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Power dissipation is becoming a limiting factor in the 
realization of VLSI systems. The principal reasons for this 
are maximum operating temperature and, for portable 
applications, battery life. Because of the relatively greater 
complexity, the power dissipation in digital signal proces- 
sing (DSP) applications is of special significance, and low 
power design technique,'; are now emerging. This paper 
provides an overview of the techniques and methodolo- 
gies that have emerged in the past few years for DSP 
system design. These include techniques for minimizing 
power at architectural ~.nd algorithmic levels including 
DSP programming issues. In addition, the paper indicates 
some potential design directions. Copyright © 1996 
Elsevier Science Ltd. 

1. In t roduct ion  

T he advance in VLSI technology, during the 
last decade, has led to the development of  

systems with high throughput capabilities. The 
impact of  this has been most effective in the area 
of  digital signal processing (DSP) where high 
throughput is most: desirable. Today's DSP 
systems are capable of  performing complex and 
computationally intensive signal processing tasks 
at speeds suitable for real-time operation. 
Example applications include speech recognition 
and video. 

One of  the fastest growing areas in the comput- 
ing industry is the provision of  high throughput 
DSP systems in a portable form [1]. A major 
limitation of  these systems is the operating time 
provided by the battery, which is dependent on 
the characteristics of  the battery and the power 
requirement of  the system. Battery technology 
has peaked in recent years, whereas the number 
of  applications requiring portability is increasing, 
placing an increasing demand on the power 
budget. A major concern in both portable and 
non-portable systems is heat dissipation. Over- 
heating can reduce throughput and operation 
life. Cooling fans and heat sinks significantly add 
to the overall cost of  a system [2]. 

Due to the reasons mentioned above, low power 
design techniques and methodologies are 
required to be adapted by VLSI system designers, 
especially those for portable DSP applications. 
This paper provides an overview of  these tech- 
niques and aims to serve as a bibliography of  the 
key papers relevant to low power DSP design. 
Emphasis is given to aspects of  design at higher 
levels due to their importance in reducing the 
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overall design cost. In addition, the paper 
presents indications for potential design direc- 
tions bearing in mind ,the architectural 
complexity and the speed requirements of 
today's systems. 

CMOS logic is assumed since this is currently 
the most commonly used VLSI technology due 
to its high degree of integration, which is in turn 
allowed by its scaling properties and low power 
dissipation. 

2. Power dissipation in digital CMOS 
circuits 

The main sources of power dissipation, in a 
typical CMOS digital circuit (Fig. 1), are given 
by the following equation: 

Pave = P s + P s c + P l  (1) 

where Pave is the average power dissipated by the 
circuit, Ps is the switching component of the 
power caused by charging/discharging of the 
circuit output load capacitance CL, and P,c and Pl 
reflect the power dissipated due to short-circuit 
and leakage currents, respectively (I,c and Ii). 
Equation (1) can be expanded in order to reveal 
the basic circuit parameters contributing to each 
of the above power components as follows: 

Pave = k. C. V 2 d .f  + Lc- Pad + Ii. Vat (2) 

where Vdd is the supply voltage, f is the clock 
frequency, C is the physical capacitance of the 
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Fig. 1. Typical CMOS circuit power consumption param- 
eter profiles. 

circuit, and k is the transition activity factor 
which is defined as the average number of times 
the circuit makes a power consuming (0 ~ 1) 
transition in a single clock cycle. The parameters 
k and C are often combined in a single param- 
eter, C*, termed the effective capacitance of a 
design. 

By employing appropriate design techniques 
both Psc and P1 can be reduced to a negligible 
level, leaving Ps as the dominant factor of power 
consumption [1]. For this reason the rest of this 
paper will consider ways of reducing the effect of 
the constituent parameters of Ps (see eq. (2)) 
which can be exploited by the DSP engineer. 
Issues at the digital circuit level are not consid- 
ered, such as the choice of static/dynamic logic 
or symmetric/non-symmetric organization of 
gates to overcome hazards, since these are 
covered in greater depth in papers which speci- 
fically target logic design (e.g. [11). 

