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Abstract - Linear computations form an important type of 1.1 Where does the Power Go, and How to Reduce It?
computation that is widely used in DSP and communications. We In CMOS technology there are three sources of power
introduce two approaches for power minimization in linear o, mntion: switching current, short-circuit current, and leakage
computations using transformations. F_|rst we ShOW how unfolc_img currents. The switching component not only dominates in most
Comb'”ed with the procedure for maX|me_1IIy fast implementation designs, but is also the only one which cannot be made negligible
of linear computations reduces power in single processor andg, o' \when proper circuit design techniques are used. The average
multiprocessor implementations by factors 2.2 and 8 respectlvely.power consumption of a CMOS gate due to the switching
To accomplish this we exploit a newly identified property of component is given by:

unfolding whereby as a linear system is unfolded, the number of ’

operations per sample at first decreases to reach a minimum ant P = aC V2

then begins to rise. For the custom ASIC implementation even =a L dd EQD)
higher improvements are achievable using the second ) )

transformational approach, which builds upon the unfolding based Wheref is the system clock frequenbly y  is the supply voltage,

strategy of the first approach. We developed a method that
combines the multiple constant multiplication (MCM) technique
with the generalized Horner's scheme and unfolding in such a way probability of a 0- 1 transition during a clock cycle). The term

that power is minimized. O(CL is often lumped into a single parameter called effective

CL is the load capacitance, and is the switching activity (the

1.0 Throughput and Power in Linear Systems switched capacitance. Further, it is well known that the delay

. . ) . through a gate has a monotonically inverse relationship to the

Linear computations form an important type of computation gypply voltage. Fig. 1 plots the gate delay as a function of voltage
that is widely used in video and image processing, DSP, control, 30.0 ' '

communications, and many other applications. A large fraction of
systems in these application domains are either linear, or have
subsystems that are linear. This paper explores the relationship o
throughput with increasingly important design metric - power. In
particular, we seek to find the extent to which power consumption
of linear systems can be reduced, both independently and in
conjunction with throughput improvement, and to develop
techniques for doing so.

N
o
o

To explore the throughput and power relationship in linear systems 10.0

we take a more thorough and systematic approach. First, we
consider analytically as well as empirically the effect of several
algorithm transformations that can be considered as the building-
blocks for exploring the power-throughput space. Specifically, we 0.0
consider unfolding, which is the underlying transformation behind

arbitrary throughput improvement, both separately and in

combination with decomposition of multiplication-by-constants ~ Figure 1: Normalized Gate Delay (delay @ 5V = 1) vs. Voltage

into primitive sequences of shifts and additions, factorization, ) )
common sub-expression elimination. Second, we consider Normalized to gate delay at 5.0 Volts. Therefore, the maximum rate

implementations not just in the form of ASICs with application- &t which a circuit can be clocked will monotonically decrease as
specific datapaths as is usually the case, but also implementationthe voltage is reduced.

based on single programmable processor and multiple The apove expression suggests several behavior level approaches
programmable processors. This is important because increasinglyy, reduce power consumption of a computation. First is to shut the
prog_ramn’flablel processors such as SSP-cores Zre thehprefe”esystem down during periods of inactivity either by shutting off the
medium of implementation as opposed to custom datapaths. clock (f = 0) or by shutting off the power supply 4 = 0 ).

Normalized Delay

10 20 3.0 40 50
Supply Voltage, V

Second is to reduce the effective switched capacitm@E by

restructuring the computation, communication, and/or the memory
hierarchy, and by changing data encoding and a data formats. The
third is to exploit the quadratic dependence of power consumption

upon the supply voltagb’dd and operate at a reduced voltage
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while compensating for the resulting loss in circuit speed by 1.3 Related Work

techniques that increase the throughput. The related work can be traced along two lines of research:

