SYNTHESIS OF LOW POWER FOLDED PROGRAMMABLE
COEFFICIENT FIR DIGITAL FILTERS *

Vijay Sundararajan Keshab K. Parhi

Dept. of ECE, University of Minnesota
Minneapolis, MN 55455
E-mail: vijay@ece.umn.edu, parhi@ece.umn.edu

ABSTRACT o X

I
A novel low-power synthesis technique is presented for the design of

folded or time-multiplexed programmable-coefficient FIR filters where

storage area is traded-off for lowering power consumption. A systematic
technique is developed for low power mapping of FIR filters to architec-

tures with arbitrary number of multipliers and adders. Power consumed in
multipliers is reduced by reducing switching activity at both the data-input

as well as the coefficient input. Common input operands can be exposed by
unfolding, which, however leads to a memory increase. Simulation results

are obtained for folding5 and 129 tap bandpass FIR filters. The average

power CO_nsum?dl(i‘U a rfnultiplie_r for afiXGddnlllmbeLOf hargwhare mUltiP'}jerf]SFigure 1. The transpose DFG of a 5-tap FIR filter. The data-
with varying unfolding factors is compared. It is observed that most of t N : -
gains er}J/e ?o unfoldir?g_ are obtained %or relatively small unfolding fa_ctorgnpUt to the all the multiplier nodes is z(n). Also, the filter
and therefore for relatively small memory area overhead. Depending odonnectivity described at the beginning of section 2.1 can
the unfolding factor employed the averaE%e power consumed in a multiplighe verified here.
is seen to reduce anywhere from 54.75% to 81.73% when trans?os_e F
witgsngruenfs%mitrqesmed as opposed to synthesizing direct-form FIR filtersiary computational resource targeted here are multipliers as
g the power consumed in multipliers is significantly higher than in
adders which constitutes the other basic computational resource in
1. INTRODUCTION folded filters. Also, the assignment of DFG operations (nodes) to
) ' ) . L . resources is always done in such a manner that the interconnect
Folding [1], [2], [3], [4], [S] or time-multiplexing is a technique for oyerhead is minimized. Finally, as the input data-memory to fil-
efficient resource sharing for area-constrained behavioral synthgsrs in psp applications can be very large in size a data-value is

sis from a data-flow graph (DFG). The throughput requirement inyccessed exactly once from the data-memory. Once a data-value is

folded architectures is met by pipelining the hardware functionajccessed from memory all operations utilizing this value are sched-
units to a relevant number of levels. In this way folded architecy|eq syccessively one after the other.

tures are able to meet both throughput and area constraints for @there are two-inputs for a multiplier in a FIR filter, the coeffi-
target application. Unfortunately, maximal resource sharing whilgjent input and the data input. The coefficient input to the multi-
minimizing area can lead to a severe increase in power CONSUMBfication nodes in the DFG of an FIR filter are fixed. Substructure
E'On [6]'[51' Ih's surge in power consumption in folded architec-gharing [12] can be used to reduce power consumption when a
ures is due to: ar i i :

f e T : } -tap FIR filter is mapped to & multiplier architecture. Sub-
1) The |n(|:re?sk(]ed switching act|V||t_y n varlchus data lpath reSOUrceSructure sharing for time-multiplexed or folded architectures may
%5 |6r11 (r:?:g steoi rr tﬁ :?ﬁt%?ggh/ﬁeig% :;:;trl]%g g (umnuc)?ergea?]tgdbhnspsuetss). 'ﬁ%t always be straightforward. Due to the constraints of balancing
largely to the inability of the synthesis methodology to capture th mapl)?)i?j (ig gl!]cal";]dl_\]ll\{?gﬁe:’nLa”rtlepll’lfegrl()t/hgqnuuarlr)]bSeL:t?Sftmgm?ley Qﬁgﬁﬁg

regularity in the original data-flow graph (DFG). ¢ L & al) !
A ; : .- might be difficult. Also, substructure sharing is not applicable for
Exploitation of locality and regularity were recommended 'nprogrammable-coefficient filter implementations.

7], [8] for reducing power consumption in interconnects and . ; - . -
Ldss[ei. On the ogtghgr hand increaging the correlation between!t IS Possible to find a scheduling order for the DFG multipli-
successive inputs to a functional unit, e.g., a multiplier has beefftion nodes mapped to a functional unit so that the net switching
demonstrated as a power saving strategy in [9], [10], [11]. activity at the coefficient input is minimized.

