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Abstract: An approach is presented for minimizing power consumption in algorithm
specific CMOS circuits using a variety of architectural and computational transforma-
tigns. Several different ways are presented in which transformations can be utilized to
refluce power while maintaining the throughput. In particular, the influence of specific
transformations such as algebraic, control, operational and redundancy elimination are
digcussed. The results of applying these techniques are presented for three examples: a
11th order FIR filter, a 7th order IIR filter with a 4th order delay equalizer, and a sec-
ond order Volterra filter. It is found that by applying an appropriate set of transforma-
tigns an order of magnitude reduction in power can be achieved while maintaining the
system throughput.

1.| Introduction

ver the last few decades, most of the research and design efforts have focused
on{increasing the speed and throughput capabilities of digital signal processing sys-
tems. As a result, present-day technologies possess computing capacities that allow
for the realization of computationally intensive tasks such as speech recognition
and real-time digital video. While the focus has been on optimizing for speed and
ctionality, the issue of the power requirements to realize these computationally
intensive signal processing functions has not been addressed. However, the grow-
ing demand for high performance “portable computing” has elevated the design for
low power dissipation to be one of the most critical issues. The goal of design in
these applications is to provide a low-power solution (corresponding to reduced
baitery requirements) without sacrificing the computational throughput necessary
to perform a desired algorithm,

There are four degrees of freedom available in the design of low-power circuits
andl systems: technology, circuit design styles, architecture, and algorithms [1].
ile each of these areas can contribute to a lower power solution, the greatest
reduction comes through architecture and computation optimization which allows
for|a reduction of the supply voltage.

2. |Sources of Power Dissipation

b=

CMOS technology, there are three sources of power dissipation: switching cur-
rents, short-circuit currents, and leakage currents. The switching component, how-
ever, is the only one which cannot be made negligible if proper design techniques
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are followed. The power consumption due to the switching of a CMOS gate with a
load capacitor, Cy, is given by the following formula [2]:

Pynamic =Pt (CL * Vg 2 * ) (EQ 1)

where fis the clock frequency, and p, is the probability of a power consuming
transition (or the activity factor). In our analysis and optimizations, we will refer to
the energy per computation of a gate or module (e.g. an adder), which is given by:

Energy per computation = Pyya1 / folk = Ceffective Vdd2 (EQ2)

where C_g.ciive 18 the average capacitance being switched per clock cycle (i.e Cq.
fective = Pt * CLtotal)'

The energy consumed by a logic block per computation is therefore a quadratic
function of the operating voltage, as verified in Figure 1a, which is an experimen-
tally derived plot of the normalized energy per computation vs. V4. This depen-
dence on supply voltage has been verified for a number of logic functions and logic
styles [1]. The “effective” capacitance, C,grectives fOr a uniformly distributed set of
input values has been determined for each of the logic and memory elements in the
cell library to be used in our designs. Therefore, given the voltage of operation, and
the number of operations per sample period, the energy consumed by the logic ele-
ments can be estimated.

Similarly, the delays for the various logic and memory elements in the cell-
library were characterized (through experimental measurement and simulations) as
a function of supply voltage. Figure 1b shows a plot of experimentally derived nor-
malized delay vs. V4. Once again, the delay dependence on supply voltage was
verified to be relatively independent of various logic functions and logic styles [1].
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Figure 1: Plot of normalized energy vs.Vyq (1a) and delay vs. V44 (1b).

It is clear that operating at the lowest possible voltage is most desirable, however,
this comes at the cost of increased delays and thus reduced throughput. However,
by modifying the architecture through a variety of transformations, the throughput
can be regained, and thus a power savings can be accomplished while retaining the
required functionality. It is also possible to reduce the power by choosing an archi-
tecture that minimizes the effective capacitance; through reductions in the number
of operations, the interconnect capacitance, the average transition activity, the

42



infernal bit widths and using operations that require less energy. It is these two
stfategies which will be pursued to minimize the power dissipation.

3.| Using Transformations to Optimize Power

[ransformations are changes to the computational structure in a manner that the
ut/output behavior is preserved. The goal is to make the new computational

ransformations have typically been used in high level synthesis to minimize the
ical path of the data-control flowgraph (i.e. maximize throughput) or to reduce
silicon area while keeping the throughput constant. The approach here is to mini-
mige a different function, namely the power dissipation of the final circuit.