Noting that throughput is the sole metric of speed that is important transformations and low power CAD and compilation techniques.
to us, one can combine the latter two approaches to minimize Transformations are widely used technique to improve design
power at the behavioral level in the following fashion: First, apply parameters during high level synthesis [Wal89]. While power
a behavior transformation to reduce the effective switched optimization was rarely addressed in the past (e.g. [Gla84]), it has
capacitance (by reducing the number of operations) or to increasg'ecently attracted attention due to the growing demands from
the throughput (by reducing the critical path). Next, in the case of portable computing and communication products. Chandrakasan
increased throughput, we lower the supply voltage just the right et al. [Cha92] demonstrated the effectiveness of transformations
amount so as to decrease the clock speed to an extent that they showing an order of magnitude reduction in several DSP
throughput reverts back to what it was before. The net power computationally intensive examples using simulated annealing-
consumption is reduced if either the effective switched capacitancebased transformational script. More recently Raghunathan and Jha
is reduced at a constant voltage, or if the reduction due to reducedRag94] also proposed methods for power minimization which
voltage and frequency overshadows any increase effectiveexplore trade-offs between voltage scaling, throughput, and power.
capacitance penalty paid for increase in throughput. When voltage

reduction is not possible, one can trade-off the extra throughput2.0 Unfolding-Driven Voltage-Throughput Trade-Off
obtained with lower clock frequency or with shutdown, both of

which will result in linear reduction. Unfolding together with block processing or with look-ahead has
) been shown by various researchers [Par89] to be effective in
1.2 Linear Systems obtaining arbitrary improvement in throughput. Essentially,

In high-level synthesis terminology, a system is linear if it can Several consecutive input samples are processed together as a
be realized by a control-dataflow graph (CDFG) such that at any batch to produce a batch of output samples together with the input
time instantn, the output samples and the next state values arestate value for the next batch. In the original non-unfolded
computed by linear combinations of input samples and previous computation X[n] andS[n-1] are used to computén]
state values. Equivalently, all the operators in the CDFG are either,\ o 13 | 5 system that has been unfolded  times, a batch of
addition of two variables, or addition of a variable and a constant,
or multiplication of a variable and a constant. For analysis in this i +1 input samples X[n]...X[n+i]  together witt§[ n—1]
paper we shall use an equivalent representation of the linearjs ysed to compute a batch of output sampl&§n... Y[ n+ i]
computation as a set of discrete-time finite-dimensional state-
space equations. Specifically,R”a inp@, output, @d
state real-valued linear computation can be expressed by th
following matrix equations fomJ{0,1, 2 3 ...}

and the next stateS[n+ i . The batch processing itself can be
edone in various ways: in a block processing [Rob87] fashion
where the batch processing is begun only after all the input
samples have been collected in a buffer, or in an on-arrival
processing [Sri94] fashion where batch processing is begun as
(EQ2) soon as the first relevant data is available. Independent of how the

processing is organized, the basic computation executed by a
whereX[n] DOP*1 Y[ OOR*!  andS[ O00OR*L arethe linear system that has been unfolded times can be represented by
the following state-space equations:

g =AY n-1]+BX[n|
Y[n =Cq n-1]+DX[n]|

input, output, and state vectors respectively, and B , C , ,
and D are constant coefficient matrices. Note that the S+ i = AF1g n-1] + ABX[ ] + A-1BX[ n+ 1] +... +BX[ n+ ]
throughput of the system, or the maximum rate at which it can v = cq n-1]+DX[n]

process incoming samples, is decided solely by the critical path of v 11 11 = A9 111+ CBXI il +DX[ n+1 EO 3
the feedback section corresponding to the term [re+1] -1 X [n+1] (EQ3)

S[n = A n-1] . The remaining terms are not in the Y[n+ [ = CAS[ n-1] +CA-1BX[r] +... +CBX[ n+ i-1] +DX[n+1]
feedback loop and therefore can be pipelined away. ) )

o ) Note that these equations processl data samples for each
This is the base or reference case for our analysis, and ha%xecution For the