FIR filtering is one of the basic building blocks in DSP ap- _1he data-input, however, is variable and can at best be modeled
plications. Low power FIR filter synthesis, therefore, assumeé‘esI ;ig;“hoarlstt'ﬁé”&ﬂg"ﬂgﬁ d’gﬁ%ggsgsg ﬂgtraet)i(ct‘rgltog‘earﬂlpgg gﬁgr
aramount importance for the reduction of power consumption i : - Lleratio =
rISSP applicatigns. Many times the through%ut and resoure:e coghare %Iarge nqmberl pflldata-lnpu(tjs alb‘?'ﬁ Ic? different multiplica-
straints dictate the use of folded architectures. No systematic techc " n? I%S‘ "eis',n r;]]u %%léaqun no e.glw't n‘ferer;]t CﬁeLﬁmentls.
nique has so far been available which can reduce the power cof?, unfolding [13] the Itis possible to unearth all the mul-

¢ . ; . -~ liplication nodes which share a common data-input. ImM\atap
isnucTee:sénirEO;?Sad architectures even while allowing for a possible:| o ijter there are multiplication nodes distributed acrogé

in this paper we present a novel systematic approach for gegtccessive iterations which share the same data-input.

erating fc?ldgd archFi)tectures for FIRyfiIters thatpEeduce pov%er_ However, the transpose DFG of an FIR filter shown in Fig. 1
consumption by minimizing the switching activity in the time- is able to expose all thes€ multiplication nodes simultaneously
multiplexed multipliers of the architecture. With this technique, Without unfolding. We therefore use the transpose FIR filter DFG
for large filters, we observe a trade-off between storage area ad§ @ Starting point for our synthesis methodology. Alsds-a
the power consumed in the multiplier units of the hardware architnfolded version of the transpose FIR filter DFG exhiliitsets
tecture. In the rest of the paper a multiplication (addition) node®f V nodes where each set 8f nodes has a common data-input,
or operation represents a filter DFG operation, a multiplier (adder§e€ section 2.1. This property becomes useful when we have

FIR filter.
2. CAD METHODOLOGY FOR LOW POWER We next discusg unfolding of aN-tap transpose FIR filter and

. . h i I folding of the unfol FIR filter.
The basic strategy employed consists of maximizing the correla{- en discuss low power folding of the unfolded lter

tion of successive inputs to shared computational resources. The1, Unfolding the transpose FIR filter

*This research has been supported by the Army Research Office undth€ DFG of theN-tap transpose FIR filter in Fig. 1 hasinput
grant number DA/DAAG55-98-1-0315. node, I°, 1 output node,0®, N multiplication operation nodes,
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Figure 2. A 2-unfolded version of a 2-tap transpose FIR filter.

By ~°
M2 i € {1,---,N} and N — 1 addition operation nodes4? £ o
1€ {1,---,N —1}. Input nodel® acts as a source to each of ~ y(n.l)ol
the N multiplication nodes witld delay, multiplication nodé\/? Add. Func. Unit 2
is a source to added? with 1 delay. Also, multiplication node 1 2

M? is a source to addedA?_; with 0 delay,i € {2,---,N}.

Every adderA? feeds an input to added; with 1 delay for  pigure 3. A 3-tap FIR filter is unfolded for mapping on to
i €{1,---,N — 2}, adderA}, computes the filter output at node an architecture with 2 multipliers and 2 adders. While the
O°. We illustrate our above observations with Bhap transpose 2 multipliers exhibit 100% hardware utilization the 2 adders
FIR filter shown in Fig. 1. Unfolding a filter DFG, [13], by a factor exhibit 67% hardware utilization. As an aside we observe
of k will result in a newk-parallel filter topology which computes that unfolding the DFG and then folding it can lead to higher
k filter outputs simultaneously. We now outline a strategy to unhardware utilization.

