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ABSTRACT
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 folding65 and129 tap bandpass FIR filters. The average
power consumed in a multiplier for a fixed number of hardware multipliers
with varying unfolding factors is compared. It is observed that most of the
gains due to unfolding are obtained for relatively small unfolding factors
and therefore for relatively small memory area overhead. Depending on
the unfolding factor employed the average power consumed in a multiplier
is seen to reduce anywhere from 54.75% to 81.73% when transpose FIR
filters are synthesized as opposed to synthesizing direct-form FIR filters
with no unfolding.

1. INTRODUCTION
Folding [1], [2], [3], [4], [5] or time-multiplexing is a technique for
efficient resource sharing for area-constrained behavioral synthe-
sis from a data-flow graph (DFG). The throughput requirement in
folded architectures is met by pipelining the hardware functional
units to a relevant number of levels. In this way folded architec-
tures are able to meet both throughput and area constraints for a
target application. Unfortunately, maximal resource sharing while
minimizing area can lead to a severe increase in power consump-
tion [6],[7]. This surge in power consumption in folded architec-
tures is due to:
1) The increased switching activity in various data-path resources
as a result of the successive application of uncorrelated inputs.
2) Increase in the interconnect overhead (muxes and busses) due
largely to the inability of the synthesis methodology to capture the
regularity in the original data-flow graph (DFG).

Exploitation of locality and regularity were recommended in
[7], [8] for reducing power consumption in interconnects and
busses. On the other hand increasing the correlation between
successive inputs to a functional unit, e.g., a multiplier has been
demonstrated as a power saving strategy in [9], [10], [11].

FIR filtering is one of the basic building blocks in DSP ap-
plications. Low power FIR filter synthesis, therefore, assumes
paramount importance for the reduction of power consumption in
DSP applications. Many times the throughput and resource con-
straints dictate the use of folded architectures. No systematic tech-
nique has so far been available which can reduce the power con-
sumed in folded architectures even while allowing for a possible
increase in area.

In this paper we present a novel systematic approach for gen-
erating folded architectures for FIR filters that reduce power
consumption by minimizing the switching activity in the time-
multiplexed multipliers of the architecture. With this technique,
for large filters, we observe a trade-off between storage area and
the power consumed in the multiplier units of the hardware archi-
tecture. In the rest of the paper a multiplication (addition) node
or operation represents a filter DFG operation, a multiplier (adder)
unit represents a hardware functional unit.

2. CAD METHODOLOGY FOR LOW POWER
The basic strategy employed consists of maximizing the correla-
tion of successive inputs to shared computational resources. The
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Figure 1. The transpose DFG of a 5-tap FIR filter. The data-
input to the all the multiplier nodes is x(n). Also, the filter
connectivity described at the beginning of section 2.1 can
be verified here.

primary computational resource targeted here are multipliers as
the power consumed in multipliers is significantly higher than in
adders which constitutes the other basic computational resource in
folded filters. Also, the assignment of DFG operations (nodes) to
resources is always done in such a manner that the interconnect
overhead is minimized. Finally, as the input data-memory to fil-
ters in DSP applications can be very large in size a data-value is
accessed exactly once from the data-memory. Once a data-value is
accessed from memory all operations utilizing this value are sched-
uled successively one after the other.

There are two-inputs for a multiplier in a FIR filter, the coeffi-
cient input and the data input. The coefficient input to the multi-
plication nodes in the DFG of an FIR filter are fixed. Substructure
sharing [12] can be used to reduce power consumption when a
N-tap FIR filter is mapped to aN multiplier architecture. Sub-
structure sharing for time-multiplexed or folded architectures may
not always be straightforward. Due to the constraints of balancing
the load on all hardware multipliers (the number of multiply nodes
mapped to any multiplier are nearly equal) substructure sharing
might be difficult. Also, substructure sharing is not applicable for
programmable-coefficient filter implementations.

It is possible to find a scheduling order for the DFG multipli-
cation nodes mapped to a functional unit so that the net switching
activity at the coefficient input is minimized.

The data-input, however, is variable and can at best be modeled
as a stochastic input which may or may not exhibit temporal cor-
relation. On the other hand successive iterations of an FIR filter
share a large number of data-inputs albeit in different multiplica-
tion nodes, i.e., in multiplication nodes with different coefficients.
By unfolding [13] the DFG it is possible to unearth all the mul-
tiplication nodes which share a common data-input. In anN-tap
FIR filter there areN multiplication nodes distributed acrossN
successive iterations which share the same data-input.

However, the transpose DFG of an FIR filter shown in Fig. 1
is able to expose all theseN multiplication nodes simultaneously
without unfolding. We therefore use the transpose FIR filter DFG
as a starting point for our synthesis methodology. Also, ak-
unfolded version of the transpose FIR filter DFG exhibitsk sets
of N nodes where each set ofN nodes has a common data-input,
see section 2.1. This property becomes useful when we havek
multiplier functional units at our disposal to implement theN tap
FIR filter.