3.1 Operation Reduction

The most obvious approach to power reduction, is to reduce the number of opera-
tiops (and hence the number of switching events) in the data control flow graph.
While this almost always has the effect of reducing the effective capacitance, the
effect on critical path is case dependent. It is desirable to reduce the critical path
since then the supply voltage can be reduced while keeping the throughput con-
stant. To illustrate this trade-off, consider evaluating second and third order polyno-
mijls. Polynomial computation is very common in digital signal processing, and
er’s scheme (the final structure in our examples) is often suggested in filter
ign and FFT calculations when very few frequencg components are needed[3].
Firjt we will analyze the second order polynomial X* + AX + B. The left side of
2a shows the straightforward implementation which requires two multipli-

h for the same computational throughput. Transformations in general can have
erent effects on capacitance and voltage, making the associated power minimi-
zatipn task a difficult optimization problem.
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Figure 2b: Reducing capacitance at the expense of a higher supply voltage.

Transformations which directly reduce the number of operations in a data control
flow graph include: common subexpression elimination, manifest expression calcu-
lation, and distributivity.

3.2 Operation Substitution

Certain operations inherently require less energy per computation than other
operations. A prime example of this is strength reduction, often used in software
compilers, in which multiplications are substituted for additions [4].

Another powerful transformation in this category is converting multiplications
with constants into shift-add operations, Since multiplications with fixed coeffi-
cients are quite common in many signal processing applications (DCT, FFT, vari-
ous types of filters, etc.), this transformation can prove to be quite beneficial.

3.3 Control Step Reduction

This is probably the single most important type of transformations for power
reduction. It is not only the most common type of transformation, but often has the
strongest impact on power. The goal is to reduce the number of control steps, so
that slower control clock cycles and therefore lower voltages can be used. The
reduction in control step requirements is most often possible due to the exploitation
of concurrency. Many transformations profoundly affect the amount of concur-
rency in the computation. This includes loop unfolding and retiming/pipelining.
We will focus on retiming in this section.

Figure 3a, shows a second order IIR filter with a critical path of 4, assuming that
each addition and multiplication takes one control cycle. However, after retiming
(Figure 3b), the critical path is reduced to 3 control cycles. It is easy to verify that
this solution is optimum (i.e. no other retiming configuration results in a shorter
critical path), since the upper left loop has three operation and only one delay and
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prejvents retiming from achieving a shorter critical path. This reduction of the criti-
cal|path can be now used to increase the time available to each cycle, and therefore
reduce the voltage and power.

m

Figure 3: Retiming for reducing the critical path (4 vs. 3).
Since pipelining is just the generalization of retiming, the Leiserson-Saxe opti-

um retiming algorithm can be used for critical path minimization, Although pipe-

lining can have some negative side effects, such as rapidly growing requirements
on the number of registers used, its dramatic influence on the critical path, almost
alwlays results in significant power savings. However, in order to get the maximum
imjprovement, it is often necessary to combine pipelining with other transforma-
tion}s, such as retiming for resource utilization. In the case of algebraic transforma-
tior|s, there are several efficient algorithms for reducing the critical path.

3.4 Resource Utilization

Itlis often possible to reduce the required amount of hardware, while preserving

the mumber of control steps [5]. This is possible because after certain transforma-
tiorls, operations are more uniformly distributed over available time, resulting in a
deniser scheduling (effective utilization of the hardware). These transformations
include retiming for resource utilization, associativity, distributivity and commuta-
tivily. Figure 4 shows the result of applying retiming for resource utilization on a

sect
for
hov

nd order IR filter. Comparing the transformed graphs for critical path (3b) and
esource utilization (4b), we see that both solutions have a critical path of 3,
ever, the solution for resource utilization can be scheduled with only 2 multi-

pliers while the solution for critical path needs 4 multipliers (since all the four mul-
tiplications can be performed only in the 3rd control step).

Figure 4: Retiming for resource utilization.
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Smaller capacitance is achieved because there are fewer interconnects and/or
fewer functional elements and registers, which are obstacles during floorplanning
and routing, which indirectly influence interconnect area and capacitance. Trans-
formations from this group use the same mechanism as transformations used for
reduction of the required number of control steps. However, the goal (objective
function) is different (reduced capacitance vs. lower voltage).