fold the V-tap transpose FIR filter by a factor ter. Arcse € FE exist between every pair of vertices with
iesI? OF. M7 A7 5 : €
.1) Cre%telc 1copO|es,I ’.O.’Mi ’34i J € {1""’0k ”fof the an associated distaneie) € D(FE). This distance between
input I”, outputO”, multipliers M;” and addersd; respectively.  yertices, say vertexs and vertexv, is proportional to the av-
As aresult there _V\_nII bé& input nodesk x N multiplier nodes and erage power dissipated when the coefficient corresponding to
k x (N — 1) addition nodes. A is scheduled immediately after the coefficient corresponding to
2) Connect the inpuf’ to multiplier M} by an arc with0 delays. w. This distance measure can be obtained by simulation. De-
Connect the multiplied/? to the adderd;_, by an arc withl de- ~ noting, the coefficient corresponding to a vertexy c(u), we
lay. Connect the multiplied?, j € {1,---,k—1}, to adderd] " made a coarse approximation by takid(e) = d(u — v) =
with 0 del Connect every other multiolizf? i € {2 N Hamming Distance between c(u) and c(v).
elays. Connect every other mulliplief; = < {2,---, N} i) Find a cost-optimal Hamiltonian tour for the graph constructed
to adderA?, , by an arc with0 delays. Connect the addelf to in ). This tour gives the scheduling order for the various multipli-
adderA’.“;f with 1 delay fori € {1,---, N — 2}. Connect the cation nodes. As ;ni%ht be evident the above probIFm canlbe solved
Fa . as an instance of the Hamming Distance Traveling Salesperson
ad.‘i?m? J e {1’_' wk—1piefl N -2} t? the adder  propjem (TSP), [10]. Many efficient heuristics are available for
Al by an arc wittD delays. Connect each addéf; ", to output  approximately solving the Hamming Distance TSP. We used the
o7, C++ TSP-heuristics provided by Chad Hurwitz via e-mail: (chur-
ritz@cts.com).

Fig. 2 shows the-unfolded version of &-tap transpose FIR ) o ) o ) )
filter. It can be proved [13] that the-unfolded DFG of the FIR ~ The optimal Hamiltonian-tour identified in ii) defines the peri-
filter computesk iterations of the original filter simultaneously.  odic scheduling orders for the various multiplication operations in

] ] . the FIR filter, i.e., the multiplication operations are scheduled one
2.2. Low Power Assignment & Scheduling for Filter Nodes after the other on the functional unit according to this order and

inli HoITT Wi inali this ordered schedule is repeated ev&rglock cycles. In the con-

When we havé: hardware multlp.ller;Jnlts.HM, Wlt.h b pipeline text of folding the scheduling order is known as folding order and
stages and: hardware adder unité/’,, with pa pipeline stages, these two terms, from here onwards, will be used interchangeably.
j €{0,---,k — 1}, then we can perform scheduling and assign-  There is significant freedom in choosing the folding order for
ment as follows: . the addition nodes. We experimented with several folding orders
1) Unfold the transpose FIR filter by. o ~and found the empirical folding order given next to give the best
i) Assign multiplication operations/; to hardware multiplier unit  results in minimizing storage. The folding orders for the adders
H,. is selected as follows: addition operatidr} has the folding order
ii) Assign addition operationsl] to hardware adder unitf?,. (i + pA)MOD(N). The reason for selecting this folding order
The above assignment of operation nodes in the unfolded filter t®r the addition operations, as mentioned earlier, is because this
hardware units has the property that all multiplication operationgrder gave good results in simulation for minimization of storage.
assigned to a multiplier unit share a common input. In addition evFig. 3 illustrateg-unfolding of a3-tap FIR filter for mapping t@
ery multiplier unit is connected to exactlyinput and to exactlpg ~ multipliers and2 adders.
adder units. Also, every adder unit is connected to exaathylti- . .
plier units and exactl@ adder units. In other words the regularity 2-3. Folding the unfolded transpose Filter
of the original filter topology is almost completely maintained in As mentioned before the Hamiltonian order from step 2) in the last
the hardware mapping which leads to localized communicatiorsection specifies a scheduling order (folding order) for the multi-
minimum interconnect overhead, e.g., only 2-1 multiplexors arglication operations of the unfolded filter. Therefore, correspond-
needed, and extremely uniform and compact layout. ing to each multiplication nodé/; in the unfolded filter there

2) Order theN-coefficients of the original FIR filter in such a Ccorresponds a folding ordex;. Also, as explained in the last sec-
manner that successive scheduling of the coefficients in this ordéion every addition operation nodé4] has the scheduling order
results in minimum total switching activity. We approximate thisa, = (i + pa)MOD(N). Note that the scheduling orders for
step in the following manner: both multiplication and addition operations are independeny of
i) Set up a graphz = (V, E, D(F)), where verticess € V this is done to simplify the control circuitry. Recall thais an in-
have 1-1 correspondence to coefficients of the original FIR fil- dex which identified amongk functional units to which the DFG



node is mapped. Hence, with thisndependent folding orders the This constraint is referred to as thmv power foldingconstraint.

