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Abstract

Power dissipation in CMOS circuits is of growing concern as the computational

requirements of portable, battery operated devices increases. The ability to easily de-

velop application specific circuits, rather than program general-purpose architectures

can provide tremendous power savings. To this end, we present a design platform for

rapidly developing power efficient hardware architectures starting at a system level.

This high level VLSI design platform, called CoDeL, allows hardware description at

the algorithm level, and thus dramatically reduces design time and power dissipa-

tion. We compare the CoDeL platform to a modern DSP and find that the CoDeL

platform produces designs with somewhat slower run times but dramatically lower

power dissipation.

The CoDeL compiler produces an FSMD (Finite State Machine with Datapath)

implementation of the circuit. This regular structure can be exploited to further

reduce power through various techniques.
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To reduce dynamic power dissipation in the resulting architecture, the CoDeL

compiler automatically inserts clock gating for registers. Power analysis shows that

CoDeL’s automated, high-level clock gating provides considerably more power savings

than existing automated clock gating tools.

To reduce static power, we use the CoDeL platform to analyze the potential and

performance impact of power gating individual registers. We propose a static gating

method, with very low area overhead, which uses the information available to the

CoDeL compiler to predict, at compile time, when the registers can be powered off

and powered on. Static branch prediction is used to more intelligently traverse the

finite state machine description of the circuit to discover gating opportunities. Using

simulation and estimation, we find that CoDeL with backward branch prediction gives

the best overall combination of gating potential and performance. Compared to a

dynamic time-based technique, this method gives dramatically more power savings,

without any additional performance loss.

Finally, we propose techniques to efficiently partition a FSMD using Integer Linear

Programming and a simulated annealing approach. The FSMD is split into two or

more simpler communicating processors. These separate processors can then be clock

gated or power gated to achieve considerable power savings since only one processor

is active at any given time. Implementation and estimation shows that significant

power savings can be expected, when the original machine is partitioned into two or

more submachines.
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Chapter 1

Introduction

Engineers participate in the activities which make the

resources of nature available in a form beneficial to man and

provide systems which will perform optimally and economically.

- L. M. K. Boelter

The encroachment of portable computing and communication devices into our

lives is apparent today. Most of us employ one or more of these devices on a regular

basis to enrich our lives and increase productivity. Examples of such devices includes

cellular phones, personal digital assistants, digital cameras, and portable media play-

ers. This is just the beginning. New portable devices are being developed which

promise increasingly sophisticated capabilities and features. Examples of highly so-

phisticated applications utilized now and in the future include speech recognition

[73, 50] and full frame video encoding and decoding [58, 61].

As the processing algorithms become more complex and the computational re-

quirements increase, the power dissipation rises. This is a major hurdle for portable

devices which are battery powered. Batteries are a limited energy source that need

to be recharged or replaced once drained. In most laptop computers, for example,

batteries last no longer than about four to six hours. Even in highly portable de-

vices such as cellular phones and media players, batteries don’t last more than a few
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hours. With high intensity applications such as video capture, display and transmis-

sion, battery life can be as short as about two hours. Thus, long battery life is a key

criterion in the effective design of a portable device. Power dissipation also results in

dissipated heat requiring effective cooling and packaging which can be costly. Low-

ering power and heat dissipation can also result in greater circuit density and longer

component lives.

Reduction in power dissipation is an important problem that has received wide

attention by several researchers. There are several techniques that have been devised

that are available to the low-level circuit designer to use to reduce power and en-

ergy in the circuits. These include, dynamic voltage scaling (DVS) [25, 85], dynamic

frequency scaling [57], clock gating [18, 54], dual voltage threshold transistors [49],

and power gating [68, 41]. These techniques will be highlighted in chapter 3. These

techniques, however, rely on manual intervention by circuit designers which are dif-

ficult to implement in practice and can lead to long design and verification cycles.

Therefore, we focus our attention on techniques that can be fully automated leading

to dramatically reduced design times.

Another important evolution occurring these days is the emergence of system-level

design languages (SLDLs). In the late 1980s, chip designers started moving away from

schematic-capture-based design methodologies to the emerging Hardware Description

Languages (HDLs). This moved the designers to a higher level of abstraction, which

was necessary to overcome the rapidly increasing hardware complexity. In the early

1990s, the Register Transfer Level (RTL) design era had begun with the introduction

of HDLs such as VHDL (VHSIC Hardware Description Language) [43], Verilog [44]

and others.

Today a similar evolution is taking place as RTL hardware design is again proving

to be too low an abstraction level for designing complex, multi-million gate systems.

The answer SLDLs where the entire system, including the software and the hardware,
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can be described using a singular language platform. As this happens, VHDL and

Verilog will become analogous to assembly level languages. Their explicit use will

be limited to performance-critical sections of the system. Some examples of SLDLs

include SystemVerilog [77], SystemC [20], HandelC [47], Impulse C [45], Catapult C

[60] and CoDeL [75, 1, 3].

Most system level hardware languages, including HandelC, Impulse C and CoDeL,

implement the design descriptions as a Finite State Machine with Datapath (FSMD)

type of circuit. An FSMD is a hardware system architecture, which comprises of

a finite state machine, which controls the flow of program logic, and the datapath,

which stores the data elements and performs the desired operations.

1.1 Goals and Contributions

The problem we are trying to solve, in this work, is to reduce power in CMOS circuits

in a fully automated manner. To this end, we have developed methods that can be

automatically implemented by a system-level design compiler requiring little to no

user intervention.

To explore the various low power techniques, we have extended a system-level

design language, called CoDeL (Controller Description Language), and enhanced its

compiler and development environment [1, 3, 2]. CoDeL allows system description

at the algorithmic level through rapid design and implementation of hardware mod-

ules without understanding the intricacies of hardware description languages such as

VHDL and Verilog. In fact, CoDeL compiles to create synthesizable VHDL code that

can be simulated and synthesized using standard VHDL tools. CoDeL implements

hardware descriptions as FSMD (Finite State Machine with Datapath) architectures.

Thus, it is these classes of structured circuits that we target for power reduction.

CoDeL provides us with an excellent environment to develop power efficient de-

signs. The unique advantage of CoDeL is that it provides us with static behavioral
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information of the target design. This information is then analyzed and used to guide

the application of power saving methods, such as clock gating and power gating.

To reduce power in CMOS circuits at the micro-architectural level, we have de-

veloped and analyzed techniques that can target a circuit’s data storage components,

called registers, and can be fully automated.

The continuously switching clock is a major source of power dissipation in a

synchronous circuit. We have developed a clock gating technique that is implemented

at compile time, which turns off the clock signal to registers when they are not needed.

This static clock gating mechanism results in dramatic power savings [5, 4, 7, 8, 12].

This gating technique has been fully automated into the CoDeL compiler to reduce

the design time of implementing clock gated circuits. We have also developed a

power savings estimation framework that is able to quickly and accurately identify

the expected power savings from clock gating at compile time.

Another popular approach to reduce power is power gating which turns off the

power supply to idle circuit components. We explore a unique power gating approach,

which targets individual registers, that can be automatically implemented at compile

time [9, 6]. We show that this gating mechanism can provide significant power savings

at minimal performance loss.

Macro-architectural power reduction techniques try to isolate groups of circuit

components that can then be collectively clock gated or power gated when they are

unused. We have developed models that optimally partition a FSMD circuit archi-

tecture into two or more communicating subcircuits, which can then be individually

clock gated or power gated, to realize substantial power savings [10, 11, 13].

It should be noted that the power reduction techniques we have presented here

have been explored through the use of CoDeL. However, these techniques can be

implemented in any hardware design platform to provide automated power reduction.



Chapter 1. Introduction 5

1.2 Overview

In chapters 2 and 3 we provide a background to the topics we have covered in this

thesis. We also try to motivate our approaches by presenting outstanding problems

and some related solutions. Chapter 2 presents an introduction to system-level design

languages and shows where our design platform, CoDeL, fits in this set of existing

platforms. In chapter 3 we discuss power dissipation and review various methods to

reduce it.

Chapter 4 presents CoDeL, our implementation of a system-level design platform.