3.5 Reducing the Transition Activity

Designs using static CMOS logic can exhibit spurious transitions due to finite
propagation delays from one logic block to the next. i.e. a node can have multiple
transitions in a single clock cycle before settling to the correct logic value. The
amount of extra transitions is a complex function of logic depth, input patterns, and
skew. To minimize the “extra” transitions and power in a design, it is important to
balance all signal paths and reduce logic depth. For example, consider the two
implementations for adding four numbers shown in Figure 5 (assuming a chained
implementation). Assume that all primary inputs arrive at the same time. Since
there is a finite propagation delay through the first adder for the chained case, the
second adder is computing with the new C input and the previous output of A + B.
When the correct value of A + B finally propagates, the second adder recomputes
the sum. Similarly, the third adder computes three times per cycle. In the tree
implementation, however, the signal paths are more balanced and the amount of
extra transitions is reduced. The capacitance switched for a chained implementa-
tion is a factor of 1.5 larger than the tree implementation for a four input addition
and 2.5 larger for an eight input addition. The above simulations were done on lay-
outs generated from the LagerIV [6] compiler using the IRSIM [7] switch-level
simulator over 1000 random input patterns.
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Figure 5: Reducing the glitching activity.
3.6 Wordlength Reduction

The used number of bits strongly affects all key parameters of a design, including
speed, area and power. It is desirable to minimize the number of bits during power
optimization for at least three reasons:

m fewer bits result in fewer switching events and therefore lower capacitance.

m fewer bits imply that the functional operations can be done faster, and therefore
the voltage can be reduced while keeping the throughput constant.

m fewer bits not only reduces the number of transfer lines, but also reduces the
average interconnect length and capacitance.
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influence of various transformation on numerical stability (and therefore the
refuired wordlength) varies a lot. While some transformations, for example retim-
ing, pipelining and commutativity, do not affect wordlength, associativity and dis-
tributivity often have a dramatic influence [8]. In some cases, it is possible to
refluce both the number of power expensive operations and the required
wordlength. In other cases, however, a reduction in wordlength comes at the
expense of an increased number of operations.

4. Transformation Ordering

The above short survey of transformations and their influence on power optimiza-
tion brings us to the conclusion that there is a large degree of freedom in choosing
anjong the various transformations. It is important to note that often the application
of la particular transformation can have conflicting effects on power consumption.
For example, a transformation can reduce the voltage component of power
(through a reduction in the critical path) while simultaneously increasing the capac-
itapce component of power. Therefore, the problem of power optimization using
trapsformations is often a trade-off between capacitance and voltage. Also, note
thet applying transformations in a combined fashion results in lower power con-
suipption compared to the isolated application of a transformation. Often, it is nec-

essjary to apply a transformation which will temporary increase the power budget,

in prder to enable the application of transformations which will result in a more
drgmatic power reduction.

To illustrate this point consider a first order IIR filter, as shown in Figure 6, with a
crifical path of 2. Due to the recursive bottleneck imposed by the filter structure, it
is impossible to reduce the critical path using retiming or pipelining. Also, the sim-
ple|structure does not provide opportunities for the application of algebraic trans-
formations and applying a single transformation is not enough to reduce power in
thi example. However, by applying several transformations (loop unrolling, dis-
tritjutivity, constant propagation, and pipelining) in a well organized fashion, a sig-

nificant reduction in power dissipation can be achieved. After loop unrolling,

disjributivity and constant propagation, the output samples can be represented as:

YNI=XN1+A* YN (EQ 3)
YN=XN+A*XN_1+A2*YN_2 (EQ9)

The transformed solution has a critical path of 3 (note that the delay corresponds
to 2{2). However, pipelining can now be applied to this structure, reducing the criti-
cal path further to 2 cycles. Since the final transformed block is working at half the
origtinal sample rate (since we are processing 2 samples in parallel), while the criti-
cal path is same as the original datapath (2 control cycles), the supply voltage can
be dropped to 2.9V (the voltage at which the delays increase by a factor of 2, see
Figure 1b). Note that the reduction in supply voltage more than compensates for
the increase in capacitance resulting in an overall reduction of the power by a factor
of 2 (due to the quadratic effect of voltage on power).