3. Transformation techniques for reduced 
operation voltage 

It can be seen from eq. (2) that the power 
consumed is a quadratic function of the operat- 
ing voltage. This dependence on supply voltage 
has been verified for a number of CMOS logic 
circuits [2]. Hence reducing the operation 
voltage for such circuits could significantly 
reduce the consumed switching power. 
However, as verified in [2], reducing the opera- 
tion voltage increases the delay of the different 
logic and memory elements in the circuit. This 
implies that operation under significantly 
reduced voltages is associated with an increase in 
delay and therefore reduced throughput. This 
reduction in throughput can be compensated by 
the application of a number of high level trans- 
formation techniques [3] which can be applied 
successively or individually to the DSP system 
under consideration for low power design 
[1,4, 5]. The transformations can be applied to a 
DSP system at hardware level and/or a higher 
algorithmic level, represented using a data-flow 
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graph (DFG) [5]. Individual transformation 
techniques have specific advantages. However, 
they may have side-effect disadvantages, such as 
an increase in area, which could be overcome by 
applying another subsequent transformation 
technique [1,4, 6]. The principal transformation 
techniques [3, 4] are as follows. 

Pipelining [3,7,9]: a powerful transformation 
which can improve the performance of both 
general purpose and special purpose DSP 
systems. It involves the insertion of delay 
elements at specific points of a DFG [3] of an 
algorithm/structure, the aim being to increase 
the amount of concurrency. The application of 
pipelining to synchronous hardware archi-  
tectures can allow operation with a faster system 
clock. However, pipelining increases both 
system latency and the number of delay elements 
in a system. 

Parallel processing [1,3, 7]: similar to pipelining in 
that it exploits parallelism in a system; however, 
here this is achieved by duplicating hardware 
sections in order to perform a number of similar 
tasks concurrently. The use of both pipelining 
and parallel processing in maintaining through- 
put under reduced supply voltage, thereby saving 
power, is demonstrated in [1] and [3]. 

Retiming [10-15]: the process of moving delays 
around a DFG of an algorithm/structure such 
that the overall computation is unaltered. It aims 
to move a computation in an attempt to reduce 
the critical path time, i.e. the path with the 
longest computation time without delays [15]. 

Unfolding~folding [3, 7, 13, 16-19]: used to unravel 
the hidden concurrency in a DFG. The iteration 
period of an N unfolded DFG is 1/N times the 
critical path length of the unfolded DFG. By 
exploiting inter-iteration concurrency, unfold- 
ing can lead to a lower iteration period. 
Unfolding can also be used to improve processor 
utilization in time-constrained synthesis of DSP 
systems [3]. Folding is the reverse of unfolding, 

but is more complex than unfolding since 
different transformations can result in different 
folded DFGs. 

Loop-unrolling (unwinding) [1,3, 4, 6, 20]: similar 
to the unfolding transformation [3]. It increases 
parallelism by utilizing more than one iteration 
of a loop [20]. Since it only duplicates the loop 
bodies, the iteration bound which is the loop 
with maximum ratio of computational opera- 
tions to that of the number of delays: cannot be 
changed by this transformation alone [6]. 
However, it enables other transformations which 
reveal large amount of concurrency [1,4]. 

Look-ahead [3, 13,21-23]: used to create addi- 
tional concurrency by restructuring recursive 
DFGs [13]. This concurrency can then be 
exploited in the form of pipelining or parallel 
processing or both [3]. The look-ahead techni- 
que transforms any single-step recursions in the 
DFG to M-step recursions and therefore one 
iteration of the restructured recursion provides 
the results of M iterations of the original recur- 
rence which will increase the number of opera- 
tions in the DFG. These operations are 
performed using non-recursive DFGs [21]. 
Although look-ahead results in faster operations, 
it leads to increased circuit area which varies 
logarithmically with the speed-up factor [22]. 
Other types of look-ahead include: relaxed [3], 
scattered [3, 13, 22], and clustered look-ahead 
[13, 23] which differ in terms of implementation 
complexities and their application to different 
types of DFGs [13]. 