First, the capabilities of the design platform are discussed. Then, we present a

comparison of CoDeL to a traditional DSP design platform. We examine CoDeL’s

code complexity, run time performance, and energy usage.

In chapter 5 we present a description and analysis of our automated clock gat-

ing framework. Chapter 6 describes our proposed micro-architectural power gating

approach that can be used to reduce power dissipation.

Chapter 7 proposes optimal circuit partitioning strategies using Integer Linear

Programming and simulated annealing, which can dramatically reduce power dissi-

pation.

Chapter 8 concludes this dissertation with a summary of the presented work and

provides suggestions for future research directions.
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Chapter 2

System-Level Design

Speak properly, and in as few words as you can,

but always plainly; for the end of speech is not

ostentation, but to be understood.

- William Penn

2.1 Hardware Description Languages

A hardware description language (HDL) is any language from a class of computer

languages used for formal description of electronic circuits. An HDL provides the

ability to describe the temporal and spatial behavior of a circuit. Unlike a software

programming language, it has explicit methods for expressing time and concurrency,

which are essential in hardware.

In a broad sense, HDLs are used to design two types of hardware systems. First,

they are used to design a dedicated integrated circuit, referred to as an Application

Specific Integrated Circuit (ASIC). Second, they are used to target programmable

logic devices (PLDs). The most common PLDs in use today are Field Programmable

Gate Arrays (FPGAs). Using this approach, the hardware design can be coded,

compiled and implemented on the PLD repetitively.

Currently, the hardware industry is dominated by two HDLs: VHDL [43] and

Verilog [44]. Although, both languages provide somewhat differing features the de-
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sign methodology using either language is virtually identical. These languages are

normally used to design systems at the Register Transfer Level (RTL). They allow

the description of the following attributes of a design:

• Control flow

• Iteration

• Hierarchy

• Registers of variable widths, bit vectors, and bit fields

• Explicitly specified sequential and parallel operations

• Arithmetic and logic operations

An HDL compiler is composed of two main stages: synthesis and implementation.

In synthesis, first the RTL description is converted into a structural description

consisting of registers and combinational logic. Second, logic optimization is used to

optimize the network of gates used to implement the required logic functions. This

network of logic gates, called a netlist, and the various design constraints are an

output of the synthesis phase.

The implementation phase performs the necessary steps to implement the design

on the target device. It converts the logical design into a physical description. The

first step is translation, where the input logic description and the constraints are

merged to produce an intermediate logic description of the design. In the second

step, called mapping, the logical description is mapped to structural components of

the target device. The third step, layout, is divided into two phases: placement and

routing. In placement, the various components are placed onto the device such that

the area or cycle time is minimized. In routing, the various placed components are

interconnected with wires.
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Since HDLs, such as VHDL and Verilog, have been in existence since the early

1990s, and have received widespread industry support, there are highly effective de-

sign tools currently available to support these languages.

By the late 1990s, an evolution had begun toward higher level hardware design as

RTL proved to be too low an abstraction level for designing the increasingly complex

systems. What was needed was a language that could describe the entire system,

including the hardware and software. This was the beginning of System-Level Design

Languages.

2.2 System-Level Design Languages

The ultimate goal of a System-Level Design Language (SLDL) is to provide a single

language platform to allow specification, analysis, design, and verification of an entire

electronic system. The SLDL should allow the system developer to start at a high

level system description and, through refinement steps, reach implementation. The

design process normally begins with an abstract specification model and ends with

an accurate implementation of the real system. The advantage of such a top-down

approach is that all necessary design decisions can be made at an abstraction level

where irrelevant details can be excluded. This allows designers to work with a model

of minimum complexity.

The goals of SLDLs can be specified as follows.

• Executability - This is important for simulation. Simulation allows validation

of the system specification as well as verification of design models throughout

the design process.

• Synthesizability - The entire language should be synthesizable in order to obtain

an implementation composed of software or hardware components.

• Modularity - The language should allow structural and behavioral hierarchy, so
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the system can be decomposed into hierarchical components of reduced com-

plexity. In addition, modularity is needed to separate computation from com-

munication.

• Completeness - Concepts typically found in software and embedded systems

should be supported. These include concurrency, synchronization, exception

handling, timing, and explicit state transitions.

No existing SLDL supports all these goals completely. Each SLDL has its areas

of strengths and weakness.

The current popular set of SLDLs can be divided into three categories. The first

category consists of languages which extend existing HDLs. This category includes

SystemVerilog [77], which is a set of extensions to the IEEE Verilog standard [44],

and SpecCharts [64, 81], which extends VHDL [43].

The extensions in SystemVerilog and SpecCharts support additional data types

similar to higher level languages, such as C, new procedural blocks to more clearly

represent the intended design logic, and the notion of interfaces to group and abstract

related ports and/or signals into a user declared module.

The second category includes languages which have extended or built upon the

existing software languages. This set consists of JHDL [17], which extends the Java

language, and, SpecC [33], SystemC [20], HandelC [47], Impulse C [45], and Catapult

Synthesis [60] which extend the C/C++ programming language.

The third category consists of newly created languages. This includes the language

Rosetta [15].

To allow us to effectively explore automated mechanisms to reduce power dissipa-

tion starting at the system level, we have developed a System-Level Design Language,

CoDeL. CoDeL falls in the third category of newly created languages, although it

shares several syntactic elements from the C programming language.
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CoDeL (Controller Description Language) [75, 1, 3] is a rapid hardware design

platform that allows circuit description at the algorithmic level. CoDeL compiles to

create synthesizable VHDL code that can be simulated and synthesized using stan-

dard VHDL tools. CoDeL implements a design as a Finite State Machine with Dat-

apath (FSMD) architecture. Thus, it has sufficient and detailed information on the

usage of registers and functional units allowing various power reduction techniques.

The CoDeL design platform is discussed further in chapter 4.

The objective of all SLDLs is to provide a higher level of abstraction for system

development. Most provide a syntax and set of libraries to support features such as

behavioral and structural hierarchy, concurrency, communication, synchronization,

state transitions, exception handling and timing. In most cases, the control flow

needs to be specified explicitly. It is only with HandelC, Impulse C and CoDeL

that the abstraction level is even higher. These tools allow the designer to work at

the algorithmic level. The compiler is able to automatically extract the control flow

from the algorithmic description. Further, most hardware languages are concurrent

and sequentiality is a special case. In HandelC, Impulse C and CoDeL, however,

sequentiality is the default control flow. Parallelism must be explicitly specified in

HandelC, while in CoDeL and ImpulseC, the compiler automatically parallelizes non-

dependent assignment statements. Unlike HandelC and ImpulseC, CoDeL abstracts

module interaction through ports and protocols, and has intrinsic support for fixed

point computation making it highly effective in DSP applications. Further, an im-

portant distinction between CoDeL and ImpulseC and HandelC is that while CoDeL

targets ASICs and FPGAs, ImpulseC and HandelC produce designs that can be

targeted only to FPGAs.

An important feature missing from all current SLDLs, except CoDeL, is an inher-

ent awareness of power dissipation. With the proposed power extensions of CoDeL

that allow clock gating, power gating and partitioning, CoDeL takes an important



Chapter 2. System-Level Design 11

leap in the design of power efficient systems. Our CoDeL design platform is covered

in more detail in chapter 4.

The discussion of SLDLs presented here is a very high level description of the

general concept. There are several important concepts that have not been presented

here for brevity. These include hardware/software co-design [31, 52] and high-level

synthesis [74]. This is a very exciting and active field of research, which promises

to revolutionize how computation systems are designed and developed in the near

future.

-
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Chapter 3

Low-Power Design

Microprocessor design has traditionally focused on

dynamic power consumption as a limiting factor in system integration.

As feature sizes shrink below 0.1 micron, static power is posing

new low-power design challenges.

- Kim et. al. [51]

3.1 Power and Energy

Power and energy are closely related terms which are often used interchangeably.

However, their differences are important to understand. Power is the time rate of

consumption of energy. Thus we have

P =
dE

dt
. (3.1)

In the context of circuits, we require electrical energy to do some work, i.e. some

computation. This energy used is dissipated as heat and electromagnetic radiation.