. L times unfolded system we get the following

following characteristics: - . . o . .
characteristics, wher#(+,i) is the number of additias,i) is
#of muls= (R+ P)(R+ Q) the number of multiplicationsGR() is the feedback critical path,
#ofadds= (R+P-1)(R+ Q) and MaxThroughputi) is the maximum
feedback critical patbr m+ |'Iogz(1 + R)'| throughput:
and, #7,1) = R+ (i+1)PRe i+ 1) QR+ (2 2pq
= = . . . i+1D(i+2 .

max throughput= ok ortical path m+[log,(1+R)] #(+,1) = RE+(i+ PR+ (i+ 1)QR+§_l2(_2PQ_ R-(i+1)Q

For the critical path we assumed that the time for an addition is 1, CR) = m+|'|ogz(1+R)'| 1
and the time for a multiplication ism=1 . The expressions are MaxThroughputi) = m+|—|0|§;r LR
obtained by considering the worst case where the coefficient 2

matricesA ,B ,C , andD are dense matrices with arbitrary non- As expected, wher = 0 the above equations reduce to those for
trivial coefficients (not 0, or 1, or -1). The maximum throughput {he ynfolded case presented earlier. Further, the maximum
expression is obtained by organizing the required linear 5chjevable throughput is arbitrarily increased as the amount of

combinations in a maximally fast fashion by first doing the nfolding increases because the feedback critical path remains the
constant-variable multiplications in parallel, and then the additions same while more samples are processed.

in a fully balanced binary tree.



An interesting observation is that the effective number of the clock frequency is reduced by a factor of 4.0007 so that the
operations per input sample is lower in the unfolded case when thehroughput reverts back to the original throughput. If the initial
amount of unfoldingi is less than a certain threshold. In voltage is 3.0V, then from Fig. 1 it follows that the voltage

particular, the increase in number of multiplication operations per réduction to 1.5V will result in the desired clock slowdown. The

sample due to  times unfolding is: processor operating at 1.5V and computing the equations that have
' been unfolded 16 times will have the same throughput as the

processor operating at 3.0V and computing the initial non-

ﬂ*_,i)_#(* 0) = _LR2+i_pQ . . :
' i+1 2 unfolded equations. However, in the unfolded case one obtains a

i+1

(EQ 4)
_2RZ .0 : 3.07, 1 -
<0 for 'ﬂ:%_lm power reduction Oﬁ,@ x(l/4) , or a factor of 16 over the initial
and, the increase in number of addition operations is: power consumption. If the initial voltage was 5.0V, then our
technique will result in a processor operating at 1.9V, with an even
#(+) o i i
i+1 —#.0) = —zR(R-D+3PQ larger power reduction —'gxi =27.7
(EQ 5) . /4
<0 for i<ZRIED_ 40 . . . .
O As mentioned earlier, the above result is based on analysis that

PQ
It should also be noted that above expressions for differences in?SSumed that the coefficient matrioesB ,C, , and  are dense

numbers of * and + per sample achieve minimum at ceiitain matrices with arbitrary non-trivial coefficients. While this is
below the shown thresholds - in other womals one unfolds, the certainly true of linear systems that are found in process

- . controllers, it is often not the case with filters found in DSP
number of operations per sample at first decreases to reach a O .
minimum and then begins to rise applications where these matrices often tend to be sparse and have

coefficients that are trivial (for example, coefficients of 1 or -1 do
The above observations lead to the following strategies for low not need multiplication). Unfortunately, it is not possible to come
power implementations. with meaningful analytical expressions for the non-dense case.

3.0 Implementation on a Sinale Processor Howeyer, we have empirically_ found that unfolding hel_ps in

: p g9 reducing the number of operations and the power even in such
In the case of a single programmable processor the €2S€s - although by smaller factors. The optimum level of

throughput that is achieved is solely decided by the number of unfolding and the number of operations can no longer be found by

operations. It follows that the throughput is maximized by using Merely evaluating closed-form formulas. We therefore use the

the value ofi that minimizes the total number of instructions. If following heuristic to find the desired level of unfolding in the
. . . . non-dense cases: first pick the best performing level of unfolding
one assumes that + and * are the basic processor instructions (the

need not take the same number of cycles), it can be shown that th&rM @mongst all values af ~ fro@  througfy, , the optimum
optimum value of unf0|dingopt is one of the following two Vvalue analytically predicted for the dense case. If the best level
SRR TET turns out to bd , then we continue to unfold further using
Value&iopt{ Ll‘pQ ‘1J or [ L‘l‘pQ ‘1-‘ depending  pinary search as long as the number of operations continues to
decline. Since the run times are low, the preceding linear search

on whichever leads to a smaller vaIuei@JtBDQ—Ri 2R+_11 B . If strategy is quite acceptable. In any case, more sophisticated search
opt techniques such as binary search could be employed if desired.