Algebraic transformations [3, 6, 24, 25]: based on 
simple algebraic properties. They are useful to 
move operations out of loops in DFGs in order 
to reduce the iteration bound. Their applic- 
ability is related to the number of operations in 
the DFG. The more operations in the DFG, 
the more likely it is that they can be applied 
[6]. The following are examples of algebraic 
transformations with their respective symbolic 
examples: 

733 



7". Arslan et al./Low power design for DSP 

Distributivity: 
Reverse distributivity: 
Associativity: 
Commutativity: 
Common sub-expression elimination (CSE): 
Common sub-expression replication (CSR): 

a.(b + c) => a.b + a.c 
a.b + a.c :=> a.(b + c) 
a.(b.c) => (a.b).c 
a.b => b.a 
x = a + b ,  y = b + a = >  x = a + b ,  y =  x 
x = a + b = >  x l  = a + b ,  x 2 = a + b  

Another algebraic transformation is constant 
folding (also known as constant elimination) [6, 
25] which involves the precomputation of 
constant values, e.g. [ c = 1 + 2 ~ c = 3 ] .  
Among these algebraic transformations, associa- 
tivity is the most important since it can directly 
move operations out of loops in a DFG in order 
to reduce the iteration bound [6]. The work in 
[6] classifies distributivity and CSR as enabling 
algebraic transformations and uses these to elim- 
inate the inhibiting factors which disable asso- 
ciativity. For example, distributivity swaps 
addition and multiplication operations to put the 
same type of operations together, thus enabling 
associativity. Furthermore, since associativity 
cannot be applied to operations with multiple 
fanouts, CSR is applied first to remove this 
inhibiting factor by creating redundant opera- 
tions. 

In the case of non-recursive structures, such as 
FIR filters, one or more of the above transfor- 
mations can be used for critical path time 
reduction. The order in which the transforma- 
tions are applied is significant in achieving a 
reduced critical path time. However, in the case 
of recursive structures, such as IIR filters, either 
loop-unrolling or look-ahead can be used in 

order to apply other transformations for critical 
path time reduction (as in the non-recursive case 
above) [1, 4]. The use of multiple transforma- 
tions is demonstrated for a simple liP, filter in 
Fig. 2. The effect of transformations in power 
and circuit area has been investigated in [4, 5]. 
Figure 3 illustrates the power/area trade-offs 
obtained with different transformations for a 
number of signal processing circuits [5]. 

4. Techniques for reducing the effective 
capacitance 

In eq. (2), the parameters contributing to the 
effective capacitance of a DSP system are the 
activity factor k and the physical capacitance C of 
the system. This section considers a number of 
techniques which aid the DSP system designer 
in reducing k and C at architectural levels and 
circuit levels of the design. 

4.1 Reduced architectural complexity 
Such techniques aim to reduce the number of 
complex area-consuming operations in a DSP 
system, hence reducing its overall capacitance. 
For example, the use of primitive operators [26] 
has proved effective in providing a significant 
reduction in computational complexity for digi- 

Loop Unrolling, 
Dis~butivky, 

Constant Propagation 

x[n] x[n] 

Pipelining 

x[n-l] 

Fig. 2. The application of  multiple transformations [4]. 
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tal filters. The above paper also provides refer- 
ences to other published work on reduced 
complexity techniques. 

Transformation techniques such as linear trans- 
formation [27, 28] can be used for reducing the 
number of  multipliers required for FIR filter 
designl This usually operates on the rows and 
columns of  matrices in a state-space representa- 
tion of  the filter in order to reduce the numbers 
of  additions and multiplications. 

4.2 Reduced switching activity 
Another important factor influencing power 
consumption in sign;d processing circuits is the 
switching activity, k. The work in [29] provides 
an estimation of  switching in the most 
commonly used adder circuits. Switching is 
estimated as the average number of  transitions 
per addition observed for each adder in 50 000 
randomly distributed input patterns with a 

random distribution of  carry inputs. This is illu- 
strated graphically in Fig. 4. 

The choice of  data representation for the DSP 
system is one way of  influencing the switching 
activity. For example, in two's complement 
representation the signal transition from positive 
to negative occurs frequently. This transition 
toggles all the bits and hence contributes signifi- 
cantly to the overall switching activity of  the 
system. This is less so for the sign magnitude 
representation [1]. The choice of  coding, wher-  
ever required in a DSP system, is important. The 
work in [30] demonstrates that Gray-coded 
instruction addressing results in a considerable 
reduction in switching activity. In [31], this type 
of  addressing has been extended to micro- 
processors and the addressing is compared with 
cold scheduling, which is a software method 
which schedules instructions in a way that 
minimizes switching activity. With Gray-code 
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Fig. 4. Average number of transitions for main adder 
circuits [29]. 

addressing a 30-50% reduction in activity factor 
has been reported using a RISC microprocessor 
compared with normal binary coded addressing. 
This work also indicates that using cold sche- 
duling with a VLSI-BAM, which is a RISC-like 
processor, a power reduction of 20-30% is 
achieved. 