It is common to rate a circuit by the amount of energy used to perform a task or the

amount of power dissipated. Both these quantities are important and provide insight

into different characteristics of the circuit component under examination.

Energy is an important indicator of battery life. Batteries store a finite amount of



Chapter 3. Low-Power Design 13

energy, which allows some finite amount of work to be performed. Thus, to maximize

battery life we would like to perform tasks by minimizing the amount of energy used.

If a given task is performed quickly, the power dissipation will be high, while

the same task performed slowly will result in low power dissipation. In the ideal

case where everything in these two environments is the same, the amount of work

done, and consequently the energy used, is the same. In a practical environment,

however, this is not the case. The physical characteristics of the circuits used to

perform the computation at the different speeds dictate the power and energy re-

quirements. First, there are parasitic effects leading to different energy requirements

depending on the total run time of the computation. An example of such an effect

is leakage current in the diffusion regions of the transistors (see section 3.2.1) which

is a continuous effect leading to greater wasted energy as the run time is increased.

Second, circuits designed to operate at different speeds usually employ dissimilar

circuit components, component layouts and routing. These differences will lead to

different power characteristics, ultimately leading to a different energy profile of the

computation.

In many cases, the task demands a particular run time constraint. A particular

example is real-time communication systems where a data stream needs to be handled

at a fixed rate. In such cases, where the run times of the tasks are constrained,

examining a circuit’s energy is equivalent to examining the power dissipation.

The power dissipation of a circuit is an important indicator of heat and reliability.

A higher power dissipation leads to more generated heat, resulting in costly cooling

techniques and poor component reliability. In this case, minimizing energy is not

the final objective. Rather, the power dissipation needs to be lowered. However,

reducing energy is still an important design objective as it will result in a lower

power dissipation.
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Figure 3.1: CMOS inverter

3.2 Power Dissipation

Today’s integrated circuits are most commonly implemented using CMOS (Comple-

mentary Metal Oxide Silicon) technology. Power dissipation in digital CMOS circuits

can be largely divided into two main categories:

• Static dissipation, where power is dissipated while the circuit is in steady state

and not switching digital states.

• Dynamic dissipation, where power is dissipated due to changes in the digital

state of the circuit.

3.2.1 Static Dissipation

In an ideal complementary CMOS gate, one of the transistors is always “OFF”. As

a result, no current flows into the gate terminal, and thus there is no DC path from

VDD to VSS. This results in zero power dissipation. A CMOS inverter circuit is

shown in figure 3.1. However, real CMOS transistors suffer from current leakage in

the standby state due to two main causes.

First, there is some reverse bias leakage current at the junctions between the

diffusion regions and the substrate. Second, when the gate-to-source voltage, Vgs,

is less than the threshold voltage, Vt, a sub-threshold current passes through the

transistor resulting in static power dissipation.
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The leakage current in a CMOS transistor can be modeled by the following diode

equation [84]

io = is

(
e

qVDD
kT − 1

)
, (3.2)

where is is the reverse saturation current, VDD is the supply voltage, q is the electronic

charge (1.602× 10−19 C), k is Boltzmann’s constant (1.38× 10−23 J/K), and T is the

temperature. The total static power dissipation of a circuit, Pstatic, is then simply

the sum of the leakage power dissipated in each device, given by

Pstatic =
n∑
1

ioVDD, (3.3)

where n is the number of devices, and VDD is the supply voltage.

3.2.2 Dynamic Dissipation

When a CMOS transistor changes state, both the n- and p- transistors are “ON” for

a brief moment. This results in a short current pulse. This is called short-circuit

dissipation, and is usually not significant.

The current required to charge and discharge the output capacitive load is the

dominant contributor to dynamic power dissipation. This is given by [84]

Pdynamic = αCLV
2
DDf, (3.4)

where α is the percentage switching activity of the circuit, CL is the total capacitive

load driven by the gate outputs, VDD is the supply voltage, and f is the circuit

frequency.

3.3 Reducing Dynamic Power Dissipation

Traditionally, the dynamic dissipation in integrated circuits has been quite dominant

when compared to the static power dissipation, and has therefore received much
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attention. To this effect, equation 3.4 has suggested the parameter values that should

be reduced to lower power dissipation. We now examine some ideas that have been

used by designers and architects to reduce these parameters.

3.3.1 Reducing Supply Voltage

We can see from equation 3.4 that the dynamic power of a system varies quadratically

with the supply voltage VDD. This means that if the supply voltage can be halved,

the dynamic power can be reduced by a factor of 4! Therefore, reducing the supply

voltage is one of the most effective methods of reducing the dynamic power.

However, the supply voltage cannot be reduced arbitrarily. There are adverse

effects of reducing supply voltage which need to be considered. For a MOS transistor

operating in the saturation region, as is normally the case, the drain-to-source current,

ids is given by [84]

ids =
β

2
(VDD − Vt)2 , (3.5)

where β is the transistor gain factor and incorporates several process dependent

characteristics such as doping density, gate-oxide thickness, and the device geometry.

We can see that as the supply voltage is reduced, the drain-to-source current is also

reduced. This means less current is available for charging and discharging output

capacitances leading to longer rise and fall times. This causes the circuit delays to

rise significantly leading to poor performance. Therefore, the accepted design rule is

to operate a circuit at the lowest possible supply voltage that meets the performance

requirements.

One method to reduce power dissipation is to operate different parts of a chip

at its own optimal voltage circuit [80, 27]. In this approach, multiple supply lines

are routed to different subcircuits on a chip. The transfer signals from one voltage

domain to another, level-shifter circuitry is needed. The overhead and complexity of

this approach has limited its usefulness. An important variation on this method is
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dynamic voltage scaling (DVS), where the supply voltage is altered in real-time as

the performance requirements of a circuit change over time [25, 85]. One important

application where DVS is extremely effective is in the microprocessor circuits of

battery-operated portable computers [23]. In these systems, the supply voltage can

be dynamically adjusted by the operating system based on the amount of work being

executed.

3.3.2 Reducing Circuit Frequency

Given performance constraints circuit frequency can not be reduced arbitrarily. Fur-

ther, as discussed earlier, circuit frequency is very closely connected to supply voltage.

Thus the desired performance determines the required circuit frequency which in turn

allows the optimal supply voltage to be used to minimize power dissipation.

However, the frequency requirements of a circuit may vary over time. In this case,

dynamic frequency scaling may be used [57].

3.3.3 Reducing Capacitive Load

In a MOS transistor the gate capacitance is proportional to the area of the gate

[84]. Thus, reducing the size of the transistor, called technology scaling, decreases the

capacitance, and, hence, decreases dynamic power dissipation.

One approach to lowering capacitive load is to use custom circuits to perform

the required computational tasks, rather than general purpose circuits. General

purpose circuits are necessarily larger and more complex as they are designed to

handle a wide array of different operations. Also, general purpose circuits need to be

able to handle the largest possible data sizes in a large set of possible applications.

Application specific circuits are constructed to contain only the required components

and interconnections, making them much more energy efficient.

Driving global signals across a chip and accessing large, centralized memories,

register banks and functional units are power-consuming tasks that must be avoided.
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A solution to this problem is partitioning a design so that the locality of reference

present in a given algorithm is preserved. This reduces the amount of power-hungry

chip wide interactions. We have devised a method of optimally partitioning a circuit

given an FSMD description into minimally interacting subcircuits [11].

3.3.4 Reducing Switching Activity

An important criterion to reducing power dissipation is to eliminate switching in any

unused elements of the circuit. In many cases, changes to register values (writes) are

completely unnecessary and thus wasteful of energy. If we can prevent these unneces-

sary state changes, we can lower power dissipation. A useful method for eliminating

these unwanted state changes is to disable the clock signal to these devices. This is

accomplished relatively easily using gated clocks.

For synchronous circuits, early results have shown that the continuously switching

clock signal can account for as much as 45% of the system power [65]. Our tests using

modern CMOS technologies suggest that the switching clock can contribute up to

60% of the total dynamic power dissipation [4]. Thus, reduction in the power used by

the clock signal is key in reducing total power dissipation. Gated clocks can be used

to reduce the clock switching in the clock tree and to the leaf registers and flip-flops,

where feasible.

