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Abstract—We present a systematic method for minimizing the
energy of pipelined digital systems, through joint optimization of
each pipeline stage and the system. A pipeline stage with a con-
stant load can either be optimized for delay at a given input size,
minimized for energy at a fixed delay, or have delay traded off for
energy at a fixed input size. The results of these optimizations are
combined to yield the design region for energy and delay. At the
system level with a fixed throughput constraint, the sensitivities to
input size and output load of all pipeline stages form the optimal
energy criteria that provide a systematic method to minimize the
total system energy. This method is applied to a media datapath,
where we show up to 37% energy saving for a fixed performance.
The minimal energy—delay curve of the system obtained through
application of this method demonstrates similar characteristics as
that of a single pipeline stage. With voltage scaling, the optimal
solution displays a strong dependency between delay, energy, and
supply voltage. The proper tradeoff between these entities makes
a fundamental impact on efficient digital design.

Index Terms—Circuit sizing, digital system, energy—delay char-
acteristics, optimal criteria, optimization methodology, pipelined
stage, supply voltage effects.

1. INTRODUCTION

ECHNOLOGY scaling, aided by innovative circuit tech-

niques, has produced dramatic improvements in circuit
performance [1], [2]. However, with device sizes nearing the
physical limits, undesirable effects such as saturated carrier ve-
locity, leakage current, and gate current are starting to hamper
performance improvement, requiring more energy to overcome
the performance penalty. In addition, power increases at a rate
similar to performance improvement, causing power consump-
tion to become a design bottleneck. While circuit techniques
may help reduce the energy wasted, power efficiency is fun-
damentally dependent on circuit size optimization and supply
voltage selection.

Several approaches on energy optimization both at pipeline
stage and system levels have been proposed. At the circuit
level, they focus on obtaining the most energy-efficient design
for individual circuit blocks [3]-[7]. However, as different cir-
cuit blocks often have conflicting constraints, their individual
optimization does not guarantee minimal energy of the entire
system.
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At the system level, designers must decide how to configure
different circuit blocks to deliver the desired performance and
achieve minimal energy [8]. Constraints imposed on these two
levels are often interdependent and at times conflicting. Zyuban
and Strenski [9], [10] developed systematic criteria for the veri-
fication of design optimality providing insight into the optimiza-
tion process. Unfortunately, this methodology has limitations
in its applicability, making it difficult to use. It also has some
unattainable assumptions in the derivation of optimal criteria
that do not lead to an analytical formulation once corrected.

This paper introduces a systematic method that yields the
globally minimal energy solution for circuit size optimization.
The solution is achieved by exploring different optimization
methods for a single pipeline stage. In addition, it formulates
the dependency of the circuit energy to its input size (i.e.,
total size of transistors attached to the input of the circuit) and
output load and applies that relationship to the optimization of
pipelined systems. The method also provides insight into how
supply voltage scaling affects the optimal conditions for which
a circuit should be designed.

This paper is organized as follows. Section II provides a
detailed overview and examines limitations of prior work
that address energy optimization at circuit and system levels.
Section III explains the energy and delay optimization of a
single pipeline stage for a given load. Section IV examines the
relationship of energy to input size and output load for a fixed
delay target. Section V presents the optimization method for
energy minimization of pipelined systems. Section VI applies
the optimization method to a media datapath. Section VII
expands the optimization to include supply voltage scaling,
explaining the optimality of supply voltage for minimal energy
and optimal performance. Section VIII concludes the paper.

II. PRIOR WORK

Digital circuit optimization can be divided into two main
levels: pipeline stage and system. At a pipeline stage, the ob-
jective is to minimize energy for the performance target under
input size and output load constraints.

One approach is transistor-level optimization, such as timed
logic synthesizer (TILOS) [3]. The method is simple, using
linear delay modeling and direct estimation of area (or energy)
based on transistor widths. The main limitation is its long
runtime due to the independent adjustment of a large number
of transistors, especially on complex designs. More recent
methods [4]-[6] proposed optimization at the logic stage level
in order to reduce the optimization complexity and allow for a
quick calculation of the solution. The energy is minimized by
proper distribution of delay to logic stages. The optimization

1063-8210/$20.00 © 2006 IEEE



DAO et al.: ENERGY OPTIMIZATION OF PIPELINED DIGITAL SYSTEMS USING CIRCUIT SIZING AND SUPPLY SCALING 123

60
Fixed Supply, Static 64-bit Kogge-Stone adder
n=co® Circuit Resizing in 0.13um, 1.2V CMOS
50 oo A (3um input, 60um load)
20 - Ba_E : hardware intensity
= E aD fixed supply
o
g sod oo\ = _2 ai : voltage intensity
2];) E aD fixed circuit
w 0=2.2 (VDD,nominal)
L b - R e PR
n=5.4 Lower Vpp Fixed Circuit Sizing,
Supply Scaling
10 - T IS
n=1.a
0 . . . ‘ ‘
10 15 20 25 30 35 40 45
Delay (FO4)
Fig. 1. Hardware intensity and voltage intensity.

could also be extended to include the effects of threshold and
supply voltages [7]. However, the locally minimized solutions
at individual stages do not necessarily guarantee an optimal
solution for the entire system.

Optimization has also been applied at the system level. The
unequal monotonic effects of supply voltage scaling on power
and performance were studied by Chandrakasan et al. [8]. They
exploited it to reduce the system energy by using a lower supply
voltage while maintaining the same throughput. The study ana-
lyzed two architectural approaches: parallelism and pipelining.

Parallelism involves the multiplexing of duplicated circuits
at certain blocks. The operating frequency of these blocks
can be scaled down by the number of duplications for the
same throughput. The frequency reduction allows for lower
supply to be used to reduce power. The main disadvantage
of parallelism is its high overhead of longer routing and
the cost of multiplexers. The second architectural approach
is pipelining. Under ideal pipelining conditions, the same
throughput can be achieved with reduced length of the critical
paths. Therefore, smaller circuits or lower supply can be used.
Deep pipelining faces the limitations of increased overhead for
extra clock-storage elements that need to be introduced in the
system. In addition, the ideal throughput of both architectural
approaches may not be achieved due to data dependencies.
Thus, the operating frequency must be set higher in order to
deliver the desired throughput.