Another way of reducing the switching activity 
is by the choice of an appropriate ordering of the 
operations in a design. The work in [1] demon- 
strates that the switching activity, during an 
operation of'multiplication by a constant' which 
is common in DSP, can be reduced by 30% by 
appropriate reordering. A number of transfor- 
mations exist [32] that can affect the power 
consumption by reducing the average transition 
activity. 

Reduced switching activity can also be achieved 
at a much higher level in the design hierarchy. 
An example is the choice of point-to-point data 
buses in favour of multiplexing [33]. 

4.3 Dedicated DSP processor-based design 
Programmability in general-purpose DSP 
processors can be the key to cost effectiveness 
but comes at a high energy cost relative to dedi- 
cated DSP chips. However, power saving tech- 
niques are emerging for both the DSP processor 
designer and its programmer. For example, work 
at AT&T laboratories [34] has shown that CPU 
power savings of up to 40% can be achieved by 
reordering the instruction sequence of the Intel 
486DX2 processor. It was also shown that 
memory access instructions consume much 
more power than those for register access. 
Hence, reducing the number of memory opera- 
tions can lead to power savings. 

For the DSP processor designer, instruction-set 
optimization is one way of saving power. An 
example is to provide a special data path for 
often-executed instructions in order to reduce 
the capacitance switched for each execution of 
the instruction [35]. This approach has been 
utilized for modem and voice coder processors 
[36]. In [37], power consumption is analysed for 
search and sorting of software. An abstract 
machine with a simplified but realistic instruc- 
tion set allowing reasonable implementation of 
several popular algorithms is defined. The energy 
requirement of each instruction is then esti- 
mated. The work concludes that sorting 
consumes approximately N times more energy 
than search, where N is the data size. For the 
same problem and the same data size, the energy 
requirement for different algorithms could also 
vary by orders of magnitude. Other work in the 
area of software-based power minimization 
includes [38-41]. 

5. Power estimation 

There is a need for accurate power estimates at 
all design levels. The use of effective power esti- 
mation models and techniques in modem design 
tools will provide the DSP system designer with 
additional flexibility since the designer will have 
access to accurate accounts of area, speed and 
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power. Power estimation tools developed so far 
can be classified according to either the design 
level at which estimation is made or the techni- 
que employed in power estimation. 

5.1 Power estimation levels 
Power estimation could be made at either 
circuit, gate, architecture, or algorithm levels. 
The most accurate power estimation can be 
made at the circuit level where the transistor is 
the primitive element. At this level two models 
of transistor behaviour can be used: device-level 
or less detailed switch-level. The accuracy of 
circuit-level tools is determined by the use of 
either of the models above. For example, 
SPICE-like device-level circuit tools (e.g. 
PowerMill [42], TSIM [43]) account not only 
for the charging/discharging of power but also 
power consumption due to short-circuit, leak- 
age, and non-linear device currents. However, 
the price to pay for this level of detail is the 
lengthy simulation time which could be 
impractical for even moderately sized circuits. 
To ease this problem switch-level modelling 
could be employed. This sacrifices some accu- 
racy for an improvement in speed. Examples of 
switch-level circuit tools include IRSIM [44] 
and LDS [45]. 

As mentioned above, circuit-level tools are 
either relatively time; consuming or require a 
large memory overhead for relatively large 
circuits. For this reason, tools for gate-level 
power estimation have recently emerged. Some 
of these tools (e.g. Hercules [46], CEST [47]) 
require a transistor-level circuit description as an 
input which is then partitioned into a gate-level 
representation. Power estimation is then 
performed by reducing the gates to equivalent 
inverters [48]. Other tools (e.g. [49-51]) take a 
Boolean logic description of a circuit as an input, 
for which gate-level probability propagation 
formulas can be easi][y defined. Usually this is 
followed by the employment of probabilistic 
techniques to calcu]ate power consumption. 
Although gate-level tools have speed advantage 

over circuit-level tools they lack in accuracy, 
especially in the presence of correlated signals 
[48]. 