Clock Gating

Clock gating is an important technique in reducing dynamic power dissipation in

CMOS circuits and has been explored by several researchers [18, 65, 71, 24, 16, 83, 28].

Figure 3.2 shows a simple clock gating mechanism.

Although the idea of clock gating is not new it is quite difficult to determine when

gating can be applied. Some rely on the designer explicitly adding clock gates where

needed [65], while others apply clock gates based on limited information about the

underlying control logic of an architecture described at the RTL level [18, 71, 16].
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Figure 3.2: Clock gating circuit

There are techniques that automatically clock individual flip-flops [54] whose area

requirements are too high with little power savings. Some try to clock gate large

portions of the circuit, which require the entire set of circuit components to be static

over a period of time to be activated [83, 28]. Other techniques rely on extracting

idle states in finite state machines [71]. Due to limited information available at the

time clock gating is applied, these techniques are unable to capture several instances

where gating can be applied.

Our approach relies on a system-level compiler that has all the necessary state

and register information available. It uses this information to disable devices whose

states do not change and devices whose state changes are not necessary. Therefore,

it has the ability to generate an efficient gating sequence for registers. Details of our

clock gating mechanism is presented in chapter 5.

3.4 Reducing Static Power Dissipation

Although, reducing the size of the transistor decreases dynamic power dissipation, as

the CMOS technology is scaled below 100nm, an exponential growth in subthreshold

leakage current is seen [39, 21, 51]. As this trend continues, the leakage current is

becoming a dominant source of total power dissipation in CMOS circuits [32, 26, 51,

53]. Therefore, much attention is given to the reduction of leakage, or static, power
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in modern VLSI circuits.

Static power reduction techniques used can be broadly categorized into two cat-

egories: static methods and dynamic methods.

3.4.1 Static Methods

Static methods to control leakage attempt to intervene only during the design phase

of the project. There are then no further mechanisms that are employed during the

operation of this circuit. One common method is the use of dual voltage threshold

transistors in the design. To maintain speed performance, the critical paths of the

design use high-performance, high-leakage low VT transistors, while the non-critical

parts of the design use the high VT low-leakage transistors [49]. These techniques,

however, can become quite difficult to apply as the number of critical paths increases.

3.4.2 Dynamic Methods

Dynamic methods seek to implement constructs within the circuit to detect when

components are “idle”. When this idle mode is detected, the circuit enters a low-

leakage or “standby” mode. There have been several approaches to reduce leakage at

the circuit level using dynamic methods. These include body-bias control [29], dual-

threshold domino circuits [48], input vector control [46], and power gating [68, 41].

3.4.3 Power Gating

Power gating relies on the detection of idle periods in the circuit. During these idle

periods, the supply voltage can be switched off to the appropriate circuit component

to conserve leakage power. At the end of the idle period, the supply voltage is restored

to resume normal operation. Most power gating approaches rely on trying to predict

idle periods for either storage structures (SRAMs) [30] or functional units [72, 41]. In

[41], micro-architectural techniques for power gating functional units are presented.

A “sleep” signal is applied to a power gating transistor to turn off the power supply

voltage to the circuit block when a long idle time is detected. The “sleep” signal is
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de-asserted and the voltage is restored once the circuit blocked needs to be used.

Here we propose methods that use a combination of static and dynamic tech-

niques. We use static analysis to identify portions of the hardware that are not used

as the execution trace progresses. These portions can then be switched off during

periods of inactivity and switched back on when needed. We apply the proposed

methods to effectively reduce the leakage power in individual registers. Our focus

is to detect and implement power gating constructs at a high level of design, and

eventually make it fully automated.

3.5 FSMD Partitioning

Partitioning is one technique used to facilitate logic isolation in FSMD circuits [42].

Normally the isolated circuit components are switched off (power gated) [56] or clock

gated [42, 35] to conserve static or dynamic power, respectively. Two methods are

generally employed for the partitioning of these sequential circuits. The first method

relies on disabling parts of the FSM (Finite State Machine) controller. Here, the

controller is partitioned into two or more mutually-exclusive FSMs. Each partition

is then selectively clock gated [35] or power gated [56]. Thus, only one FSM is active

at any given time, while the others are idle and their clocks are stopped, or their

power is gated off. The second method tries to discover idle periods in one or more

datapath components of the circuit. These components can then be clock gated or

power gated. In [41], idle periods in the ALU are discovered and for these periods

the ALU is power gated. In [4], individual registers are clock gated, while in [6],

individual registers are power gated.

Although gating parts of either the controller or the datapath has been shown

to be highly effective in reducing power, further savings can be achieved if both

the controller and the datapath are considered together. This was proposed in [42],

where a simple heuristic was used in a branch and bound method to partition the
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FSMD. Further, the method was more suited for a clock gating environment. We

use a more thorough and detailed model and hope to achieve better power reduction.

Also, our model is well suited for a power gating environment where static power is

of significant concern.

We formulate FSMD partitioning as both an an Integer Linear Programming

(ILP) problem [10] and a non-linear programming problem which we solve using the

Simulated Annealing (SA) algorithm [11]. Our objective is to maximize the isolation

of circuit components by minimizing the communication between the partitioned

FSMDs. This maximizes the number of components that can be put to sleep thus

reducing the overall power dissipation.
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Chapter 4

CoDeL

Language is the dress of thought.

- Samuel Johnson

CoDeL (Controller Description Language) [76, 75, 1, 3] is a system-level hard-

ware design platform that targets the specification and design at the behavioral

level. CoDeL is a procedural language in which the order of the statements im-

plicitly represents the sequence of activities. It extracts the data and control flow

from the program automatically, assigns the necessary hardware blocks and exploits

inherent parallelism. It is similar to the C programming language and is therefore

easy to learn. CoDeL introduces the concept of object-oriented hardware design and

provides primitives, data structures and constructs for manipulating objects at the

behavioral/RTL level. It includes a library of I/O protocols that simplify (sub)system

interaction. The CoDeL compiler produces synthesizable VHDL code which can be

targeted to any technology including FPGA or ASIC. Details of the language syntax

can be found in appendix A.

We have extended the CoDeL compiler to automatically implement clock gating

to lower dynamic power dissipation in CMOS circuits [5, 4, 7]. The power gating

[9, 6] and partitioning [10, 11] mechanisms are not fully automated yet. However,

the compiler provides information which can be used to evaluate these techniques
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and implement them manually.

4.1 CoDeL Compiler

The CoDeL compiler is written in C and it compiles a source CoDeL program to

produce synthesizable VHDL code. The compiler consists of the recursive, descent

based [14, 40] with single token lookahead, parser and the VHDL builder.

The VHDL builder implements the data path as a RTL description, where data

is stored in registers, operations are effected by a combinational circuit(s) and the

results are stored back in a register. The control path is extracted automatically and

sequences which operations are to take place and when the results are to be stored

in the registers. Optimization includes automatic parallelization of non-dependent

assignment statements. As such, some assignments can be scheduled in parallel

during the same machine state and hence reduce the state count significantly. This

feature schedules multiple register assignments simultaneously and hence improves

the efficiency and speed of the synthesized hardware.

4.2 Performance Evaluation

4.2.1 Evaluation Framework

To evaluate the CoDeL platform we have used a set of kernel circuits from the DSP-

stone benchmark [86]. The DSPstone benchmark has been shown to be effective

in measuring the performance of DSP compilers and processors. This benchmark

consists of three suites:

• Application benchmarks - A complex application. Specifically, the ADPCM

transcoder is used.

• DSP Kernel Benchmarks - Set of 14 code fragments commonly used in DSP

algorithms. These include FIR/IIR filters, FFTs, etc.
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Table 4.1: DSPstone benchmark circuits - DSP kernel suite

Kernels
real update n real updates
complex update n complex updates
dot product convolution
mat1x3 matrix
fir fir2dim
iir one biquad iir n biquads
lms

• C Kernel Benchmarks - Set of typical C statements, such as loops, function

calls, etc.