We next discussk unfolding of aN-tap transpose FIR filter and
then discuss low power folding of the unfolded FIR filter.

2.1. Unfolding the transpose FIR filter
The DFG of theN-tap transpose FIR filter in Fig. 1 has1 input
node,I0, 1 output node,O0, N multiplication operation nodes,
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Figure 2. A 2-unfolded version of a 2-tap transpose FIR filter.

M0
i i ∈ {1, · · · , N} andN − 1 addition operation nodes,A0

i

i ∈ {1, · · · , N − 1}. Input nodeI0 acts as a source to each of
theN multiplication nodes with0 delay, multiplication nodeM0

1

is a source to adderA0
1 with 1 delay. Also, multiplication node

M0
i is a source to adderA0

i−1 with 0 delay, i ∈ {2, · · · , N}.
Every adderA0

i feeds an input to adderA0
i+1 with 1 delay for

i ∈ {1, · · · , N − 2}, adderA0
N computes the filter output at node

O0. We illustrate our above observations with the5-tap transpose
FIR filter shown in Fig. 1. Unfolding a filter DFG, [13], by a factor
of k will result in a newk-parallel filter topology which computes
k filter outputs simultaneously. We now outline a strategy to un-
fold theN-tap transpose FIR filter by a factork.
1) Createk−1 copies,Ij ,Oj ,Mj

i ,Aji j ∈ {1, · · · , k−1} for the
input I0, outputO0, multipliersM0

i and addersA0
i respectively.

As a result there will bek input nodes,k×N multiplier nodes and
k × (N − 1) addition nodes.
2) Connect the inputIj to multiplierMj

i by an arc with0 delays.
Connect the multiplierM0

1 to the adderA1
k−1 by an arc with1 de-

lay. Connect the multiplierMj
1 , j ∈ {1, · · · , k−1}, to adderAj−1

1

with 0 delays. Connect every other multiplierMj
i i ∈ {2, · · · , N}

to adderAji+1 by an arc with0 delays. Connect the adderA0
i to

adderAk−1
i+1 with 1 delay for i ∈ {1, · · · , N − 2}. Connect the

adderAji j ∈ {1, · · · , k − 1} i ∈ {1, · · · , N − 2} to the adder
Aj−1
i+1 by an arc with0 delays. Connect each adderAk−1

N−1 to output
Oj .

Fig. 2 shows the2-unfolded version of a2-tap transpose FIR
filter. It can be proved [13] that thek-unfolded DFG of the FIR
filter computesk iterations of the original filter simultaneously.

2.2. Low Power Assignment & Scheduling for Filter Nodes

When we havek hardware multiplier units,Hj
M , with pM pipeline

stages andk hardware adder units,Hj
A, with pA pipeline stages,

j ∈ {0, · · · , k − 1}, then we can perform scheduling and assign-
ment as follows:
1) Unfold the transpose FIR filter byk.
i) Assign multiplication operationsMj

i to hardware multiplier unit
Hj
M .

ii) Assign addition operationsAji to hardware adder unitHj
A.

The above assignment of operation nodes in the unfolded filter to
hardware units has the property that all multiplication operations
assigned to a multiplier unit share a common input. In addition ev-
ery multiplier unit is connected to exactly1 input and to exactly2
adder units. Also, every adder unit is connected to exactly2 multi-
plier units and exactly2 adder units. In other words the regularity
of the original filter topology is almost completely maintained in
the hardware mapping which leads to localized communication,
minimum interconnect overhead, e.g., only 2-1 multiplexors are
needed, and extremely uniform and compact layout.

2) Order theN-coefficients of the original FIR filter in such a
manner that successive scheduling of the coefficients in this order
results in minimum total switching activity. We approximate this
step in the following manner:
i) Set up a graphG = (V,E,D(E)), where verticesv ∈ V
have1-1 correspondence to coefficients of the original FIR fil-
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Figure 3. A 3-tap FIR filter is unfolded for mapping on to
an architecture with 2 multipliers and 2 adders. While the
2 multipliers exhibit 100% hardware utilization the 2 adders
exhibit 67% hardware utilization. As an aside we observe
that unfolding the DFG and then folding it can lead to higher
hardware utilization.

ter. Arcs e ∈ E exist between every pair of vertices with
an associated distanced(e) ∈ D(E). This distance between
vertices, say vertexu and vertexv, is proportional to the av-
erage power dissipated when the coefficient corresponding tov
is scheduled immediately after the coefficient corresponding to
u. This distance measure can be obtained by simulation. De-
noting, the coefficient corresponding to a vertexu by c(u), we
made a coarse approximation by takingd(e) = d(u → v) ≈
Hamming Distance between c(u) and c(v).
ii) Find a cost-optimal Hamiltonian tour for the graph constructed
in i). This tour gives the scheduling order for the various multipli-
cation nodes. As might be evident the above problem can be solved
as an instance of the Hamming Distance Traveling Salesperson
Problem (TSP), [10]. Many efficient heuristics are available for
approximately solving the Hamming Distance TSP. We used the
C++ TSP-heuristics provided by Chad Hurwitz via e-mail: (chur-
ritz@cts.com).