Recently, Zyuban and Strenski [9], [10] proposed a high-level
approach to optimize different circuit structures. They intro-
duced the concepts of hardware intensity and voltage intensity
that express the effect of sizing and supply scaling, respectively,
on the energy—delay relationship. The definition and graphical
presentation of these terms are shown in Fig. 1. Note that hard-
ware intensity 7 defines the energy—delay sensitivity of the cir-
cuit due to circuit sizing alone at fixed supply voltage. Its value
corresponds to the exponent of the traditional £ - D" product
for the “optimal” design. On the other hand, voltage intensity,
6, refers to the energy—delay sensitivity of the circuit caused by
supply scaling on a fixed circuit sizing. Both of these terms can
be obtained for a fixed input size and output load of the circuit.

Using these terms, Zyuban and Strenski derived the gen-
eral criteria for the optimal solution of a pipeline stage and a

Block 1

Block 2

Load

w,=E,/E; E=ZE,
u,=D,/D; D=Z2D,

Fig. 2. Sample block sizing for a circuit stage.

pipelined system (Appendixes A and B). These criteria were
powerful in circuit optimization, as they appeared to reflect
the intuitive energy—delay relationship between logic blocks as
well as pipeline stages.

The optimal criteria given by Zyuban and Strenski have two
primary limitations: their hard-to-use coarse-tuning approach
and the restricted assumption of energy and delay dependency
among circuit blocks. First, the optimal criteria are difficult to
apply and their application is mainly suited for the verification
of design optimality. Given a design solution, this criteria can
be used to determine if the design is optimal. If the design is not
optimal, the criteria may suggest modifications to energy, delay,
hardware intensity, or supply voltage.

For example, consider the pipeline stage consisting of two
circuit blocks in Fig. 2. The energy and delay percentages of +th
block relative to the entire pipeline stage are represented by w;
and u;, respectively. Zyuban and Strenski have shown that the
optimal solution must satisfy

D= B e 81 = 3.
U1 U2

If the above condition cannot be met (such as n; = 7 for
the actual sizing of the above blocks), the analysis suggests re-
ducing w1 /u, and increasing ws /us. However, it is not imme-
diately clear how to change each block. One can fix delay and
change energy, fix energy and change delay, or change both. Fur-
thermore, it begs the question of how much the delay or energy
of each block should be changed so that the optimal solution is
reached.

The other primary limitation of the optimal criteria is that
their simple forms were derived assuming changes in a partic-
ular circuit block did not affect the energy and delay of neigh-
boring ones. While this assumption can be justified in coarse
tuning of circuits, it is generally not true for a pipeline stage.
One example is a path of inverters where, according to the log-
ical effort method [11], the delay of a gate depends on both input
size and output load. A change in the size of any inverter in the
path will affect the delay and energy of that inverter and the
one driving it. In general, energy and delay dependencies exist
among adjacent circuit blocks at their boundaries. Thus, they
must be included in the derivation of the optimal solution.

For a pipelined system, Zyuban and Strenski made a similar
assumption to enable the coarse tuning of pipeline stages, which
is also not true in general. It will be shown in Section III-A that
for a given delay with fixed input size and fixed output load, the
minimal energy of a pipeline stage is a known value. To cause
any change in energy while maintaining the same delay requires
a change in either the input size or output load of the pipeline
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stage that affects the energy and delay of the neighboring stages
that connect to it. Therefore, energy and delay dependencies
exist between adjacent stages and must be added to the deriva-
tion.

The optimal criteria proposed by Zyuban and Strenski for
pipeline stages and pipelined systems should be modified to ac-
count for these above dependencies. However, due to the non-
analytical form of these dependencies, their inclusion does not
lead to an analytical solution.

III. OPTIMIZATION OF A SINGLE PIPELINE STAGE

When designing a pipeline stage, the objective is either min-
imal delay [4], [5] or the least possible energy for a fixed delay
[6], [7]. The result of either objective is critically dependent on
the output load and the input size of the pipeline stage. It is ob-
vious that, given an optimal design for a fixed input size, in-
creasing the output load will either increase the delay or require
larger energy to maintain the same delay. However, it is less
clear what happens if the output load is fixed and the input size
is varied. The effect of changing input size for a fixed load is an-
alyzed next, based on the energy and delay behavior of circuits.
Energy and delay quantities are computed using linear models
for the energy and delay of gates.

The delay of a gate is approximately linear to its fan-out
and is modeled accordingly in [12] and [13]. However, the log-
ical effort model is more widely used due to its relatively tech-
nology-independent form [11]. This model can be analytically
derived and its accuracy confirmed by simulation. The general
form for logical effort delay model is as follows:

COH
d=(f+p)-7=(g-h+p) 7= <g- C.t +p) T

The delay d of the gate consists of three components: stage
effort f, parasitic delay p, and technology-dependent unit delay
7. The stage effort accounts for the effect of the output load
on delay while the parasitic delay represents the effects of the
parasitic capacitance inside the gate. In addition, the stage effort
is extended as the product of logical effort g (the relative driving
capability of the gate), and the electrical effort h (the loading
gain normalized to input capacitance Cyyt/Cin). The terms g,
p, and 7 are constant and can be obtained from simulation.

Similarly, the energy consumed in a gate can be linearly mod-
eled according to its input size and output load as

E:(Eg-Cout-i-Ep-Cin)~OéS+T~P1-Win-al.

The terms «s and «; are constant, representing the switching
activity and leakage factor of the active and leakage energy, re-
spectively. The term C,; refers to the output load, and Cj,, and
Wi, denote the referenced input capacitance and width of the
gate. The output load includes capacitances from loading gates
and their interconnecting wires to the output node. Within a cir-
cuit block, the gate-to-gate wire can be treated as a capacitance
because its resistance is mostly negligible. For long wiring, the
wire resistance causes a quadratic impact on delay, which is typ-
ically minimized using inverter insertion [14]. In our analysis,
we assume that such long wires have already gone through this
process.
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Fig. 3. Minimal achievable energy—delay using circuit sizing for a fixed input

size and output load at 1.2-V supply.