In our study we have chosen the DSP kernel benchmarks as they are the most

representative set of operations which will typically be implemented using CoDeL in

a DSP environment1. This DSP specific kernel suite consists of the 13 code fragments

shown in table 4.1.

In presenting the DSPstone benchmark, the authors propose a methodology whereby

the performance between hand-written assembly code and the assembly code gener-

ated by the compiler is compared. We do not have hand-coded HDL implementations

of the DSPstone kernels. Rather we use the kernels to compare the performance of the

architectures produced by the CoDeL compiler, with the compiler implementations

on a modern DSP.

All kernels from the DSP benchmark suite are implemented using CoDeL and

compiled to generate synthesizable VHDL. For data storage, a dual port memory is

implemented in VHDL for simulation. In all cases, the memory is considered to be

the fastest possible (zero wait state). Further, the power contribution of the memory

is not considered in our power analysis since the memory module is constructed as a

1Although implementation of a large application, such as an ADPCM transcoder, is technically
possible using CoDeL, it is rather cumbersome at this point due to the lack of an effective debugging
and simulation tool at the design level. Thus, we have have not attempted such an implementation.
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Table 4.2: C, CoDeL, VHDL code complexity

Lines of Code
Kernel C CoDeL VHDL
real update 39 39 206
n real updates 39 61 349
complex update 41 52 301
n complex updates 50 94 522
dot product 34 38 215
mat1x3 61 95 407
matrix 66 90 417
convolution 42 74 314
fir 54 85 431
fir2dim 94 160 1175
iir one biquad 37 76 351
iir n biquads 62 105 547
lms 71 128 637

black box used only for simulation and does not accurately reflect the specifications of

a memory module that may be used in practice. This is reasonable since even DSPs

normally do not report power usage with memory under consideration. However, the

power reported for DSPs generally includes the dissipation in the caches. We have

attempted to make an accurate comparison by accounting for the power dissipation

in the cache for the DSP.

We compare the performance of CoDeL designed circuits to the TMS320C6416

DSP developed by Texas Instruments [79]. The TMS320C6416 is one of the highest

performance DSP chips available today and provides a good comparison. To get

execution results we have used a C compiler and a cycle accurate simulator pro-

vided by Texas Instruments as part of their Code Composer Studio 3.1 development

environment.
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Table 4.3: CoDeL vs. DSP (Raw Results)

CoDeL (1.2 V) TMS320C6416 (1.4 V) Energy
625 MHz 600 MHz Ratio

Kernel Cycles Power Energy Cycles Energy Energy TMS/
(Incl. Cache) (Excl. Cache) CoDeL

(µW) (pJ) (×103 pJ) (×103 pJ)
real update 5 534.8 4.3 21 13.7 9.6 2233.4
n real updates 114 658.0 120.0 73 47.5 33.2 276.7
complex update 8 1324.8 17.0 39 25.4 17.7 1046.5
n complex updates 225 1250.9 450.3 163 106.0 74.2 164.7
dot product 5 819.2 6.6 26 16.9 11.8 1805.0
mat1x3 49 531.5 41.7 37 24.1 16.8 404.0
matrix 4751 735.5 5590.6 3560 2314.0 1619.8 289.7
convolution 63 318.6 32.1 49 31.9 22.3 694.3
fir 99 521.6 82.6 94 61.1 42.8 517.7
fir2dim 565 914.3 826.5 390 253.5 177.5 214.7
iir one biquad 8 388.1 5.0 45 29.3 20.5 4121.7
iir n biquads 73 1087.4 127.0 70 45.5 31.9 250.8
lms 229 1165.9 427.2 143 93.0 65.1 152.3
Total 6194 10250.4 7730.8 4710 3061.5 2143.1
Geometric Mean 532.0

4.2.2 Results

Code Complexity

Table 4.2 shows code complexity, as measured by the number of lines of code in the

various language environments. Compared to C we see that CoDeL requires about

60% more lines of code, which is reasonable and does not pose too much of a hurdle in

describing hardware architectures. Examining VHDL code complexity we find that

the designs use about 5 times as many lines of code compared to CoDeL. In chapter 5

we introduce automated clock gating in CoDeL to reduce dynamic power. Comparing

the VHDL description for these clock gated designs to CoDeL we find that nearly

10 times the number of lines of code are needed for VHDL. This shows that CoDeL

significantly reduces the complexity of describing efficient hardware architectures.

DSP Comparison

One of the issues we are exploring is the viability of directly synthesizing a partic-

ular algorithm in silicon. We compare, therefore, the CoDeL implementation of the

DSPstone benchmark suite to that of implementing the same using a modern DSP.
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Table 4.4: Energy Delay Product (EDP)

Kernel CoDeL DSP Ratio
(µs · pJ) (µs · pJ) (DSP/CoDeL)

real update 0.03 334.4 9771.1
n real updates 21.89 4041.2 184.6
complex update 0.22 1153.4 5314.1
n complex updates 162.11 20148.2 124.3
dot product 0.05 512.6 9777.3
mat1x3 3.27 1038.2 317.8
matrix 42497.48 9610813.3 226.2
convolution 3.24 1820.8 562.5
fir 13.09 6700.6 512.0
fir2dim 747.16 115342.5 154.4
iir one biquad 0.06 1535.6 24150.9
iir n biquads 14.83 3715.8 250.5
lms 156.52 15507.2 99.1
Geo Mean 746.4

In tables 4.3 and 4.4 we provide comparative execution and energy results for

CoDeL and the TMS320C6416 DSP processor. It is important to note that the CoDeL

results presented here do not employ any power optimization techniques such as clock

or power gating. Employing these techniques would make the power dissipation

numbers even lower.

For evaluation, we have used the 600 MHz version of the TMS320C6416 DSP here

to provide an accurate comparison with our 625 MHz CoDeL circuits. However, this

DSP is available in speeds up to 1 GHz [79]. The CoDeL designs are synthesized

using the high performance 90nm TSMC VLSI technology using a 625 MHz clock.

This is the fastest possible clock speed for all our kernel architectures without any

hand optimization of the generated VHDL code. The TMS320C6416 DSP also uses

a 90nm VLSI process technology.

Compared to the DSP, we see that CoDeL is less cycle efficient in most cases and

on average2. We find that CoDeL performs better on kernels that do not employ

2The CoDeL cycle counts we present here are not affected by the clock gating mechanisms used.
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loops. The kernels that utilize loops suffer in CoDeL. The performance of the kernels

in CoDeL can be further improved using the following techniques. One or more of

these methods are employed by most modern DSPs. First, the lack of the commonly

used MAC (multiply-accumulate) instruction in CoDeL causes it to take two cycles

while the DSPs are able to perform it in one cycle. In the 13 kernels we have examined,

we find that using the MAC instruction could save 2% to 50% clock cycles. In total,

we find that 384 out of 6194 (6%) cycles could be saved. Second, CoDeL does not

employ many major compiler optimizations that are present in the mature compilers

used for DSPs. These include pipelining, loop optimizations, and branch prediction.

In table 4.3, we also present the total power (dynamic + static) dissipated by

the CoDeL designed circuits when CoDeL and Synopsys clock gating is used. Using

this power we can compute the required energy as Energy = Power × Time, where

Time is the number of cycles times the clock period. For the TMS320C6416 DSP

running at 600 MHz, the reported average power is 390 mW based on 60% CPU

utilization [79]. This reported DSP power includes a 32kB L1 cache, along with the

CPU. We have not included any caching environment in our power results. Thus, we

now provide an estimate for just the CPU of the DSP, discounting the L1 cache.

In [38], the power dissipation of a 32kB data cache is determined to be 118

µW/MHz using a DSP benchmark. Further 11.3 µW/MHz is measured for a memory

management unit. For the TMS320C6416 DSP running at 600 MHz, this provides

a power dissipation estimate of 78 mW. This is 20% of the total power of 390 mW.

This is typical of cache power and similar percentages are available in literature. For

example, in commercial processors such as Pentium Pro [59], Alpha 21264 [37] and

StrongARM SA-110 [62], caches consume 33%, 16% and 43% of the total chip power,

respectively.