With the increase in the complexity of current 
VLSI designs, specifically those targeted for DSP 
applications, the top-down design approach is 
achieving dominance. The majority of such 
designs are initiated at a very high level, using 
tools such as VHDL [52], in terms of highly 
complex functional models and are expanded 
later on through the design hierarchy into gate 
and transistor levels, usually through synthesis 
tools [53-55]. Most strategic decisions are made 
at higher levels throughout the design hierarchy 
and, as recognized by designers, such decisions 
are usually the most effective for optimizing 
design aspects such as speed, area and power. For 
this reason, high-level (architectural and algo- 
rithmic levels) power estimation tools are 
becoming very important. Although work has 
already started for the development of high-level 
power estimation tools, most of these have 
severe limitations. For example, for architectural 
level tools the limitations are lack of accurate 
power models which consider aspects such as 
signal activities which contribute significantly to 
power consumption. In the algorithmic level, 
where the aim is to predict the amount of power 
consumed as a result of executing a given algo- 
rithm, power estimation must consider the 
hardware platform targeted for execution. For 
this reason current tools are usually restricted to 
specific architectures and may involve using 
architectural techniques [48]. 

A number of researchers have already attempted 
to model power consumption for digital VLSI 
chips. For example, Liu and Svensson [56] 
describe a method of power modelling of 
CMOS VLSI chips, at the architectural level, in 
which the power consumption estimate is based 
on gate count, memory size, logic and layout 
styles. The estimation process is fast but less 
accurate than gate-level simulation. The work 
in [57] describes a technique for estimating 
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power dissipation of signal processing 
algorithms/architectures implemented using 
processor arrays or multiprocessor schemes. The 
estimation technique uses constant technology- 
dependent values for the different array elements 
which consist of elements such as multipliers, 
static memory and I/O. In [58], the use of the 
technique for one-, two- and three-dimensional 
algorithms implemented on linear, hexagonal 
and cubic processor arrays is investigated and 
appropriate models are ~developed. Powell and 
Chau [59] develop a power dissipation model 
for common DSP algorithms and architectures 
implemented as special purpose VLSI chips and 
chip-sets, The impact of design style and I/O is 
accounted for and power is estimated in terms 
of high level parameters, such as word length 
and number of available processing elements. 
Rabaey and Guerra [60] demonstrate that only a 
few fundamental algorithmic properties, which 
include aspects such as nodes, word lengths, the 
number of I/O operations, and ratio of sample 
rate to the critical path, can be used in classifying 
algorithms and predicting how responsive they 
are to various hardware platforms. The high 
level models developed in [61] are based on high 
level statistics such as mean, variance and 
autocorrelation. The technique used is 
abstracted from the gate level using modules 
such as adders, multipliers and registers. Mehra 
and ILabaey [62] assume that the power 
consumed by an ASIC is due to contributions 
from hardware resources such as data paths, 
interconnects, control and memory. Statistical 
power models are developed for each of these by 
analysing the control/data flow graph of the 
design. In [62], a power estimation technique is 
proposed with the aim of presenting a 
methodology for developing and validating an 
instruction-level power model for any given 
processor. The technique is based on estimating 
the average power through the use of measured 
current per instruction and information such as 
clock period of the processor, and number of 
clock cycles taken by each instruction. The 
technique has been applied to two commercial 

microprocessors: Intel 486DX2 and Fujitsu 
SPAKCHlite 934. A power reduction of up to 
40%, obtained by rewriting code using the 
information provided by the instruction level 
power model, is reported. 

5.2 Power estimation techniques 
On the other hand, power estimation techniques 
could be classified into the following categories: 
simulation-based, probabilistic and statistical 
techniques. The following subsections will 
describe these. 

5.2.1 Simulation-based techniques 
Here, a randomly generated logic vector is 

applied to the primary inputs of the circuit and 
the corresponding current waveform, drawn 
from the power supply rail, is determined. After 
a number of such simulation runs the average of 
the resulting current waveforms is computed and 
then, with the knowledge of the supply voltage, 
used to calculate the average power dissipation 
[64]. 

In addition to its accuracy, the technique is easy 
to use and can be applied to any circuit, regard- 
less of design style, architecture, technology, etc. 
However, it suffers from memory and speed 
constraints and therefore is not suitable for large 
circuits [35]. Since simulation results are directly 
related to the specific input vector sequences and 
complete information about the input patterns is 
required, this technique is said to be strongly 
pattern dependent [64, 65]. 