The constant terms I, and E, represent energy coefficients
for the loading capacitance and the internal parasitic capaci-
tance, respectively [4]-[6]. The term T - P; corresponds to the
energy due to leakage current over the clock period, T'. E
and E, are proportional to the square of supply voltage, while
P(= Iy - e~ (Vin—"Vaa)/Vo . Vaa) is proportional to its expo-
nential. In the past, the leakage energy term 7" - P, was negli-
gible. However, in state-of-the-art technologies, all three energy
terms are becoming comparable [1]. Nonetheless, for a given
operating condition (i.e., fixed supply voltage and temperature),
P, is constant. Therefore, the leakage energy is linearly propor-
tional to gate size and clock cycle. It will be shown later that the
total leakage energy is primarily affected by circuit size varia-
tion where circuit optimization is desired. In addition, the effect
of clock cycle becomes dominant only at very low performance
where circuit size variation is insignificant and optimization is
generally not needed.

For our analysis, the constant parameters for the energy and
delay models were extracted from HSPICE simulation [15]
in a 0.13-um 1.2-V CMOS technology. Using these models,
the energy—delay characteristics of three design scenarios for
a pipeline stage are analyzed. For our case study, the pipeline
stage is a 64-b static Kogge—Stone adder [16] with a 60 um gate
load at its output. The gate-to-gate wire capacitance is included
and computed assuming a 4-pm bit pitch.

A. Energy Optimization for Fixed Input Size and
Fixed Output Load

Energy optimization for a fixed input size and output load
constraint is the most common design scenario for a pipeline
stage. Given a fixed input size and fixed output load, the ob-
jective is to design the circuit for minimal energy. The design
region for a fixed input, fixed output 64-b static Kogge—Stone
adder using circuit sizing is shown in Fig. 3. Possible en-
ergy—delay points are shown in the area surrounded by the
closed dotted curve. The points lying on the lower boundary
of this space are most energy efficient for the given input and
output constraints and represent the energy—delay curve of
interest. Points on this curve can be determined by sizing the
circuit for minimal energy under the given input size and output
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Fig. 4. Design region for possible energy reduction using circuit sizing for a
fixed output load at 1.2-V supply.

load constraint for the desired delay target [7]. This curve is
often used for energy—delay tradeoff, where a design point is
selected based on its cost of energy (A F) for a given change in
delay (AD).

Fig. 3 also shows the leakage energy corresponding to the
minimal achievable energy—delay curve. The leakage curve is
primarily affected by the large circuit size variation with respect
to delay change. The increased leakage associated with a longer
clock cycle is substantially less than the leakage reduction ob-
tained from smaller transistor sizes. Therefore, leakage energy
behaves as similarly as the active energy. Even when leakage
energy becomes comparable to the active energy in future tech-
nologies or due to low switching activity of circuits, the char-
acteristics of the minimal achievable energy—delay curve will
remain unchanged and no algorithmic change for the optimiza-
tion is needed.

B. Delay Optimization for Fixed Output Load

The minimal energy—delay curve for a fixed input size and
fixed output load has an upper bound defined by the minimal
delay point D ,;,,. It represents the smallest delay that the circuit
can possibly achieve for a fixed input size and fixed output load.

Traditionally, this point was found by sizing all gates along
the critical paths of a pipeline stage with a fixed fan-out delay.
This view has been reinforced by the logical effort method [11],
which states that the delay of a simple chain of gates is optimal
when the stage effort (or fan-out delay) of each gate is equal.
The same is true for multipath circuits when the off-path gates
are linearly proportional in size to the corresponding on-path
gates. Nonlinear factors, such as wire effect, minimal gate sizes,
unequal numbers of gates along different paths, and parasitic
delay difference of gates, will affect the optimality of the result.
Nevertheless, only one minimal delay point exists for each input
size and output load of the pipeline stage.

The energy—delay curve for these delay-optimized points sets
the upper energy limit for the design region [5]. The upper solid
gray curve in Fig. 4 shows these points obtained for various
input sizes with a fixed output load. The larger the input size
is, the smaller delay can be achieved, but at the cost of more

energy. All design points above this curve are very inefficient
because they use more energy for the same delay and require a
larger input size.

C. Energy Minimization for Fixed Output Load

As energy consumption becomes more critical, circuit de-
signers are forced to find the globally minimal energy design
point for the required delay target. The solution requires the op-
timization of the pipeline stage for minimal energy while the
delay is fixed.

The method proposed in [6] achieves minimal energy by re-
distributing delay in logic stages and varying input size, such
that the changes of energy with respect to delay in all stages are
equal. This is achieved at the cost of the increased input size
(i.e., reduction of the overall circuit gain, H = Cpoad/Crnput)-
The points obtained from energy minimization are shown by the
lower solid black curve in Fig. 4. By definition, all other possible
energy—delay points of the design must be above this curve.

It is important to observe from this graph that the minimal en-
ergy for an arbitrary delay target corresponds to a specific input
size of the pipeline stage, which is larger than the delay-op-
timized one. At this input size, the energy—delay sensitivities
among logic stages are balanced. Therefore, increasing the input
size beyond this optimal value will result in more energy con-
sumption. This characteristic of the design, with respect to en-
ergy, is distinctive compared to its delay characteristic where the
delay is continuously improved by increasing input size.

In addition, the bounded area represents the design region for
possible energy reduction at a fixed output load. The choice of
design point is set by the delay target and the input size condi-
tion.

D. Methodology for Pipeline Stage Optimizations

In general, the solution to each of the above optimizations is
a convex function of all gate sizes. This function can be solved
for minimal energy or minimal delay under a set of constraints
for input size and output load. This problem is well studied with
known polynomial algorithms presented in [3] and [17]. In ad-
dition, instead of being optimized individually, the gates can be
grouped into logic stages to significantly reduce complexity and
improve rate of convergence [6].

IV. ENERGY SENSITIVITY TO INPUT SIZE AND OUTPUT LOAD
AT FIXED DELAY

Pipeline stage optimization requires an understanding of the
energy sensitivity of a pipeline stage to the variation of its input
size and output load for a fixed delay. From the results of delay
optimization and energy minimization for a fixed load (previous
section), the upper and lower bound of the input size for the de-
sign can be obtained. The input size for the design region of a
64-b Kogge—Stone adder with 60-ym gate load in a 0.13-pm,
1.2-V CMOS technology is shown in Fig. 5. The lower bound
for input size is found using delay optimization and the upper
bound is found using energy minimization. All other energy
points for the targeted delay have an input size within this range.