Using this information we conservatively estimate the cache power on the TMS320C6416

DSP to be 30% of the reported 390 mW. Using this power estimate, the total en-
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ergy required for the kernels on the TMS320C6416 core, excluding the cache, can

be obtained by reducing the TMS320C6416 entries in table 3 by 30%, resulting in a

total energy requirement of 2143 × 103 pJ. Comparing this energy requirement for

the DSP with the CoDeL implemented kernels, we see that the total energy required

by the DSP is about 277 times greater than the customized circuits developed by the

CoDeL platform.

As an estimate of the expected energy energy savings per kernel, we also examine

the geometric mean of the CoDeL vs. DSP energy ratios. This shows that the energy

required on a DSP is 532 times that of a customized circuit described using CoDeL.

In table 4.4 we see a comparison of the Energy Delay Product for designs imple-

mented in CoDeL and on a commercial DSP. We see that CoDeL provides significant

energy advantages even when the execution delay is taken into consideration.

4.3 Summary

We have presented a high level VLSI development framework, CoDeL, for the design

of customized hardware architectures. This framework supports the use of fixed point

data structures for efficient description of DSP style algorithms.

In comparing the CoDeL platform to a DSP processor, we find that CoDeL al-

lows algorithm description with somewhat higher code complexity than the C lan-

guage normally used for DSPs, but provides dramatically lower energy consump-

tion. The execution performance of CoDeL circuits compared to a modern DSP

(TMS320C6416) is lower but this is largely due to better loop optimization in the

C compiler used for the DSP. We expect that further development of the CoDeL

compiler would result in better performing systems.
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Chapter 5

Clock Gating

The clock tree is a good target for power reduction

in processor designs because it switches all the time,

consuming power every cycle.

- Garrett et. al. [36]

We have developed extensions to the CoDeL compiler which implement auto-

mated clock gating to lower dynamic power dissipation in CMOS circuits [5, 4, 7].

To estimate these power savings from clock gating, we have developed an analysis

framework, which allows quick and accurate power savings estimation based on the

CoDeL description at the behavioral level. This estimation framework is built into

the CoDeL compiler and the estimates are output upon design compilation.

CoDeL uses a sequential machine to determine the sequence of operations and

data transfers in and out of registers. Because of this sequential machine, we know

the exact time of the events, and we can anticipate them. Although we do not know

how many writes will happen, the state information allows us to know when they

will happen. This allows us to build the appropriate gating logic and open the gate

at these states.

The compiler gathers information on register reads and writes in each state of the

finite state machine. We express reads as rsi , where a read is performed for register
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i in state s. Similarly, writes to register i in state s are referred to as wsi . The set

of all registers written in state s is ws, while the set of all registers read in state s

is rs. Let the total number of registers be N and the total number of states be M ,

i ∈ [1, N ], and s ∈ [1,M ].

Using state transition information and the set of reads and writes in each state

we can determine the register writes which are necessary and which are useless. The

following rules determine that a particular write (wsi ) is useless.

• Multiple writes without any read in between means all but the last write are

useless.

• All writes after the last read of a further-unused register are useless.

Using these rules the set of writes ws is minimized to include only those register

writes that are necessary. We call this minimized set w̃s. It should be noted that it is

not possible to discover all useless writes through a pure static analysis of the state

machine. A run-time mechanism is needed to discover all such useless writes. We do

not explore any dynamic, run-time mechanism due to the associated area overhead.

We rely on a purely static approach that can be automated at compile time.

We then implement the clock gating mechanism. Since the register outputs are

valid when the clock is not active, all reads of a register, ri, can be performed while

the clock is gated. It is only during a register write, wi, that the clock needs to be

activated to latch the updated input signal into the register. Let the complete set of

states be S. For a register i let the set of write states be Swi ⊆ S. Then, for each

register, i, a clock gate, gi ∈ {0, 1}, is created, which enables the clock to the register

only during its write states s ∈ Swi , and disables the clock in all other states s /∈ Swi .

Thus, we have gi = s ∈ Swi .

Since CoDeL implements designs as a Moore finite state machine, the clock gates

for the registers are simply a function of the current state. Thus, simple combinational
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Figure 5.1: Clock gating circuit

logic can be used to set up a clock gate. In the case of a Mealy machine, the clock gate

for some registers becomes a function of the current state and the inputs, making the

gating logic more complex. This has not been explored in this thesis. It should be

noted that the registers encoding the state, i.e. the control path memory elements,

are not clock gated. To ensure the state value stabilizes, and setup and hold times

are met for the register inputs, we use the falling edge of the clock to clock the gated

registers. Thus, the clock signal for register i is given by

gclki = clk AND gi.

The minimum number of bits for a register which should be clock gated is left

as a configurable parameter, ξ, which is an input to the CoDeL compiler. Thus, a

register r is clock gated only if its word length |r| is greater than or equal to ξ.

A principal block diagram of the clock gating mechanism is presented in figure

5.1. Figure 5.2 provides a timing diagram for a clock gated register gated on in state

x. The next section provides an example of how clock gating is performed for an

FSMD circuit designed using CoDeL.
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Figure 5.2: Clock gating timing

Table 5.1: FSMD implementation of the real update kernel (d = c+ a ∗ b)

State(s) Activity
0...2 Wait for Start signal; Indicate

busy with Ready signal.
3...6 Update memory with values for a,

b, c and d.
7 Start profiling.
8 Get a value for a and b from mem-

ory.
9 Get a value for c from memory.
10 Calculate a ∗ b. Assign value to d.
11 Calculate c+ d. Assign value to d.
12 Write d to memory.
13 Stop profiling.
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5.1 Example

Table 5.1 presents an outline of the resulting finite state machine implementation of

the simplest kernel, real update, as an example of a circuit compiled using CoDeL.

The CoDeL source code listing can be found in section B.2 We see that the complete

implementation requires 14 states. However, states zero to seven, and state 13 per-

form only setup operations and are therefore not included in the profiling. This is

also the case for the reported DSP results implemented in C.

Simulation of the CoDeL compiled design shows that each state from eight to 12

is visited once per clock cycle. Thus, to perform the desired kernel functionality five

clock cycles are needed.

The gated elements in this circuit are the registers a, b, c and d, as well as the

data latches used for the output ports interfacing to memory and a fixed point unit

(FXU). Considering just the data registers, we find that, according to table 5.1, the

value of a and b is updated in state eight, c is updated in state 9, and d is updated

in states 10 and 11. This provides us with the states when the clock needs to be

enabled for these registers. For all other states, the clock is gated off.

5.2 Power Savings Estimation Framework

We now present a framework to estimate the expected dynamic power savings from

automated clock gating using CoDeL. The dynamic power savings obtained can be

divided into two parts. In the first part, we examine the saved power due to the

removal of useless switching, while in the second part we examine the savings due to

the reduction of clock fanning.
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5.2.1 Useless Switching

For the entire state machine the total number of bits that are potentially written to,

W , can be calculated as

W =
M∑
s=1

∑
ws

i∈ws

|wsi | ,

where M is the number of states, ws is the unoptimized set of written registers in state

s, and |wsi | represents the word length of register wsi . The optimized total number of

written bits, W̃ , needs to include all those non-gated registers, whose word length is

less than the threshold ξ. It can be represented as

W̃ =
M∑
s=1

 ∑
ws

i∈w̃s

|wsi |+
∑

ws
i∈ws,ws

i /∈w̃s,|ws
i |<ξ
|wsi |

 .
Not taking into account the clock gating overhead, the fraction of clock power

saved due to the removal of useless switching, Ps, is proportional to the fraction of

writes saved.

Ps = 1− φW̃

φW
= 1− W̃

W
(5.1)

where the factor φ represents the fraction of bits that change value, on average, when

a register’s value changes.

5.2.2 Clock Switching

The total number of clocked register bit states is given by

C = M ×
N∑
i=1

|ri| ,

where ri is the ith register, and there are a total of N registers.