The results from the two previous section can be summarized in the following
requirements for the application of transformations for power reduction:
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Figure 6: Ordering of transformations.

r Efficient implementation of known and new transformations so that power is an
explicit part of objective function and the development of the objective function
itself.

@ Development of a transformation framework and search mechanism which will

determine the order and extent to which the transformations are applied so that
final result is globally optimal.

5. Examples and Results

The techniques described in the previous sections will now be applied to three
different examples to demonstrate that a significant improvement in power can be
achieved. To demonstrate the effectiveness of the proposed transformation method-
ology for low-power, an interactive semi-automatic approach using the HYPER
high-level synthesis system was employed. Three examples of distinctly different
computational structures were studied and optimized for a 2 CMOS technology.

The first example is a 11th order FIR filter designed using the filter design pro-
gram Filsyn [9]. This example is representative of a wide class of important signal
processing applications such as FFT, DCT (Discrete Cosine Transform), matrix
multiplication, cyclic convolution and correlation that have no feedback loops in
the signal flowgraph. For this class of applications, pipelining provides an efficient
and straight forward way to reduce critical paths (and thus voltage) while preserv-
ing throughput. However, for a smallest increase in area and capacitance, it is
advantageous to combine pipelining with other transformations, such as retiming
for resource utilization, associativity, and distributivity. For this particular FIR fil-
ter, a factor of more than 10 reduction in power was achieved through the use of
various transformations (mostly pipelining) with almost no increase in area from an
initial standard direct form fully time-shared realization of the filter.

The second example is a 16-bit 7th order IR filter with a 4th order equalizer once
again designed using Filsyn [9]. This example is representative of the largest class
of examples where feedback is an inherent but not particularly limiting part of the
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computation structure. Unlike the previous example, the FIR filter, retiming
reisulted in no reduction of the critical path. However, pipelining combined with
retiming was very effective and allowed for the reduction of the number of control
steps used from 65 to 6 cycles. The implementation area increased as the number of
cantrol cycles decreased. Figure 7a shows a plot of the number of execution units
vy. the number of control cycles. The number of registers increased from an initial
nymber of 48 (for 65 control cycles) to 102 (for 6 control cycles). This is a typical
example where the area is traded off for power. It is immediately evident that the
ptice paid for reducing critical path is the increased registers and routing overhead.
Figure 7b shows a plot of the normalized clock cycle period (for a fixed through-
put) as a function of number of control cycles, We see that reducing the number of
cdntrol cycles through transformations allows for an increase in clock cycle period
or| equivalently a reduction in supply voltage. However, at very low voltages, the
overhead due to routing increase at a very fast rate and the power starts to increase
with further reduction in supply voltage. The power improvement was approxi-
mately 8 by dropping the voltage from 5V to approximately 1.5V.
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Figure 7: Plot of # of units (a) and clock cycle period
(b) vs. # of control cycles for the IIR example.

"The third example is a second order Volterra filter[10]. This is a particularly chal-
lenging example since pipelining cannot be applied due to a recursive bottleneck
imlposed by long feedback loops (optimizing with pipelining as the only transfor-
mition results in a reduction only by a factor of 1.5). By applying transformations
such as associativity, distributivity and retiming, the recursive bottleneck can be
alleviated allowing for a reduction in critical path. In order to achieve maximal crit-
ical path reduction for this example, it was necessary to apply loop unrolling. Fig-
ur¢ 8 shows the layouts for optimizing the Volterra filter for area and power while
kegping the throughout fixed. This example once again illustrates that area can be
traded for power.

6.| Conclusions

The effects of flowgraph transformations were studied for minimizing power
copsumption. We reviewed the various sources of power dissipation in CMOS cir-
cujts and identified several different types of transformations, which can have sig-
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Figure 8: Optimizing for area and power result in different solutions.

nificant effect on these sources. For three different examples, of distinctly different
computational structure, we applied the appropriate set of transforms for power
optimization and studied power/area trade-offs for a fixed throughput. It was found
that an order of magnitude improvement in power consumption could be achieved
with an optimal supply voltage around 1.5V for the various examples investigated.
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