5.2.2 Probabilistic techniques 
Instead of simulating the circuit for a large 
number of input vector sequences and then 
calculating the average power dissipation, signal 
and transition probabilities could be used to 
compute the average power [64]. Signal prob- 
abilities can be propagated throughout the 
circuit to compute transition probabilities at all 
internal and output nodes. Once the transition 
probabilities have been computed, then the 
average power can be calculated as: 
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Yc~d ~ Ci " Pt(xi) 
Pav -2Tc i=l 

where Tc is the clock period, Vaa is the supply 
voltage, Ci is the total capacitance at node xi, and 
n is the total number of circuit nodes. The tran- 
sition probability Pt represents both low-to-high 
and high-to-low transitions. 

Only a single probabilistic analysis run is 
required and so probabilistic techniques allow 
fast power estimation. Figure 5 illustrates the 
main steps involved in probabilistic power esti- 
mation. Analysis results are still dependent on 
the supplied input probabilities but since 
complete and specific information is not 
required probabilistic techniques are said to be 
weakly pattern dependent [64]. However, they 
are not applicable directly to sequential circuits 
since it is very difficult to calculate the prob- 
ability of the circuit being in each of its possible 
states [35, 66]. Nevertheless, a number of papers 
on sequential circuit,; have emerged [49, 66-68]. 
Probabilistic techniques usually use simplified 
delay models for the circuit components to ease 
the probabilistic analysis. Hence, their accuracy 
is limited by the quality of the delay models used 
[64]. For example, a zero-delay model does not 
account for power di.ssipation due to glitches. In 
order to achieve good accuracy, correlations 
among internal nodes must be taken into 

account which comes at a high computational 
cost. In general, probabilistic techniques offer 
the advantage of speed but provide a less accurate 
estimation [65]. 

All reported probabilistic techniques utilize the 
knowledge of signal and transition probabilities. 
A signal probability P~(xi) at a node xi is the 
probability that signal x has a logic value 1. On 
the other hand, a transition probability Pt °1 (xi) of 
a signal xi at time t is the probability of a (0 -* 1) 
transition from t- (just before t) to t + (just after 
t). Other transitional probabilities (0 --* 0), 
(1 -* 1) and (1 --* 0) follow similarly. To calcu- 
late signal probabilities for the primary inputs of 
a circuit it is usually assumed that primary input 
signals are uncorrelated, and that each signal 
value is either 0 or 1, changing instantaneously at 
global clock edges [49]. Under the temporal 
independence assumption, that is, the values of 
the same signal in two consecutive clock cycles 
are independent, the transition probability at 
node xi can be calculated from signal prob- 
abilities as: 

pOl (xi) = pO(x,) p2 (x,) = P~ (x,) [1 - P~ (x;)] 

A more accurate estimation of power dissipation 
can be obtained using probability waveforms. A 
probability waveform is a sequence of values 
indicating the probability of a signal being high 
for certain time intervals, and the probability that 

Randomly Generated 
In mt Vector Sequences 

I I 
-LR F 

- - - - ~  Average ] 

A Single 
Analysis 

Run 
" [ V a l u e s  jProbability ] J ~ j Analysis ] Tool .1 "-[Power] 

Fig. 5. Probabilistic simulation flow for power estimation. 
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it makes low-to-high transitions at specific 
points in time [50, 64, 69]. Given such wave- 
forms at the primary inputs, they are propagated 
throughout the circuit in order to compute the 
corresponding probability waveforms at all the 
nodes. 

Normally either random probabilities or signal 
probability waveforms are used to form input 
signal probabilities at the primary inputs. Propa- 
gating these probabilities is performed using 
specific formulas depending on the gate type [64, 
70]. For example, for an A N D  gate this is the 
product of  input probabilities. These formulas 
assume that signals are uncorrelated and no 
reconvergent fanout exists. Otherwise a number 
of  other techniques are used. These include 
binary decision diagram (BDD) [71], disjoint 
cover [49, 72] and the cutting algorithm [70, 73]. 