same controller can be used for scheduling mapped DFG nodes inThe collection of theetiming for foldingconstraints and thiew

all the £ functional units. power foldingconstraints can be used to solve for minimizing the
Due to the periodic nature of filtering operations we are abl&otal storage required for folding the DFG usintireear program-

to choose a time-static (not changing with time) periodic schedming (LP) formulation. We used a standard LP package GAMS

ule. Every multiplication operatiof/] or addition operatiod]  for this purpose.

is scheduled exactly once IN clock cycles. The clock period is : S [ :

chosen as the worst case critical path of any pipeline stage amof% . Low Power Fol_dlng with limited Unfolding .

all the functional units. Due to the scheduling order chosen previvhfortunately, unfolding by a factor dfleads to a-fold increase

ih . o i L n memory. Hence, it is not always practical to unfold a filter DFG
ously thek™ iteration of multiplierdZ; is scheduled on multiplier by a factor ofk for folding ontok multipliers, especially, whehis

unit H3, in clock cycleNk + m;. Due topa, pipelining levels in  |arge. Thus, we need to develop a strategy for folding a transpose
multiplier F3, the output of thek'” iteration is available only in ~ FIR filter DFG on tok multipliers without first unfolding the DFG.

clock cycleNk + m; + pas. This output is consumed by thé" A compromise between the two techniques namely folding with

iteration of addetA{ which is scheduled at clock cycl€k + a;. 32?0}'5:?52;%%2;'%23 l(;etlgr.then obtained by performing limited

The chosen schedule is feasible if and only if: Let us assume that we have Anth order transpose FIR filter to
be folded onto hardware consisting lofmultipliers. Assume for
o ) simplicity that NV is divisible byk exactly.
Nk +a; — (Nk +mi + pm) 2 0, 1. As before set up the graph G = (V, E, D(E)), where vertices
a; —m; —pm > 0. (1) veVhavea1-1 correspondence with the original FIR filter. Arcs

o ) ] ] e € F exist between every pair of vertices with an associated dis-
Similar constraints can be derived for adder to adder arcs in the Upanced(e) € D(E). As before these distances are a measure of

folded filter. For every arc in the unfolded filter such acorrespondfhe power dissipated when the coefficients corresponding to the
ing constraint will be generated. Unfortunately, some of these cor;, J nodes are scheduled one after the other.

straints may not be satisfied in the original schedule. In order to fa-"5 "Now solve the minimum cost cycle partitioning problem [15]
cilitate the above schedule we resort to retiming, [14], [1], [2], [3].on this graph that breaks thé nodes intd: clusters and orders the

Retiming alters the iteration structure of the original unfolded fil-noges within clusters in such a manner that the sum of distances in
ter by moving delays around while maintaining the functionality oftraversing the k cycles is minimized. Thelusters can be individ-

the original filter. In retiming an integer variable is associated withually mapped td: different multipliers. The order of nodes within
every operation node in the unfolded filter, esgJ?) with input  each cluster gives the minimum power schedule to be employed.
nodel”’, r(O7) with output node0?, r(M?) with multiply node _ Note that in a2-unfolded version of av-tap FIR filter we can
M/ andr(A?) with addition nodeA? . Aftelr retiming, the number identify larger clusters of siz&x N/k which have common inputs

X o ' nd can be mapped to the same multipliers. This will lead to a
of delays in a communication arc between two operation nodeseq,ction in swicthing activity and hence power for the multipliers

say fromM; to A7, is changed by an amountA’) — r(M). It as compared to folding the original DFG, however, the memory
can be shown that this alteration of the DFG while changing theequirements will roughly increagefold.

iteration structure maintains the functionality of the original algo- Hence, it is desirable to find an optimal unfolding factor
rithm, [14]. With this modification thék — (r(A?) — »(M7)))""  r < k for folding N multiplication operations on té multipliers

iteration of node4? now consumes the output of th&" iteration N Such a way that overall power consumption is minimized. In
v order to do this the power savings obtained by reducing switching

of node ;. The constraint in (1) therefore gets altered to: activity at the multiplier inputs must be weighed against the power
) ) expenditure due to the extra memory. This will help uncover an
N(k— (r(Al) = r(M7))) + ai — (Nk +mi + pm) > 0, optimal unfolding factor.
r(M7) —r(A?) < @i — M +pm7 2.5. Memory AssignmenF ‘ .
N We can use standard life-time analysis techniques [16] to compute