After clock gating, the number of clocked register bit states is given by
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C̃ =
M∑
s=1

 ∑
ws

i∈w̃s,|ws
i |≥ξ
|wsi |+

∑
|ri|<ξ

|ri|

 .
Not taking into account the clock gating overhead, the fraction of power saved

due to the reduction in clock switching, Pc, is proportional to the fraction of clock

cycles saved, and is given by

Pc = 1− C̃

C
. (5.2)

5.2.3 Clock Gating Overhead

We call the additional power requirement for clock gating Pg, which is a monotonically

increasing function of the number of clock gated bits and the frequency of changes

in the state of these gates. We can approximate this overhead by summing the

additional switching activity and the additional clocking requirement.

The proportion of additional switching activity, ρs, is

ρs =

∑M
s=1

∑N
i=1

 1, if wsi ∈ w̃s, |wsi | ≥ ξ

0, otherwise

φW
(5.3)

where, as before, the factor φ represents the average fraction of bits of a register that

change value.

The proportion of additional clocking overhead, ρc, is given by

ρc =
M ·

∑N
i=1 {1 if |ri| ≥ ξ; 0 otherwise}

C
. (5.4)

The overall gating overhead can now be stated as

Pg = αsρs + αcρc, (5.5)
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where αs is the fraction of dynamic power dissipation attributable to register switch-

ing activity and αc is the fraction of dissipation attributable to clocking.

5.2.4 Total Power Saved

The total power saved P is the sum of savings due to the removal of useless switching,

Ps, and the saving due to reduction in clock switching, Pc. We also need to take into

account the clock gating overhead, Pg. The total power saving is then given by

P = αsPs + αcPc − Pg, (5.6)

where, as before, αs is the fraction of dynamic power dissipation attributable to

register switching activity and αc is the fraction of dissipation attributable to clocking.

An estimate of αs and αc can be obtained by examining the proportion of esti-

mated switching activity due to register updates, W , and register clocking, C.

αs =
φW

φW + C
(5.7)

αc =
C

φW + C
= 1− αs. (5.8)

5.3 Evaluation

To evaluate the CoDeL platform we have used the set of DSP kernel benchmark

circuits from the DSPstone benchmark [86] and a set of application circuits. The

DSP kernel suite consists of the code fragments shown in table 4.1. The application

circuits examined consist of the following integer algorithms commonly found in DSP

applications.

• A simple 16-bit counter.

• A 5/3 Discrete Wavelet Transform (DWT) using the lifting technique [34,
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Figure 5.3: Structure of the 8-point multiplierless DCT approximation

78]. The 5/3 DWT is used to perform lossless compression of images in the

JPEG2000 standard [70].

• A multiplierless approximation to the eight-point Discrete Cosine Transform

(DCT) [55]. The DCT forms the heart of the JPEG and MPEG standards

[66, 61]. From [55] we use the C7 DCT based on Chen’s factorization. The

implemented structure of this transform is presented in figure 5.3.

• An integer transform used in the H.264 (MPEG4 Part 10) standard [58]. H.264

is an important, new video compression standard suitable for very high data

compression. The implemented structure of this transform is presented in figure

5.4.

All kernels from the DSP benchmark suite and the application circuits are imple-

mented using CoDeL and compiled to generate synthesizable VHDL. These circuits

are synthesized using the Synopsys Design Compiler using three TSMC 90nm CMOS
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Figure 5.4: Structure of the H.264 Integer Transform

technologies: general purpose, high performance, and low power.

5.4 Benchmarking Results

5.4.1 DSPstone Dynamic Power

All power results presented here are for the DSPstone kernel modules implemented

using CoDeL. The results for the application circuits are presented in section 5.4.4.

In all cases, except the DWT application circuit, randomized, statistical data is used

for simulation based results. For the DWT, we perform the transform on 128× 128

grayscale images of Lena and Boats 1.

We present a comparison of four scenarios: NCG uses no clock gating, CCG uses

automated CoDeL clock gating, SCG uses automated clock gating using Synopsys,

and SCCG uses clock gating using both CoDeL and Synopsys. In the case of SCCG,

CoDeL applies clock gating for the registers first during compilation of the CoDeL

description, which produces a VHDL description. Then Synopsys clock gating is

applied during VHDL synthesis. In all cases, all registers wider than two bits are

clock gated. Further, all results are presented for the gate level design, before place-

ment and routing. To obtain the power dissipation in the circuits, Synopsys’ Power

1The standard Lena and Boats images are 512× 512 (http://www.cs.tut.fi/˜foi/GCF-BM3D/).
We used IrfanView, which uses the Lanczos resampling algorithm, to reduce these to 128× 128.
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Figure 5.5: Power dissipation - 400 MHz - General purpose 90nm
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Figure 5.6: Cell Area - 400 MHz - General purpose 90nm

Compiler was used with switching activity annotated through simulation.

Figure 5.5 shows the dynamic power dissipation for the kernels using the various

gating methods. These results use the general purpose 90nm TSMC CMOS technol-

ogy for synthesis. We find that in most cases clock gating performed just by CoDeL

(CCG) is less effective at reducing dynamic power dissipation than clock gating per-

formed just by the Synopsys Power Compiler (SCG). However, in virtually all cases

where both CoDeL and Synopsys clock gating (SCCG) is used, the power savings are

maximized.

Figure 5.6 shows area results for the various designs. We see that the CoDeL

gated designs (CCG) exhibit the largest area requirement, which is slightly higher,
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Figure 5.7: Critical Path Length - 400 MHz - General purpose 90nm

in most cases, than the non gated designs (NCG) (1.3% higher on average). The

Synopsys gated designs (SCG) use the least cell area, while the CoDeL and Synopsys

gated designs (SCCG) show somewhat higher area usage. On average, compared to

NCG designs, SCG exhibits 7.5% lower area, while SCCG exhibits 5.3% lower area

usage. The lower area with Synopsys clock gating is because this gating method

allows Synopsys to use more area efficient cells to implement the sequential elements,

namely the flip flops. The increase in area using CoDeL clock gating, as compared

to using no clock gating, can be attributed to the increase in combinational logic

required to generate the clock enable signal.

Examining the results of figures 5.5 and 5.6, we find that CoDeL clock gating

effectively reduces clock switching activity, while using Synopsys clock gating results

in the use of more area and power efficient cells resulting in overall power and area

reduction. It is because of this phenomenon that the combination of Synopsys and

CoDeL clock gating provides the most favorable results.

Figure 5.7 shows the critical path lengths for the various designs. We see that the

non gated designs (NCG) exhibit the longest paths while the CoDeL and Synopsys

gated designs (SCCG) show the shortest critical paths. The reason for this result

lies in the optimizing behavior of the Synopsys compiler. As synthesis proceeds, the
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Figure 5.8: Average percentage dynamic power savings

Synopsys compiler chooses alternate transistor level components to satisfy the various

constraints. These components have varying power, area and timing characteristics.

In our results, the shorter path lengths for gated designs may mean that the compiler

worked harder to satisfy tighter timing constraints when clock gating is added leading

to shorter critical paths. Further investigation is required to clarify and confirm this

hypothesis.

Figure 5.8 provides the average percentage dynamic power savings obtained using

clock gating for the three 90nm CMOS technologies. The power savings are calculated

as the percentage of power saved compared with the designs without any clock gating

(NCG). As an example, the power savings from CoDeL clock gating (CCG) are

calculated as

Avg. NCG Power− Avg. CCG Power

Avg. NCG Power
× 100%,

where the averages are arithmetic means.

The results show that using the general purpose 90nm cell library, on average,

CoDeL clock gating saves 65.7% power, Synopsys clock gating saves 67.9%, and

combining CoDeL and Synopsys clock gating saves 72.9%. Further we find that the
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Figure 5.9: Average power - 400 MHz - General purpose 90nm

use of CoDeL and Synopsys clock gating gives 16% additional dynamic power savings

than using just Synopsys clock gating.

The high performance and low power 90nm cell libraries exhibit similar results.

Using the high performance library we find that CoDeL and Synopsys clock gating

is 10% better than Synopsys clock gating, while using the low power library we get

an additional 16% savings.