In the case of a pipelined system, the delay is fixed and is de-
termined by the processor clock cycle requirement. Therefore,



126 IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS, VOL. 14, NO. 2, FEBRUARY 2006

60
(64-bit static Kogge-Stone adder in 0.13um CMOS at 1.2V)
Load = 60 um gate width

50 +-------- K2

Energy-Minimized
Design Points

EN
o

Input Size (um)
8

Range of Input Size
for Achieving the
Same Delay

N
o

........

10 Delay-Optimized
Design Points
(Logical Effort)

0 T T
1 12 13 14 15 16 17
Delay (FO4)
Fig. 5. Input range of design region for possible energy reduction for a fixed

output load at 1.2-V supply.

280
(64-bit static Kogge-Stone adderin 0.13um CMOS at 1.2V)
260 £ Delay-Optimized Load = 60 um gate width
max . .
240 TR ! Design Point
@ 1 _
2|_ ! \more energy Delay = const.
220 s|3 i
o~ x| ! \sensitive Fixed Load
£ 200 3loe !
> H B
2 180 S : less energy  Energy-Minimized
5 ; sensitive Design Point
160 (g CTTTTTT T '
E min L (6.2pJ) N
140 £ 1NPUt min Input INPUt max!
1 i Energy (pJ)
120 — ———+ f f f f f f t
6 P8 10 12 14
100 P oy P i Size (um)
15 20 25 30 35 40
Input

Fig. 6. Energy-input relationship for a fixed output load at a constant delay
and 1.2-V supply.

the characteristics of the design region are reduced to the rela-
tionship of energy to input size and output load.

A. Relationship of Energy to Input Size at Fixed Delay

A typical energy-input relationship of a pipeline stage at a
fixed delay is shown in Fig. 6. The maximal energy point cor-
responds to the smallest input size and is determined using the
delay optimization as presented in Section III-B. The minimal
energy point corresponds to the largest input size that is deter-
mined using the energy minimization shown in Section III-C.
All points in between are computed by minimizing energy for
fixed delay, input size, and output load, as discussed in Sec-
tion III-A.

In general, this form of energy-input relationship is universal
to any pipeline stage. It represents the minimal energy design
points for the corresponding input range. The actual ranges of
energy and input size vary for different pipeline stages and de-
pend on circuit topology and design constraints. The largest en-
ergy sensitivity occurs at the smallest input size. This sensitivity
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Fig. 7. Energy relationship to input size and output load at a constant delay
and 1.2-V supply.

demonstrates the high energy cost paid by delay-based opti-
mization techniques (such as logical effort) to achieve the best
delay for a given input size. On the other hand, at the maximal
input size the energy is fairly insensitive to the input size. The
side effect of this insensitivity is that the energy remains rela-
tively flat over the upper half of the input range. This feature can
be exploited to reduce the load that a pipeline stage imposes on
the preceding stages that drive it.

B. Effect of Output Load on Energy

The energy of a pipeline stage is also affected by output load.
The effect of the output load on the energy-input curve is shown
in Fig. 7. For a larger load, the curve is shifted toward higher en-
ergy and larger input sizes. In addition, the energy dependence
on the output load for the delay-optimized and energy-mini-
mized points remains relatively linear. For the delay-optimized
case, this linear behavior occurs because the input size and en-
ergy are linearly proportional to gate sizes, which are traceable
to the output load. For the energy-optimized case, it is unclear
why the energy-input relationship can still be linear despite the
possible change in delay distribution. It is assumed that such
change is a weak function of the output load, so the energy be-
havior remains linear. The range of input sizes is reduced at
smaller load due to the nonlinear effects of wire capacitance,
parasitic delays of gates, and secondary effects at minimal tran-
sistor sizes.

C. Energy Sensitivity Factors

As observed in Fig. 7, at a given performance the circuit en-
ergy is sensitive to both input size and output load. These sensi-
tivities characterize the energy gradient of a pipeline stage and
are necessary factors for system optimization.

Given a fixed load, the energy—input sensitivity will increase
as the input decreases. This sensitivity is infinite at the delay-
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optimized point and zero at the energy-minimized point. We
define the energy—input sensitivity as

oF

OE,I t = T At .
e 8Input Load=fixed.

It represents the rate of energy change with respect to input
variation at the current input size for a fixed output load. Note
that the minus sign indicates the opposite behavior of energy to
input size.

The output load also affects the energy of the pipeline stage.
We define the energy-to-output sensitivity on the output load as

oL

OFE,Load — A7 5
o dLoad Input=fixed.

It refers to the rate of energy change with respect to load vari-
ation at the given output load for a fixed input size. For a chosen
input size, the energy—load sensitivity will increase as the load
increases.

These two energy sensitivities play important roles to the op-
timization of pipelined systems.

V. PIPELINED DIGITAL SYSTEM OPTIMIZATION

Pipelined systems are the most common digital systems. The
diagram of a simple pipelined system is shown in Fig. 8. Each
pipeline stage ¢ consists of the logic circuits for the stage and the
clock storage elements driving them. The boundary B; between
the (7 — 1)th and sth pipeline stages is defined at their interface.
In other words, the boundary represents the end of (i — 1)th
stage and the beginning of +th stage. The load at the boundary
B; consists of the ¢th-stage input size and the interconnect wire
between the two stages.

The constraints of the pipelined system are the system 1/O,
throughput, and energy. System designers will need to trans-
late these requirements into the estimated input size and output
load for each individual pipeline stage which are then given as
implementation requirements to circuit designers. By trading
the energy sensitivities to the input size and output load among
pipeline stages, the minimal energy of the system is achieved.

A. Problem Definition

The energy minimization of a pipelined system typically be-
gins with an initial implementation for a delay target Dy (set by
the system cycle time). The energy of the entire system needs to
be minimized under this delay constraint.