opt

both lead to same value, we pick the sma%{ SO as to save of, ¢45¢ unfolding results in such a large increase in throughput

coefficient memory because larger unfolding leads to more (reduction in number of operations) that even after reducing the
constant coefficients. voltage to the minimum feasible (about 1V in the technology that
we used) the new system has higher throughput than the original,
then one can obtain a further reduction in power by operating the
processor at an even lower frequency (or, equivalently, by shutting

. #(*,0) + #(+, 0) the processor for part of the time). This, however, did not happen
Smax = (iopt* )#(*7 Topd * A+ 1) for any of our examples.

Finally, the processor voltage can be reduced just the right amount! N€ following results summarize the power reduction obtained for
so that the clock frequendy is reduced by a fact,of This several real-life examples listed in Table 1. In Table 2 we give the

From this one can obtain the following expression for maximum
improvement in throughput for the single processor case:

leads to a reduction in power because in the expression for powef Name Description P Q R
P = aC V3,f thetermsv3, and are reduced whereas the ellip Z-state 1-input linear controller (1 |4
other two terms remain constant. It must be mentioned that in we iir5 (wdf5) 5th order elliptic wave digital filter 1115
are implicitly assuming that the processor power consumption is iire 6th order low-pass elliptic cascade IR filteg | 1 1|6
dominant compared to coefficient and data memory power ™10 10th order band-stop Butterworth IIR filter| | 1| 1 [10

consumption, an assumption that is true in most CPU-memory

. . iirt2 12th order band-pass Chebyshev IIR filte 1 1| 12
systems as found in DSP and control processing systems. i y

] } ] ) ] steam power plant controller 1({1
As an example, consider a hypothetical linear computation with dist

' distillation plant linear controller 211 b
P =1 input, Q =1 output,R =12 states. Then, fromthe [hemical chemical plant controller 2|1 |4
approach above one can show thag ,; = 16 which leads to Table 1: Description of the Example Suite

Smax = 4-075 . One can therefore reduce the voltage such that empirically obtained numbers for the actual coefficients from the



examples, as well as analytically predicted numbers for densecoefficient matrices that we considered for the single processor
coefficient matrices with same valuesPf Q, , aRd as in the case. Previously we had shown that the number of operations per
real-life examples. Some of the examplelfiff, stean) had dense sample is minimized when the linear computation is unfolded for
coefficient matrices so that the power reduction obtained is the i ,, = 16 times, and that the maximum throughput achieved by
same as for the dense coefficient matrices case. For one exampleg single processor relative to original non-unfolded

Dense Coefficient Matrice} Real Examples implementation isS, (1) = (iopt+ 1)#(1# I*O):z(:IO ):4
Init- After Init- After ' opt '+ opt

Now, if a second processor is added, the throughput will increase

ial | Optimal Unfolding ial | Heuristic Unfolding . . SR .
plol R by x2 (|gn_or|ng communication costs), and at thg_same time power
# || # | |Fra|Pwr Name| 4 | | 4 v | Fra|Pwr consumption will increase by x2 due to the addition of the second
ops| ' |ops| ¥ |Red Red] Opal ' |ops| ¥ |Red Red  processor. Now, one can reduce the voltage such that the clock

Tt a2l 251 2 266 20 17 26 oo 45 7 266 b2 123 frequency of both the processors is reduced by
wiB 32131273 27 1314 Shadd) = 2x4 = 8 . If the initial voltage was 3.0V, then this