r(M7) — (A7) < {ai —my +pmJ @) minimal storage requirements for the folded DFG. Any number of
@ = N ) memory allocation strategies [16] can be used for the actual al-
location of memory resources. Due to the regular and repetitive
The above inequality is referred to as teéiming for foldingcon-  nature of FIR filter computations it is possible to have near-static
straint for the arc from\Z/ to AZ. Similar constraints can be de- Memory allocation in folded architectures. A near-static allocation
rived for all the other arcs in the unfolded filter. The storage reinvolves minimal data-movement, i.e., once a variable is assigned
quired in the folded architecture can be modeled approximately 48 & memory location it requires minimal memory transfers for the
a linear function of the retiming variables. Since multiplicationduration of its lifetime. Reducing unnecessary data-movement in
operations of the unfolded filter have exactly one outgoing arc th

is way can lead to significant savings in power. As mentioned
storage required for these can be modeled approximately as fgi€fore, a near-static memory allocation is possible due to the repet-

lows, [3] itive nature of FIR filter computations and the use of counter based
Y modulo addressing for the memory modules.

In the memory allocation scheme we follow there is a distinct
memory module corresponding to each functional unit to store
N its intermediate output. Hence, onlyfunctional unit performs

(3)  a WRITE to any memory module. Due to the regularity of assign-
, ment of DFG operations to functional unit, exacfyfunctional
The terms independent of the retiming variable§A’) and  units perform a READ from each memory module. This is be-

r( Mij) can be ignored as these are constant. Similarly we caf@use as mentioned in section 2 every hardware unit is connected

e i i ; ; t most with two other hardware units. Due to the regular nature
gﬁg\?grllgggé:gn[cgt]l.ons for the storage reqired for the input nOd%‘ the connectivity it turns out that 2-port (1 READ and 1 WRITE)

~ In order to ensure that retiming maintains the common share’a?giSter files will always suffice for the memory modules.
input of all the multiplication nodes mapped to the same functional 3 SIMULATION RESULTS

unit, wje require that for any such pair of multiplier nodes 34y We used our synthesis methodology to syntheaize: 65 and
andM;, _ _ N = 129 tap filters on to architectures with a varying number of
r(M]) =r(M}). (4)  multipliers. The bandpass filters were obtained by udiridN,

Storage(M?) = r(AJ) — r(M7) 4 L0 Pm



Table 1. Synthesis results comparing average power consumed in a multiplier in folding 65-tap, 129-tap bandpass FIR filters
on to an architecture with a given number of multipliers and adders. Several scenarios are compared which include folding
begining from a direct-form filter DFG and folding from a transpose filter DFG with varying unfolding factors to uncover
common data-operands. Coefficient reordering is also resorted to in all the cases in an attempt to further reduce power

consumption in the multipliers.

Filter Number | Number of | Number of [ Unfolding | Storage Avg. Power % power saved

DFG mult. multipliers adders factor Memory Consumed Saved

Type Taps avalilable available required | by a mult. W) | in mult. over direct-form
Direct-form 129 15 15 1 134 11050 0%
Transpose 129 15 15 1 135 3000 72.85%
Transpose 129 15 15 3 401 2333 78.89%
Transpose 129 15 15 5 668 2200 80.09%
Transpose 129 15 15 15 1960 2069 81.28%
Direct-form 129 8 8 1 132 11100 0%
Transpose 129 8 8 1 134 2529 77.22%
Transpose 129 8 8 2 266 2264 79.60%
Transpose 129 8 8 4 540 2132 80.79%
Transpose 129 8 8 8 1040 2069 81.73%
Direct-form 65 10 10 1 67 11050 0%
Transpose 65 10 10 1 68 3285 70.27%
Transpose 65 10 10 2 139 2642 76.09%
Transpose 65 10 10 5 332 2257 79.57%
Transpose 65 10 10 10 662 2138 80.65%
Direct-form 65 22 22 1 68 11050 0%
Transpose 65 22 22 1 69 5000 54.75%
Transpose 65 22 22 2 135 3500 68.32%
Transpose 65 22 22 11 723 2272 79.44%
Transpose 65 22 22 22 1436 2138 80.65%

[0.1, 0.4]) in MATLAB.The windowing method used to obtain

these filters was the Hamming window approach [17]. We ob-
tained power consumption values for the multipliers in the archi-
tecture using the HEAT tool [18]. The data-input to the filter was [4]

taken as coming from aimdependent identically distributgato-
cess, with a switching probability for each bit @f, i.e., white

noise. We believe that due to the regularity of the architecture in-
terconnect power will be minimal, and as long as the size of the

[3] V. Sundararajan and K. K. Parhi, “Synthesis of Folded Multi-

dimensional DSP Systems,” Proceedings of ISCAS-98Vionterey,
CA, USA), June 1998.