The initial implementation is obtained by applying the fol-
lowing steps:

1) estimate an acceptable input size for each pipeline stage
and compute its corresponding output load (i.e., the sum-
mation of output wire capacitance and the input sizes of
next pipeline stages);

2) minimize energy of each stage for the above input size and
output load, using the optimization method described in
Section III-A.

Note that the delay-optimization and energy-minimization
methods (Section III-B and III-C) should be used to verify if
the initial choices for the input sizes are acceptable in each
particular stage. For example, the delay-optimized method can
determine if the input size is too small to achieve the delay
target for the given load. If this is the case, either the initial input
value must be increased or the output load must be reduced by
lowering the input sizes of next stages. On the other hand, the
energy-minimized method can determine if the initial size is
too large. If so, its value can then be reduced to that provided
by the energy-minimized method in order to avoid unnecessary
loading to the preceding stage.

It is expected that the energy of the system resulting from the
initial choice of input sizes and output loads will not be optimal.
That is, energy sensitivities among different pipeline stages at
some pipeline boundaries are not equal. The next step is to find
the criteria that yield the minimal energy for the system.

B. Optimization Criteria for Simple Pipelined Systems

Energy can be improved if energy sensitivities to input
size and output load are not balanced at an arbitrary pipeline
boundary B;. In general, the energy of a system is minimal if
and only if the energy sensitivities are equal at each pipeline
boundary. That is

OFE.,Load P;_; = OFE Input P;

for all boundaries B,;.
This fact can be proven via the two cases where energy sen-
sitivities are not balanced.

Case 1: (i — 1)*" pipeline shows more energy sensitive to its
output load than sth pipeline to its input size. That is,
OE,Load P(i—1) = OE Input P(i)-
Reducing the input size of the ith stage (Alnput; <
0) will result in less load to the (i — 1)*" stage and
allow for total energy reduction. The mathematical
proof is shown below.

AFE :Enew - Einit
=AFEpipeline(i-1) T AEPipeline(i)
~(0 B, Load P(i-1) = OB, Input P(i))Alnput;
<0.

As the input size is reduced, 0 g 1.0ad P(i—1) Will de-
crease while o g 1hput p(i) Will increase. Their values
will begin to approach each other. When they are
equal (05 Load P(i—1) = OE,mnput P(i))» further re-
duction in energy is not possible, as is illustrated in
the next case.

(—1)th pipeline is less energy sensitive to its output
load than 4th pipeline is to its input size. That is

Case 2:

OE,Load P(i—1) < OE,Input P(i)-
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Similarly and in the opposite manner, increasing the input
size of the ith stage (Alnput; > 0) will yield less energy as
shown mathematically.

AFE =Epjcw — Einit
:AEPipeline(i—l) + AEll:’ipeline(i)
~(0 B, Load P(i-1) — OE,Input P(i))Alnput;
<0.

In addition, 0 g 1.0ad P(i—1) Will approach oz raput Py With
the increasing input size. The energy will not reduce any more
when these sensitivity terms are equal.

Combining the results of the above two cases, energy is
minimal when the energy sensitivities are equal at the given
boundary. These conditions can be extended to the general
system, where feedback from multiple pipeline stages may
occur.

C. Optimal Criteria for General Pipelined Systems

In a general pipelined system, a pipeline stage can be driven
by several other pipeline stages via its different inputs. Since
the delay from each input to the output must be the same, any
change at one input will affect all the other inputs of the stage.
Consequently, the energy of the stages driving these inputs will
also change and a single energy sensitivity to input can be used.

On the other hand, a pipeline stage may drive several other
stages that have independent input sizes. Therefore, the energy
sensitivities caused by these loading stages can be accounted for
separately.

The conditions for optimal energy are extended to include
the above general pipeline stages. Using similar reasoning as
in Section V-B, the optimal criteria for minimal energy must
satisfy

§ OFE,Load A, = OE,Input B
k

at the boundary of any arbitrary stage B where stage Ay, drives
its k*" input.

D. Optimization Algorithm

The optimization of the pipelined system is a recursive
process where optimization switches between individual
pipeline stages and the pipelined system. The outlined algorithm
in Fig. 9 represents the process flow of the optimization.

The load of each pipeline is computed from the initial (arbi-
trarily) chosen input size of pipeline stages. Each pipeline stage
is then minimized for energy for the chosen input size, output
load, and delay target. With respect to input size and output load,
its energy sensitivities can be computed. Next, the energy sensi-
tivity criteria are applied to each pipeline boundary to verify the
energy balance between pipeline stages. Should there be an en-
ergy imbalance at a boundary, the input sizes of pipeline stages
attached to the boundary are adjusted toward improving the en-
ergy balance. The entire process is repeated until the energy is
balanced at all pipeline boundaries.

Choose input size
of pipeline stages

|

Minimize energy
of each pipeline

Update
input size
of such a
boundary

Compute all

OF,input' OE load

Balanced
o at all pipeline

No

Fig. 9. Algorithm for energy optimization of pipelined digital systems.

Note that the total energy of the system is continuously im-
proved after each iteration of the algorithm until it reaches the
optimal solution. The effectiveness of the algorithm depends on
two selections: the unbalanced pipelined boundary to be up-
dated and the amount of input size variation at that boundary.
The boundary selection will depend on the amount of energy
sensitivity difference at this boundary and the energy weight of
its pipelines. A brute-force approach using the most energy sen-
sitivity difference can be used. More complex algorithms may
be found in [18]. The input size update at the boundary can be es-
timated from the difference of energy sensitivities with respect
to input size and output load at the boundary. The amount of
input size variation at this boundary may not need to be exact
when many boundaries have unbalanced sensitivities because
adjustments in the latter can alter its balanced energy sensitivi-
ties. Notice that inexact input adjustment will not affect the en-
ergy improvement of the system. It only affects the converging
time. One the other hand, input size adjustment should be grad-
ually tightened when the energy sensitivities at boundaries re-
duce.