Tsteanl 66| 6 334 20 2|m4 reduced voltage (from Fig. 1) is given by 1.27V. Therefore, the 16-
5 36 28 113 unfolded two-processor 1.27V implementation will have a power

1/1| 5§ 66| 6| 33.4 2.0 2.0

1[1] 6f 91| 7[ 403 1.p 23 5f ir§ 4

1[1[1d 231 13 675 16 34 140 irlo €5 |9 5p.8 2.4 1242| reduction of%ﬁx%x%:zzg relative to an non-unfolded
1[1[14 325 16 81.p 15 4j0 140 iirf2 114 [11 71.8[2.2 |B& ) ' . .

ST11 s 781 4l 50l 28 16 2F dist 26 13 413 Bo La 3.0V single-processor implementation.

211 a0l 55| 3| 40| 2.4 1.4 2.k chem. 41 |2 33 b6 116 In general the situation is more complex when adding processors.

Table 2. Power Reduction in a Single Processor using First, a_lddition of processors causes a Iinear increase in switched
Unfolding-Driven Voltage-Throughput Trade-off (Initial = 3 V) capacitance, and hen_ce power, for a given VOltage and clock
frequency. In fact, the increase in switched capacitance may be

(dist) no power reduction is obtained. The average processorsuper-linear due to inter-processor communication hardware.
power reduction for the example suite is x2.2 when the initial Second, the speed-up due to an additional processor is not linear,
voltage is 3.0V, and an even larger x3 when the initial voltage is and begins to saturate due to inter-processor communication

5.0V (not shown), thus showing that our approach of power overhead. Even if the inter-processor communication cost is
reduction using unfolding-driven throughput-voltage trade-off is ignored, the computation cannot be speeded up more than that

effective for single programmable processor implementations. It allowed by the critical path of the feedback section. Finally, the

must be emphasized that this power reduction for single-processowoltage cannot be reduced below a certain point.

implementation is being obtained with no processor area penalty. . L o
While the coefficient memory requirements do increase, memoriesThe following approach, developed under certain simplifying

come in sizes that are powers of 2 - therefore in most cases ther ssumptiqns_, explores the unfol_ding-driv_en power-throughput
will be no impact on memory size either rade-off in implementations using multiple processors. The

simplifying assumptions are (i) inter-processor communication

Interestingly, note that even if voltage reduction is not an option does not cost any time, (ii) effective switched capacitancg
due to hardware and technology constraints, the increased

throughput yielded by optimal unfolding can be traded-off against increases linearly with the number of processor , (iii) voltage
reduced clock frequency for a linear reduction in power cannot be reduced below 1V, and (iv) both addition and
consumption. This linear reduction is substantial, though smaller multiplication instructions take one clock cycle (im.= 1 ). The
than what unfolding combined with voltage reduction offers. assumptions are appropriate when one also considers empirical
Instead of clock frequency reduction, one may also use shutdownresyits, reported by researchers such as [Tiw94], that indicate a
by stopping the clock or making supply voltage zero for part of the strong correlation between power and number of operations in

sample period. For example, optimal level of unfolding iriithe programmable general purpose and DSP computation.
design in the table above yields a x1.6 reduction in the number of

operations. Therefore, the clock frequency can be reduced by x1.6The first step is to unfold the linear computation to the optimum
resulting in a power reduction by x1.6 (or, 37%) while the level i = iopt where the number of operations (instructions) per
processor voltage remains unchanged. This strategy gives a

Sample is minimized. The second step, is to increase the number of
average power reduction of x1.4 (29%) over all our examples. P P

processors tiN . Le§, ,(N,i) be the maximum improvement in

4.0 Implementation on Multiple Processors throughput achieved b  processors onian times unfolded

linear computation compared to a single processor on the original

_Potentially more savings can be obtained if one considers on_nfolded computation. The third step is then to slow-down
implementations that are not restricted to a single processor. By

using more than one processors the throughput achieved by théeaCh of the N processor by a factor &f,(N. i) - this is
implementation can be reduced compared to the single processodone by reducing the voltage just the right amount (but limited by
case, and by using enough processors the maximum possiblgéhe technology-imposed lower bound) so as to decrease the clock