G. Goossens, J. Rabaey, J. Vandwalle, and H. De Man, “An effi-
cient Microcode Compiler for Application Specific DSP Processors,”
IEEE Transactions on Computer-Aided Design of Integrated Circuits
vol. 9, pp. 925-937, September 1990.

K. K. Parhi, VLSI Digital Signal Processing, Design and Implemen-
tation, ch. 6. New York: Wiley & Sons, 1999.

storage units is small the contribution of the on-chip memory to [6] A.P.Chandrakasan and R. W. Brodersen, “Minimizing Power Con-

power consumption will also be relatively insignificant. Reducing
the power consumed in the multipliers may therefore lead to a sig-
nificant reduction in power dissipation for the entire architecture.[7]
However, the memory required for low power folding grows lin-
early with the unfolding factor if unfolding is resorted to before
folding. At some point the power consumed in the memory units [8]
may start to dominate. The multiplier used in our simulations was

a 16 x 16 Booth-recoded Wallace-Tree multiplier. The results of
our simulation are tabulated in Table 1. Table 1 presents a compa
ison of average power consumed in a multiplier for folding from a
transpose FIR filter DFG with various unfolding factors for a given
number of hardware multipliers and adders. Also, tabulated is thgo]
average power consumed in a multiplier for folding from a direct

form FIR filter DFG with an unfolding factor of 1 (no unfolding).

The gains of low-power folding may reduce when the data-inputl1]
to the filter has high correlation, e.g., when the data is from a

highly correlated image.
4. CONCLUSIONS

Low power folding as presented in this paper can be used to re-
duce the power consumption of multipliers for folded FIR filter ar-
chitectures. The technique presented here formalizes an intuitivé3]
notion that fixing one of the inputs of a multiplier and increasing

sumption in Digital CMOS Circuits,"Proceedings of the IEEE
vol. 83, pp. 498-523, April 1995.

R. Mehra, L. M. Guerra, and J. Rabaey, “Low Power Architectural
Synthesis and the Impact of Exploiting Localitydurnal of VLSI
Signal Processingvol. 13, no. 2-3, pp. 239-258, 1996.

R. Mehra and J. Rabaey, “Exploiting Regularity for Low-Power
Design,” in Proc. IEEE Custom Integrated Circuits Conference
pp. 401-404, May 1996.

T. Arslan and A. T. Erdogan, “Data Block Processing for Low Power
Implementation of Direct Form FIR Filters On Single Multiplier
CMOS DSPs,” inProceedings of ISCAS-98Monterey, CA, USA),
June 1998.

K. Masselost al, “A Movel Methodology for Power Consumption
Reduction in a Class of DSP Algorithms,” Rroceedings of ISCAS-
98, (Monterey, CA, USA), June 1998.

A. Raghunathan and N. K. Jha, “Behavioral Synthesis for Low
Power,” |IEEE International Conference on Computer Design
pp. 318-322, October 1994.

M. Potkonjak, M. B. Srivastava, and A. P. Chandrakasan, “MultiRIe
Constant Multiplications: Efficient and Versatile Framework and Al-
gorithms for Exploring Common Subexpression EliminatidEEE
Transactions on Computer-Aided Design of Integrated Circ uits and
Systemsvol. 15, pp. 151-165, February 1996.

K. K. Parhi and D. G. Messerschmitt, “Static rate-optimal scheduling
of iterative data flow programs via ogtlTéjgni unfoldindgEE Trans.

the correlation of successive operands in the other input will brin
down the power consumed in the multiplier. In future we will try
to apply some of the ideas developed here for scheduling the filter
multiplication operations on to the MACs of Programmable DSP$;5)
in an attempt to lower power consumption. Other possible applica-

tions for low power folding like IIR filters and FIR-LMS adaptive

filters will also be explor

ed.

[16]

%41
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C. E. Leiserson and J. B. Saxe, “Optimizing Synchronous Systems,”
igtér??al of VLSI and Computer Systenwsl. 1, no. 1, pp. 11-67,
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