VI. OPTIMIZATION OF A MEDIA DATAPATH

An example of a simplified datapath used in a media pro-
cessor [19] was chosen to demonstrate the validity of the
optimization criteria. The datapath allows operations on the
operands of 8-, 16-, 32-, and 64-bit sizes, as required for
processing different media data types. Fig. 10 shows the main
building blocks of the selected datapath. The main components
include two 16 x 16-b multipliers and one 64-b partitioned
adder, separated by register pairs (X,Y), (U, V), (C,S) and
output register Z. The multipliers assume signed operands
and employ Radix-4 Booth encoding [20]. The adder is imple-
mented using a configurable parallel-prefix structure for the
carries and 4-bit conditional summation [21]. The registers are
implemented with the conditional-precharged flip-flop [22].

For energy optimization, the pipeline stages of the datapath
are defined as shown in Fig. 10. Note that some of the regis-
ters (X, Y, U, and V) are split into different pipeline stages so
that each pipeline can be optimized separately. In addition, due
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Fig. 10. Block diagram of the media processor datapath.
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Fig. 11. Minimal energy versus boundary conditions for the media adder and

the multiplier at 17FO4 delay and 1.2-V supply.

to the symmetry of the system, the multipliers in pipeline stage
1 are identical. The maximal input size of the system is deter-
mined by the largest of the register pairs, { X1, X2}, {Y'1,Y2},
{U1,U2}, and {V1,V2}. The system load is set by register Z.

The system is optimized for the following constraints in a
1.2-V 0.13-uym CMOS technology. The performance target is
set at 17 FO4 delay. The system load (applied to the media
adder) is fixed and equivalent to 60-pm gate width. The system
input size set by registers X, Y, U, and V' is no more than 30-um
gate width.

At the optimal solution, the following boundary equations
must be met:

o MAX{Input X, Input Y, Input U, Input V'} < 30 pum;

®* OFE Load (Pipeline 1) = OE,Input (Pipeline 2)-

The adder has a fixed load of 60-pm gate width (or system
load). Its energy versus input size can be obtained using the
optimization methods in Section III. The results are shown in
Fig. 11. There exists a two-times difference between the max-
imal and minimal energies for the media adder, with a corre-
sponding range of input size from 4.7 to 12 pm.

The multipliers are directly loaded with the input size of the
adder. The maximal input size condition (summation of adder

—_ gl
E1250 § 5 Region of Design Points “Eg 1000
5 28, £ =
2200 53 8% 800 S
o N >N
> = E BE 3
g i - 2 g B
& 150 -5 SRR R "':'::':',':,g,;,, 600 &
@ =3 se w
el
o) &° Med, Minimal Energy © £
€ 100 H_aE at Fixed Boundaries| L 400 2
> Adder Multipliers »
% Balanced &
c 50 - Sensitivities — 200
w Energy ¢ — Media Datapath
Sensitivity 0.13um CMOS at 1.2V
0 - 1 O o L B 0
3 5 7 9 11 13
Multiplier Output Load = Adder Input Size (um)
Fig. 12. Minimal energy solution for the media datapath at 17FO4 delay and
1.2-V supply.

input size and multiplier input size) allows for the computation
of the multiplier input size. The energy for each multiplier has
a three-times range versus its output load (or the media adder
input size) under the given delay constraint using the optimiza-
tion method in Section III-A (Fig. 11). In addition, the exponen-
tial increase of energy at higher load indicates that the input size
of the multiplier is pushed closer to its delay-optimized value.

The energy characteristics of the adder and the multipliers
show opposite behavior. The energy sensitivity of the adder is
higher at a small input size and lower at a larger one. Conversely,
the energy sensitivity of the multipliers is lower at small output
load (or small input size of the adder) and higher at large output
load (or large input size of the adder). Therefore, a minimal
energy solution exists within the input range of the adder.

The optimal input size of the adder may be found using the
binary search algorithm over the input range of the adder. First,
the midpoint of the input range is selected to compute the en-
ergy sensitivities of the multipliers and the media adder. Then,
the search range is reduced to the half range where the energy
sensitivity behavior at the midpoint is opposite to that of the cor-
responding end. The process is repeated on the new search range
until the solution is reached (i.e., where the energy sensitivities
match). This search reflects the gradually tightening approach
of input adjustment toward the correct value, as suggested in
Section V-D.

Fig. 12 shows the energy sensitivities of the multipliers and
adder and the total energy of the system. The optimal energy
occurs when the input sizes of the adder and the multipliers
are set to 6.5 and 23.5 pm, respectively. The minimal energy
solution corresponds to the optimal criteria where the output
energy sensitivity of the multipliers is equal to the input energy
sensitivity of the adder.

Significant energy is saved compared to those at the edges,
26% and 37% when delay optimization is applied to the media
adder and the multipliers respectively. It indicates that optimiza-
tion focusing only on individual pipeline stages could actually
lead to very high energy consumption of the whole system. In
addition, more energy can be saved compared with other pos-
sible design points when input sizes are not correctly chosen as
shown in the shaded region.
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Fig. 13. Minimal achievable E-D for the media datapath using circuit sizing

at 1.2-V supply.

Furthermore, due to the flat energy characteristics near the
minimal energy solution, coarse tuning of the system energy
is possible over a wide input range of the adder (5.5, 8.5 um),
where energy is within 5% of the optimum. Therefore, a less
strict algorithm can be used to speed up the convergence
process. Nonetheless, to guarantee the closeness of the result,
our proposed optimal criteria must have the primary role during
the optimization.

VII. DELAY AND SUPPLY SCALING OF A SYSTEM

An important aspect of energy efficiency is the energy be-
havior of a system as its delay target changes. This behavior can
be influenced by circuit sizing and supply scaling.

A. System Energy-Delay Characteristic Due to Circuit Sizing

Intuitively, improved performance of a system comes at
the cost of more energy. This can be explained using the en-
ergy—delay characteristics of individual pipelined stages from
Section III and proof of contradiction. The derivation is omitted
for its triviality.

The minimal energy delay curve for the media datapath at
1.2-V supply voltage is shown as a solid line in Fig. 13. As the
system delay increases, its energy is reduced in a similar manner
as for a single pipeline stage. In addition, the maximum input
size of the system is also smaller. This is possible because the
delay increase can be traded for less energy by not only circuit
resizing but also output load reduction by reducing the input size
of loading pipeline stages.