The optimal Hamiltonian-tour identified in ii) defines the peri-
odic scheduling orders for the various multiplication operations in
the FIR filter, i.e., the multiplication operations are scheduled one
after the other on the functional unit according to this order and
this ordered schedule is repeated everyN clock cycles. In the con-
text of folding the scheduling order is known as folding order and
these two terms, from here onwards, will be used interchangeably.

There is significant freedom in choosing the folding order for
the addition nodes. We experimented with several folding orders
and found the empirical folding order given next to give the best
results in minimizing storage. The folding orders for the adders
is selected as follows: addition operationAji has the folding order
(i + pA)MOD(N). The reason for selecting this folding order
for the addition operations, as mentioned earlier, is because this
order gave good results in simulation for minimization of storage.
Fig. 3 illustrates2-unfolding of a3-tap FIR filter for mapping to2
multipliers and2 adders.

2.3. Folding the unfolded transpose Filter
As mentioned before the Hamiltonian order from step 2) in the last
section specifies a scheduling order (folding order) for the multi-
plication operations of the unfolded filter. Therefore, correspond-
ing to each multiplication nodeMj

i in the unfolded filter there
corresponds a folding ordermi. Also, as explained in the last sec-
tion every addition operation nodeAji has the scheduling order
ai = (i + pA)MOD(N). Note that the scheduling orders for
both multiplication and addition operations are independent ofj;
this is done to simplify the control circuitry. Recall thatj is an in-
dex which identifies1 amongk functional units to which the DFG



node is mapped. Hence, with thisj-independent folding orders the
same controller can be used for scheduling mapped DFG nodes in
all thek functional units.

Due to the periodic nature of filtering operations we are able
to choose a time-static (not changing with time) periodic sched-
ule. Every multiplication operationMj

i or addition operationAji
is scheduled exactly once inN clock cycles. The clock period is
chosen as the worst case critical path of any pipeline stage among
all the functional units. Due to the scheduling order chosen previ-
ously thekth iteration of multiplierMj

i is scheduled on multiplier
unitHj

M in clock cycleNk +mi. Due topM pipelining levels in
multiplier Hj

M the output of thekth iteration is available only in
clock cycleNk +mi + pM . This output is consumed by thekth

iteration of adderAji which is scheduled at clock cycleNk + ai.
The chosen schedule is feasible if and only if:

Nk + ai − (Nk +mi + pm) ≥ 0,

ai −mi − pm ≥ 0. (1)

Similar constraints can be derived for adder to adder arcs in the un-
folded filter. For every arc in the unfolded filter such a correspond-
ing constraint will be generated. Unfortunately, some of these con-
straints may not be satisfied in the original schedule. In order to fa-
cilitate the above schedule we resort to retiming, [14], [1], [2], [3].
Retiming alters the iteration structure of the original unfolded fil-
ter by moving delays around while maintaining the functionality of
the original filter. In retiming an integer variable is associated with
every operation node in the unfolded filter, e.g.,r(Ij) with input
nodeIj , r(Oj) with output nodeOj , r(Mj

i ) with multiply node
Mj
i andr(Aji ) with addition nodeAji . After retiming, the number

of delays in a communication arc between two operation nodes,
say fromMj

i toAji , is changed by an amountr(Aji) − r(M
j
i ). It

can be shown that this alteration of the DFG while changing the
iteration structure maintains the functionality of the original algo-
rithm, [14]. With this modification the(k− (r(Aji )− r(M

j
i )))th

iteration of nodeAji now consumes the output of thekth iteration
of nodeMj

i . The constraint in (1) therefore gets altered to:

N(k − (r(Aji )− r(M
j
i ))) + ai − (Nk +mi + pm) ≥ 0,

r(Mj
i )− r(Aji ) ≤

ai −mi + pm
N

,

r(Mj
i )− r(Aji) ≤

⌊
ai −mi + pm

N

⌋
. (2)

The above inequality is referred to as theretiming for foldingcon-
straint for the arc fromMj

i to Aji . Similar constraints can be de-
rived for all the other arcs in the unfolded filter. The storage re-
quired in the folded architecture can be modeled approximately as
a linear function of the retiming variables. Since multiplication
operations of the unfolded filter have exactly one outgoing arc the
storage required for these can be modeled approximately as fol-
lows, [3],

Storage(Mj
i ) = r(Aji )− r(M

j
i ) +

ai −mi− pm
N

.