throughput (decided by the critical path through the feedback frequency (increase the gate delay) By, (N, i) . M) be
portion of the linear computation) can be achieved. The extra h | hich th | f del lati he initial
throughput thus obtained can be used for further throughput- "€ voltage at which the value of gate delay relative to the initia

voltage trade-off as long as the power reduction from this implementation isd , withV(1)  typically being 3.0V or 5.0V.
compensates for the power increase due to more processors. Then, the power of the nelN  processor implementation relative
As an example, consider the same hypothetical linear computationfo the original non-unfolded implementation is:

with P =1 input, Q =1 output,R = 12 states, and dense



SN g0 following example which involves only two constant
[?, Zmax " opt multiplications with the same variable x: 3 175 * x and y = 235

* X. The second producbyan be expressed ag3y/x << 7 + x <<
where the above 6 + X << 5 + x << 3 + x << 1 + x. The direct computations of two
product using the constant multiplication transformations requires
i ] ) ) ) nine shifts and nine additions. However, using common
an estimate of S, (N,7) , the maximum improvement in  gypexpression the number of shifts and additions can be reduced.
throughput achieved bl processors onian times unfolded The first observation is that shifts can be shared between two
linear computation. It can be shown via some intricate algebraic products, therefore only six shifts are required. Moreover, if first is
manipulation that under our simplifying assumptions the speed-up the Product ¥ (y3=x << 7 + x << 5 + x << 3 + x) computed, the
due to multiple processors is linear fo4<R , i.e., Productsyandy canbecomputedagyys+x<<4andy=y;

S (N 0) = NS, (L) for (N<R) . This will allow a + X << 6 + x << 2 only six additions are required.

linear decrease in frequency, and therefore power, and thus offsef\S the number of constant multiplied by the same variable
the linear increase in power due to increase in number of INcreases, the MCM optimization process becomes more involved

processors. Therefore, one can always add B to  processors an?jnd effective [Pot94], as indicated by the following theorem.

get a reduction in power due to the reduction in the voltage term.Asymptotic Effectiveness Theorem [Pot94]An arbitrarily large

In other words, the optimum number of processors is at Rast .instance of the multiple constant multiplication problem can

The observation that the speed-up is linealNar R is valid even a:way;be |Tr£)|ergent%d 5"?’.'”.? the |teratt|ve pagrmsfe ?:.?mh'ng

for real-life non-dense coefficient matrices in a slightly modified ngd?trilon;nirvr\gsp:cti\?ggf ?he ;)T:)gl:nc;nssiin number of shifts an

form: the speed-up will bat-leastlinear (under our assumption of

zero communication cost). We exploit this fact, and conservatively We are now ready to develop an approach for power reduction in

useN = R processors to get at least a linear increase in“”ea:c designs Whi(ah combir:esctjhe power Okf] unfolding, th”e '\f'CM
. . . transformation, and generalized Horner scheme. Formally, linear

throughput (on top of Whagpt level unfolding alone gives) and computations can be defined as those which can be descri{)ed by:

trade this increased throughput with a voltage reduction to slow

-0 Vv(@)
Power(N) = B‘/(Sma)&N’ iopt))D N

The task is to find the optimum valbe = Nopr

expression is minimized. The crucial missing piece of the puzzle is

down the clock by an equivalent amount. Table 2 shows the X[n+1]=A*X[n]+B*U[n]
resulting power reduction for our suite of examples. Y[n]=C*X[n]+D*U[n]
Unfolding + ] ] X[n] denotes feedback states (algorithmic delays), U[n] denotes
Single Processfyr Unfog:fggeﬂ‘sg’l:lstlple pc):nma(;yDlnkE)uts, and \t([_n] denottes tprlmary outputs. Matrices A, B,
i n Vi ntri nstants.
Frq | Pwr|| # of Frq | Pwr We now present the proce_dure whlch_ transforms an arbitrary Ilne_ar
\% \ computation in a form which can be implemented so that power is
Red| Red|| Procs Red| Red h :
an arbitrary low level. The procedure combines the novel use of
elip [I[1]4] 30]] 22] 1.6923[[ 4 [13]6.76 9.0 Horner’s rule for polynomial evaluation with the MCM for power
iir5/wdfs 111!sl 30 2.7|1.17] 1.4]] 5 1.4]|5.89 5.4 optimization. Horner’s rule rearranges an n-th degree polynomial
steam || 2.0 1.9Y44|] 5 |[12]|985123 u(X) = up XM+ U, XN LUy XU, u,#0 to the
6 |1]1]6]30) 28 11113) 6 |13)66§ 56 following form: u(x) = (...(ux+u,_;)x+..)x+u, . Therefore, an
iirto | 1] 1|10[ 3.0f| 2.4 1.4222(| 10 | 1.1| 14.710.6 . . . .
_ arbitrary polynomial can be computed using at most n additions
lrlz | 1)1]12) 30j] 22| 1.5930]] 9 |11)143118 and n multiplications. An excellent exposition of Horner's rule and
dist | 2| 1|5 3.0|| 30 1.0p 1 5 |14] 51|44 a number of its generalization is given in [Knu81].
chemical 2 1| 4 3.0 2.6 1.241.6 4 15| 4.96 4.9 X 1 - Anxl+An—1BU1+An—ZBU2 +...+ABU l+BU
n+ n-— n
Table 3: Power Reduction with Unfolding and Multiple Processors Y, = CX;+DU;y
. Y, = CAX, +CBU, +DU,
5.0 Implementation on Custom Datapath ASICs _
We start this section by summarizing the key background Y = cAN=1x +CAN=2BU. + CAN=2BU. + . +CBU. . +DU
information about the MCM transformation which is used as an no e 2 n-1-""n
building block in the new technique for power minimization. Figure 2: Arbitrarily Fast Implementation of Linear

S . . Computation: Necessary and Sufficient Set of Computations.
Constant multiplication is a transformation which replaces a

constant multiplication by shifts and additions. For example, the

product y = 175 * x, can be computed in the following way: y = x Xp4 1= AMX +AN= 18U, +AN=2BU, +.. + ABU, | +BU
<<7 + x << 5+ x << 4 + x << 3 + X. Since the shifts and additions Y, = CX +DU;

are significantly more area, time, and power efficient, this Y, = CAX, +C(BU,) +DU

transformations has been widely used in computer architecture, Y2 _ CA2>% +C(A(lBU )+ZBU )+DU

compilers [Mag88], and VLSI signal processing [Rab91]. 3 1 ol 2 3

Recently, it has been realized that a common computational no1 )

structure in many ASIC application domains is multiple constant Yp = CATTX +CAC . D*DUL 4
multiplication with same variable [Pot94]. More complex

structures give a significantly higher potential for design
optimization which is related to a complex combinatorial problem
[Pot94]. The crux of technique can be illustrated using the

Figure 3: Application of generalized Horner scheme on the
arbitrarily fast implementation of an arbitrary linear
computation, after n unfoldings



Thg first step of the new transformatipna! script starts by unfolding _ Initial Energy after

n-times set of equations, as shown in Fig. 2. It is easy to see that Design Energy Optimization Improvement
the resulting equation have form shown in Fig. 3. At this momenta| Name [nJ / sample] [nd / sample] Factor
simple analysis (counting) indicates what is required in order to

achieve low power implementation. We have to find an efficient ellip 222 6.69 332
implementation for the (n+1) sets of products with the vector X, | iir5 (wdf5) 118 4.70 25.1
and the efficient implementation for products of inputs vectors ir6 40.2 1.77 227
with a variety of coefficient. The first task can be properly solved irio 96.7 335 289
using the MCM for power transformations, which indicates that _ - ' '
eventually regardless of the number of additional unfolding, the firl2 89.2 271 82.9
number of operations will stay constant for this part of steam 377 9.13 41.3
computation, as indicated by the asymptotic effectiveness theorem dist 157 5.57 28.2
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