The “optimal” solutions using the system criteria in [9] and
[10] are also shown and represented by filled diamonds. They
are obtained for the shown input sizes of the multipliers and
adder, and correspond to the energy—delay points where the
system criteria in [9] and [10] are satisfied. The system results
show that the energy—delay curve obtained with our method
represents the minimal achievable energy—delay points for the
system. In addition, the results obtained from the criteria in [9]
and [10] are not guaranteed to be optimal.

The above deduction assumes no significant change in system
energy behavior. That is, less energy is achieved by increasing

400 \ S S 1 1 -
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350 - 1.4V for circuit sizing
‘\ at 1.0V supply voltage
300 - / /
= Region of Design Points
£ 250 -
>
=
é 200
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0-+— " ‘ "
12 17 22 27 32
Delay (FO4)

Fig. 14. Minimal achievable energy—delay for the media datapath using circuit
sizing and supply variation.

the delay. In reality, this energy—delay behavior can be altered in
two ways. One way is the change of switching activities, which
can occur when gate resizing causes different arrival times of
input signals and may, therefore, cause multiple switching. An-
other influence to energy behavior is leakage power. At a larger
delay, the circuit size variation is smaller but the leakage time
is longer. The energy savings due to the decreased circuit size
may eventually be offset by the increasing leakage time. These
two effects are important only in the low-power region of design
[23]. They determine the delay at which the absolute minimal
energy occurs for the given supply voltage. This delay also sets
the lower limit for low-power performance.

While the effect of extra circuit switching at low power
does not change with technology scaling, the effect of leakage
does [1]. Technology trends show an increasing percentage of
leakage over the total energy due to the reduction of threshold
voltage. Because of increased leakage, the absolute minimal
energy is pushed toward high performance design, essentially
reducing the useful range of system performance.

B. Effects of Supply Scaling

Supply voltage can also provide an important source of en-
ergy efficiency. Zyuban and Strenski [9], [10] generalized the
effects of supply voltage on energy and performance of dif-
ferent circuits and represented them by voltage sensitivity terms,
Eyv = (V/E) - (0E/OV), Dy = —(V/D) - (0D/0V), and
6 = Ey /Dy, where the last was called voltage intensity. As-
suming the terms Fy and Dy were equal for all gates and circuit
stages, they derived the minimal-energy criteria for different
types of pipeline structures that related the voltage scaling and
circuit sizing (i.e., voltage intensity and hardware intensity, re-
spectively).

The implication of their results is profound at the system
level, which reveals the dependencies between supply voltage,
optimal circuit sizing, and optimal performance, as demon-
strated in Fig. 14. The minimal energy—delay curve for the
media datapath is shown at different supply voltages. For a
given supply voltage, the circuits can be designed for min-
imal energy over a range of delay targets, using optimization
methods discussed previously. At different supply voltages,
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Fig. 15. Minimal energy at optimal supply voltage for the media datapath.

different optimal energy—delay curves can be obtained. At
higher supply, better performance is achieved while more
energy is consumed. The result is the overlap of the optimal
energy—delay curves. Consequently, there exists a minimal
achievable energy—delay curve over all possible supply values
and circuit sizing.

There is only one single point on the optimal energy—delay
curve for each supply where the energy and delay are globally
optimal. This point occurs when the hardware intensity of the
system matches the voltage intensity. That is

Tlsystem = 6.

This implies that minimal energy, optimal delay, and supply
voltage are interdependent. Therefore, once the supply voltage
is chosen for a system, its optimal performance and energy con-
sumption have been determined. Likewise, once the delay target
is fixed (set by the system cycle), there is an optimal supply
voltage that yields the minimal energy design. Should the per-
formance (such as for a desired throughput) be incorrectly as-
signed for the nominal supply, a design of smaller energy can
be found with a different power supply voltage.

In practice, there exists no method to directly determine
the optimal delay for a supply voltage. Another iterative step
needs to be added to the optimization algorithm (Section V-D)
in order to adjust the delay toward the optimal value. The
hardware intensity of the system can be estimated using (7) in
Appendix B and is accurate only for an infinitesimal change in
delay, where input size and output load of pipeline stages are
assumed constant. The result cannot be used to determine the
exact delay change. Instead, it can only help to decide if the
system delay should be increased or decreased when estimated
Tsystem 15 larger or smaller than 6, respectively. Based on
typical energy—delay characteristics of systems, experienced
system designers may make a good educated guess to set the
delay closer to the optimal value.

The potential energy saving of designs optimized for different
supply voltages is observed in Fig. 15, which shows the esti-
mated energies for the media datapath at 794 and 900 ps over
a range of supply voltages. The global minimal energy design

point for each delay occurs at a specific supply voltage. The en-
ergy increases significantly at lower supply voltage than the op-
timal value because the design is then pushed closer toward the
delay-optimized design point where the energy sensitivity in-
creases exponentially. On the other hand, more energy is con-
sumed at higher supply voltages because the quadratic energy
increase due to voltage change slightly exceeds the energy sav-
ings due to sizing reduction. In addition, Fig. 15 shows that
supply-scaling optimization enables significant energy reduc-
tion between delay points compared to those at a fixed supply
voltage. Furthermore, it also allows for larger delay range of the
system.

VIII. CONCLUSION

In this paper, we have presented a systematic optimization
process for pipelined digital systems. For each pipeline stage,
different optimizations can be performed depending on the de-
sign objective. The analysis of these optimizations reveals the
design region for the energy and delay of a pipeline stage where
design choice should be made. For a pipelined system, the de-
sign choice depends on the sensitivity of each pipeline stage to
its input size and output load. These sensitivity factors allow for
energy tradeoffs amongst stages to minimize the total system
energy. At the minimal energy design point, the derived op-
timal criteria show that the energy sensitivities at each pipeline
boundary must be balanced. An example of this optimization
process applied to a media datapath leads to the minimal energy
consumption of the design under the given performance and I/O
constraints. Energy savings up to 37% are obtained through the
correct optimization of pipeline stages and their boundaries.

In addition, we demonstrate the interdependencies between
supply voltage, minimal system energy, and optimal perfor-
mance and their tradeoffs. Given a desired performance of the
system, there is an optimal supply voltage and sizing where
globally minimal energy can be achieved. Similar conclusions
can be made when the supply voltage is fixed.