(3)

The terms independent of the retiming variables,r(Aji ) and
r(Mj

i ) can be ignored as these are constant. Similarly we can
derive linear functions for the storage required for the input node
and for adders, [3].

In order to ensure that retiming maintains the common shared
input of all the multiplication nodes mapped to the same functional
unit, we require that for any such pair of multiplier nodes sayMj

l

andMj
i ,

r(Mj
l ) = r(Mj

i ). (4)

This constraint is referred to as thelow power foldingconstraint.
The collection of theretiming for foldingconstraints and thelow

power foldingconstraints can be used to solve for minimizing the
total storage required for folding the DFG using alinear program-
ming (LP) formulation. We used a standard LP package GAMS
for this purpose.

2.4. Low Power Folding with limited Unfolding
Unfortunately, unfolding by a factor ofk leads to ak-fold increase
in memory. Hence, it is not always practical to unfold a filter DFG
by a factor ofk for folding ontokmultipliers, especially, whenk is
large. Thus, we need to develop a strategy for folding a transpose
FIR filter DFG on tok multipliers without first unfolding the DFG.
A compromise between the two techniques namely folding with
and withoutk-unfolding can then obtained by performing limited
unfolding as described later.

Let us assume that we have anN-th order transpose FIR filter to
be folded onto hardware consisting ofk multipliers. Assume for
simplicity thatN is divisible byk exactly.

1. As before set up the graph G = (V, E, D(E)), where vertices
v ∈ V have a 1-1 correspondence with the original FIR filter. Arcs
e ∈ E exist between every pair of vertices with an associated dis-
tanced(e) ∈ D(E). As before these distances are a measure of
the power dissipated when the coefficients corresponding to the
two nodes are scheduled one after the other.

2. Now solve the minimum cost cycle partitioning problem [15]
on this graph that breaks theN nodes intok clusters and orders the
nodes within clusters in such a manner that the sum of distances in
traversing the k cycles is minimized. Thek clusters can be individ-
ually mapped tok different multipliers. The order of nodes within
each cluster gives the minimum power schedule to be employed.

Note that in a2-unfolded version of aN-tap FIR filter we can
identify larger clusters of size2∗N/k which have common inputs
and can be mapped to the same multipliers. This will lead to a
reduction in swicthing activity and hence power for the multipliers
as compared to folding the original DFG, however, the memory
requirements will roughly increase2-fold.

Hence, it is desirable to find an optimal unfolding factor1 ≤
r ≤ k for foldingN multiplication operations on tok multipliers
in such a way that overall power consumption is minimized. In
order to do this the power savings obtained by reducing switching
activity at the multiplier inputs must be weighed against the power
expenditure due to the extra memory. This will help uncover an
optimal unfolding factor.

2.5. Memory Assignment
We can use standard life-time analysis techniques [16] to compute
minimal storage requirements for the folded DFG. Any number of
memory allocation strategies [16] can be used for the actual al-
location of memory resources. Due to the regular and repetitive
nature of FIR filter computations it is possible to have near-static
memory allocation in folded architectures. A near-static allocation
involves minimal data-movement, i.e., once a variable is assigned
to a memory location it requires minimal memory transfers for the
duration of its lifetime. Reducing unnecessary data-movement in
this way can lead to significant savings in power. As mentioned
before, a near-static memory allocation is possible due to the repet-
itive nature of FIR filter computations and the use of counter based
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
its intermediate output. Hence, only1 functional unit performs
a WRITE to any memory module. Due to the regularity of assign-
ment of DFG operations to functional unit, exactly2 functional
units perform a READ from each memory module. This is be-
cause as mentioned in section 2 every hardware unit is connected
at most with two other hardware units. Due to the regular nature
of the connectivity it turns out that 2-port (1 READ and 1 WRITE)
register files will always suffice for the memory modules.

3. SIMULATION RESULTS
We used our synthesis methodology to synthesizeN = 65 and

N = 129 tap filters on to architectures with a varying number of
multipliers. The bandpass filters were obtained by usingfir1(N,



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 available available required by a mult. (µW) 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
taken as coming from anindependent identically distributedpro-
cess, with a switching probability for each bit of0.5, 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
storage units is small the contribution of the on-chip memory to
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.
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
may start to dominate. The multiplier used in our simulations was
a 16 × 16 Booth-recoded Wallace-Tree multiplier. The results of
our simulation are tabulated in Table 1. Table 1 presents a compar-
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 the
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-input
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 intuitive
notion that fixing one of the inputs of a multiplier and increasing
the correlation of successive operands in the other input will bring
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 DSPs
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 explored.
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