It has been shown [51, 74] that exact signal 
probability calculation for a given function can 
be calculated by a linear traversal of  a BDD 
representation of  a logic function using the 
following expression: 

p(y) = p(x,) p(f , , )  

where fx, and f,-7 are the cofactors o f f  with 
respect to x~ and x~-, respectively. The 
probabilities of  the cofactors off,., and f,-7 are 
expressed in the same way. For example, the 
Boolean function y = xl • x2 + x2 • x3 can be 
represented by the BDD as shown in Fig. 6. 

Each level in the BDD corresponds to a single 
variable and each node can branch in one of  two 
directions, depending on the value of  the rele- 
vant variable. For example, suppose that x2 = 1, 
xl = 0 and x3 = 1. To evaluate y, start at the top 
node and branch to the right since x2 = 1, then 
b ranch  to the left since xl = 0, and finally 
branch to the right since x3 = 1 to reach the 
terminal node '1'. Thus the corresponding value 
ofy  is 1. Similarly, if x2 = 0 then regardless of  xl 
and x3 the corresponding value o fy  is '0'. Using 

= 

Fig. 6. BDD representation ofy. 

the paths leading to the terminal node '1' in the 
BDD the signal probability of  y can be given as 
follows: 

P(Y) = P(x2)P(x 1) q- P(x2)(x11)P(x3) 

One disadvantage of  this method is that it is 
computationally expensive. Since the BDD has 
to be built for the whole circuit, there may be 
cases where the BDD is too large to be processed 
in reasonable time. Hence, the use of  the BDD 
approach is limited to moderately sized circuits 
[64]. 

The disjoint cover method is based on the prin- 
ciple that two cubes are said to be disjoint if they 
have no input combinations in common,  i.e. do 
not intersect. A disjoint cover for a function is 
simply a troth table, where each cube in the 
cover is disjoint from every other cube [72]. In 
general, given a disjoint cover for a function y of  
uncorrelated inputs described by signal prob- 
abilities, it is easy to compute the signal prob- 
ability of  y by simply summing the probabilities 
of  each of  the cubes in the cover [49]. 

The cutting algorithm computes signal prob- 
ability bounds, rather than the exact figure. Its 
objective is to turn the combinational network 
into a tree, by cutting reconvergent fanout 
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branches, and inserting equivalent bounds at the 
cut points, which will guarantee that all the 
signal probability bounds computed  on this tree 
will enclose the true values. The  advantage of  
doing this is a reduction in computational 
complexity (speed and memory);  the disadvan- 
tage is that the output  is not an exact figure but 
just a bound [70, 7311. 

Another  probabilistic approach is the use o f  
transition density which is defined as the average 
switching rate at a circuit node. This is described 
in detail in [51, 75]. 

5.2.3 Statistical techniques  
Statistically-based techniques combine the accu- 
racy of  simulation-based techniques with the 
weak pattern dependence of  probabilistic tech- 
niques [65]. Randomly  generated input vectors 
are applied to the circuit and the power  being 
consumed is moni tored  using a t iming or logic 
simulator. This is cont inued until the power 
converges to the true average power. In order to 
determine when  the measured power  has 
converged close enough to the true average 
power statistical mean estimation techniques are 
used and the decision when  to stop is made 
based on a stopping criterion [64]. Examples o f  
this can be found in [65, 76, 77]. 

6. Conclusions and future design 
directions 

In this paper we have highlighted the main work 
which has been carried out  to date in low power 
DSP system design. However,  interest in this 
area is recent and significant future developments 
are both needed and can be expected. Some 
directions that these developments could take 
are as follows: 

(1) The  full explor~,tion of  the transformation 
techniques for realistic DSP applications. 

(2) The  use o f  the various low power  design 
techniques is a combinatorial problem and 

(3) 

(4) 

(5) 

(6) 

thus enables the use of  AI-based techniques, 
such as genetic algorithms [78], and heur-  
istics. Work  has already started in this area 
[79]. 

The  techniques of  reordering general 
purpose C P U  instructions can be applied to 
dedicated DSP processors. 

More comprehensive low power investiga- 
tions of  coding and signal-representation 
techniques in DSP systems. 

Extending the number  o f  power  estimation 
models, such as in [56], to cover the full 
range of  DSP functional operators. 

The  full development o f  probabilistic and 
statistical based power estimation techniques 
and their inclusion in commercial VLSI 
design tools. 
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