This work provides a fundamental improvement to digital
pipelined system design, by demonstrating what can and should
be done in each pipeline stage and at the system level as well as
how to achieve the solution. The presented methods provide de-
signers and tool developers with a systematic approach toward
finding the minimal energy solution.

APPENDIX A
DERIVATION OF OPTIMAL CRITERIA FOR
A SINGLE PIPELINE STAGE [9], [10]

The general block diagram of a composite stage (such as in-
dividual stages of a pipelined system) is shown in Fig. 16. It
consists of N logic stages. Each stage ¢ is represented by en-
ergy F;, delay D;, supply voltage V', and circuit sizing 7;.

Zyuban and Strenski assumed that F; = E;(V,n;) and D; =
D;(V,n;). That implies energy and delay of individual logic
stages are independent of one another. This is only possible by
fixing the input size and therefore output load of the stages.

The objective is to minimize the total energy of the whole
stage (F = X F;) while keeping its total delay unchanged (D =
¥D; = Dy = constant).
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Fig. 16. Block diagram of a pipeline.

That is
e Minimize:

E(V,ny,....nv) = Y Ei(V,m)

¢ Constraint:

Solution is found from minimizing LaGrange function

L= ZEZ'(W ni) + A (Z D;(V,n;) — Do)

(a) Solving the LaGrange function with respect to the sizing
of stage 7, we will get

oL =0, forl - N
om;
OE;(V,m;) on; OFE;
<= A=- =
8772 aDl(V7 nb> 8‘Dl fixed V.

Multiply both sides with D/FE

D, __D oK
E E 0D |gyea \%
(%) Di 0E;
- (%) E IDi | fxea v
= (1)

2

The left term is the same regardless of value ¢. Therefore, at

optimal energy
w; w4 ..
. u;

U

In addition, note that the total intensity of the stage

FE;
_ DOE_ D Z g
stase = T HOD T T EY. oD;

cannot be related to (1). Therefore, nstage has no connection to
the optimal solution.

(b) Solving the LaGrange function with respect to supply V,

we will get
OL  — OE;(V,1;) ODi(Vimi) _
oV~ oV +Az; v Y
6E7; ‘/, i
TER e,y E
Z 267‘/7771 oV oD fixed size D
2

%(_/
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E,.D,.V.n, E,.D,V.n, EnDyViny

Fig. 17. Block diagram of a simple pipelined system.

Combining (1) and (2), we will get the optimal criterion for
minimal energy of the composite stage

ﬂm:() fore =1— N.

Ui 3)

Note that (3) is exact and very simple in form. Unfortunately,
the result is undermined by the energy and delay dependencies
between adjacent stages via their input sizes and output load
(Section III). Accounting for these dependencies leads to no an-
alytical solution.

APPENDIX B
DERIVATION OF OPTIMAL CRITERIA FOR
A PIPELINED SYSTEM [9], [10]

Fig. 17 shows the general diagram of a simple pipelined
system. It consists of N pipeline stages. Each stage ¢ is rep-
resented by energy E;, delay D;, supply V, and circuit sizing
1;. Similar to the composite-stage case, energy and delay of
individual stages are assumed independent of one another,
which is only possible by fixing input size and output load of
each pipeline. Thatis E; = E;(V,n;) and D; = D;(V, n;).

The goal is to minimize the total energy of the system (E =
Y E;) while maintaining the same delay (D; = Dy) in each
pipeline stage. That is

¢ Minimize:

E(WV,m,...,nn) = Y Ei(V,ms).

* Constraint:

D;(V,n;) = Dy = const fori=1— N.

Solution is found from minimizing the LaGrange function

L= ZEL(V ) + Z)\L [D;(V,n;) — Do].

(a) Solving the LaGrange function relative to the sizing of
stage ¢, we will get

a_L — IE;(V, m:) + N\ OD;(V, ;) =0 forti=1— N

(9771', 8771', 8771'

=\ = : = — 4)
8771 8-D2(V7 771) 8‘Dl fixed V.

Sum up all (4) and multiply both sides with D/FE

D D oFE;
Ezi:ni:_EZi: aD; fixed V
E; D OF;
:_Ei: <EE aDL ﬁxch)

E; .
= Z w;n;, withw; = — Vi. 5)

E
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In addition, the equal-delay constraint allows that 0D; = 0D

Y 4. Then
D D oF;
- n=—-—7
E zl: E 21: 8‘DZ fixed V'
oL,
_p 2%
E 0D

fixed V'
D OE

E oD fixed V
:nsysten'v (6)

Combining (5) and (6), we will get
Tlsystem = Z w;Tl; . @)

The system hardware intensity is computable from the hardware
intensity of individual stages.

(b) Solving the LaGrange function relative to the supply

OL <~ 9E(V.m)
v a i ov fixed size
ANi ——— =0. 8
" 21: / oV fixed size ( )
By definition
IL; (V. i) _Ei (V OE(V,ni)
oV fixed size a 4 EZ oV fixed size
E;
:—E /q
v
9D;(V, mi) _Di (V 0D;(V,n;)
ov fixed size Vv D'i ov fixed size
D;
= — —D i
v Vi
D
=— =Dy,. 9
=Dy, ©)

Note that Fy and Dy, terms refer to the normalized sensi-
tivity of energy and delay with respect to voltage. The expres-
sions can be seen directly in (9). Substituting these expressions
into (8)

oL E; D
_— = —Efi— 1—D /i:(], 10
avivx,zi:ﬁvx, (10)

Zyuban and Strenski assumed that Ey and Dy for all stages
of the pipeline [system] are equal [9], [10]. Then, (10) can be
written as

EVZE,L-—DDVZ)\i:EEV—DDVZ)\,L-ZO
7 [ EVE B 7
zi:)\i:D_VBZHB

D
b= Z Ai = Negstem-  (11)

Combining (7) and (11), we will get the optimal criterion for
minimal energy of a system

qu W;iTli = Tsystem — 6.

(12)

The above equation appears quite impact and simple. Similar
to the composite stage, the result is undermined by the assump-
tion on independency between pipeline stages. Inclusion of the
dependencies will not lead to an analytical solution.
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