th %

are optimized for given bus structures and data distributions.
(21]
10The long-term average energy drawn from the power supply equals the
long-time average energy consumed, [20].

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: FUNDAMENTAL THEORY AND APPLICATIONS, VOL. 50, NO. 10, OCTOBER 2003

Bus partitioning has been mathematically analyzed as a way to
reduce the complexity of the encoder/decoder.
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