Figures 5.9, 5.10 and 5.11 show average dynamic and static power dissipation for

the various clock gating methods and the various CMOS technologies. We see that

the general purpose cell library gives the lowest overall power dissipation. However,

the low power library gives very low static power dissipation. The high performance

library dissipates about three times the power as the general purpose and low power

libraries but it allows the fastest clock rate of 625 MHz. Examining the various clock

gating methods across different technologies, we see that the relative power savings

are quite similar. CoDeL and Synopsys clock gating (SCCG) provide the most power

savings, while Synopsys clock gating (SCG) and CoDeL clock gating (CCG) provide

lower savings in power dissipation.
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Figure 5.12: CoDeL clock gating (CCG) estimated power savings

5.4.2 Estimated Dynamic Power Savings

Figure 5.12 provides the estimated power savings obtained using statistical switch-

ing activity annotation in Synopsys Power Compiler and the estimated power savings

provided by the CoDeL compiler based on the framework presented in section 5.2. All

results are for the CoDeL clock gated designs (CCG) using the general purpose 90nm

cell library. Since the estimation framework also implicitly uses statistical switch-

ing activity annotation, the statistical analysis performed using Synopsys provides a

better comparison for our estimation framework than the simulation based analysis.

In figure 5.12, the estimated results are presented for three values of φ (0.2, 0.4

and 0.6), corresponding to three estimates for the average number of register bits that

change value when a register changes value. We see that the overall power savings

are not very sensitive to the φ parameter.

Comparing the estimated and obtained power savings, we see, from figure 5.12,

that the savings estimated using the CoDeL based analysis framework (for φ = 0.2

for example) compares quite well to the power savings using Synopsys statistical

power analysis. In virtually all cases the CoDeL estimated power is within 5% of the

Synopsys estimate.
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Figure 5.13: Geometric mean of the estimated power savings vs. minimum clock gated
register word length (ξ)

5.4.3 Minimum Clock Gated Register Word Length (ξ)

Using the estimation framework we now try to find the optimal minimum word length

for a register that should be clock gated, ξ. Figure 5.13 presents the estimated

percentage power savings averaged (using a geometric mean) across the 13 kernels of

the DSPstone benchmark for each value of ξ from one to eight. We can see that the

power savings are maximized for ξ = 2 and ξ = 3. In fact, for every kernel, the power

savings is maximized and is the same for ξ = 2 and ξ = 3. Therefore, we have used

ξ = 3 in all our evaluations. In the design flow using CoDeL, for the particular circuit

under development, it can be expected that the designer may try various values of

ξ, and choose the value that maximizes the power savings estimated by the CoDeL

compiler. This exploration of the optimum value for ξ may also be automated in the

compiler. This would allow the development tool to automatically find the value for

ξ that maximizes the power savings.
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5.4.4 Application Circuits Dynamic Power

Here we present dynamic power results for the four application circuits described in

section 5.3: Counter, DWT, BinDCT, and H.264.

Figures 5.14 and 5.15 show the absolute power and the power savings achieved

for the four circuits using the various clock gating mechanisms. As before, we find

that in all cases the power savings are maximized using a combination of Synopsys

and CoDeL clock gating (SCCG).

The area results are also consistent with those observed earlier for the DSPstone
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kernels. The SCG circuits exhibit the lowest area while CCG exhibits the largest

area usage. The SCCG circuits exhibit just slightly higher area usage than the SCG

circuits.

5.5 Summary

In this chapter, we studied the effectiveness of CoDeL’s automated clock gating mech-

anism by comparing it to the automated clock gating function provided by the Syn-

opsys tools. We find that the use of CoDeL clock gating along with Synopsys clock

gating outperforms Synopsys clock gating alone and provides 16% more power sav-

ings on average at an area overhead of 2.4%. Further, we find that the estimation

framework presented provides a quick and accurate measure of the expected dynamic

power savings using CoDeL based clock gating.
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Chapter 6

Power Gating

Supply voltage scaling increases subthreshold leakage currents,

increases leakage power, and poses numerous challenges

in the design of special circuits.

- Shekhar Borkar [21]

Power gating of a circuit block is performed by using an appropriate header or

footer transistor [41]. To begin power gating, a “sleep” signal is applied to the gate

of this transistor to turn off the supply voltage to the circuit block. To revive the

block for use, the “sleep” signal is de-asserted and power is restored.

In the case of memory elements, such as registers, multi-threshold CMOS (MTC-

MOS) [63] retention registers can be used (see figure 6.1). During normal operation,

there is no loss in performance and during power-down mode the register state is saved

to a “balloon” latch, which has a high voltage threshold resulting in minimal leakage.

Using a MTCMOS register, all reads can be performed from the balloon latch. It

is only when a write is necessary that we need to power up the high-performance

low-threshold flip-flop.

In a power gating environment, the process of deactivating or activating circuit

components is not instant, such as in clock gating. In clock gating the circuit state

can be switched immediately by enabling the clock or enable signal [35]. In power
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Figure 6.1: MTCMOS register

gating, however, deactivating or activating the circuit block involves the discharging

or charging of capacitances, which can be time-consuming. In particular, the delay

in activation poses a problem as it can lead to system stalls. To handle this delay,

two methods are generally employed. First, while a sub-circuit is being restored, idle

waiting cycles are inserted into the system until the sub-circuit is fully activated.

Alternatively, to reduce delay overhead, the sub-circuit can be activated ahead of

time prior to its usage. However, this causes additional power dissipation. To make

the recovery process more efficient a branch prediction scheme can be used to reduce

the cases where a sub-circuit is activated in anticipation but not used.

In figure 6.2 we present the supply voltage and the various phases of a circuit

component as it is power gated. Our model here follows the description presented in

[41]. From time T0 to T1 the circuit component is busy and thus can not be gated.

This period is Tbusy. At time T1, the component becomes idle. It takes the control

logic from T1 to T2 (Tidledetect) to make the decision to engage gating. From T2 the

supply voltage begins to drop. At T3 the aggregate leakage power savings equals the

overhead of switching the header transistor on and off. The period, Tbreakeven, from

T2 to T3, is the minimum power gating duration to achieve net leakage power savings.

During the period Tsleep, from T3 to T4 the device is asleep and we accumulate net

power savings. At T4 the control logic needs to reactivate the component. From T4
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Figure 6.2: Voltage during power gating phases

to T5 the voltage rises. During this period, Twakeup, a performance penalty may be

incurred if the pending operation needs to wait for the power to be restored. Finally,

at T5 the power is fully restored and the circuit can resume normal operation.

6.1 Gating Methods

Here, we explore the gating potential of registers using three gating methods. We

first study the power savings expected using a dynamic time-based technique, where

gating is performed after observing a pre-determined number of idle cycles. Second,

we use CoDeL to statically predict (at compile time) when the idle periods occur and

appropriately power gate the registers. Third, the dynamic time-based technique is

augmented by static gating predictions made by the CoDeL compiler.

6.1.1 Time-Based Power Gating

A simple technique to power gate circuit components is to dynamically observe their

state and initiate power gating when a sufficient number of idle cycles are detected.

Techniques such as this have been used for cache memories [30] and show significant

leakage savings with minimal performance impact.
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To implement this technique, each circuit component needs to have state machine

logic similar to the one shown in figure 6.4. Normally the component is in the

IDLE DETECT or BUSY state. As long as the component is being used, the state

remains BUSY. Once the component becomes idle we enter the IDLE DETECT state.

When the consecutive idle cycle count increases beyond Tidledetect, the component

enters the POWER DOWN state. Here it waits for period Tbreakeven to allow for the

voltage supply to reduce. If at any time the component is needed, a signal is generated

causing the component to enter the WAKEUP state. Otherwise, after Tbreakeven

cycles, the SLEEP state is entered. When the circuit component is next needed, the

WAKEUP state is entered where a waiting period of Twakeup cycles is required to

restore the supply voltage. Once the component is powered up, the BUSY state is

entered. When the circuit prematurely goes from the POWER DOWN state to the

WAKEUP state, the component may not be fully powered down. Thus, for restoring

the power it will not take the full Twakeup cycles. However, we conservatively penalize

the full Twakeup cycles in this case. Further, we only consider the savings while in the

SLEEP state. There may be some additional power savings in the WAKEUP state,

which we conservatively do not include.

According to this framework, we see that our results are dependent on three pa-

rameters: Tidledetect, Tbreakeven, and Twakeup. Tbreakeven is the time it takes to overcome

the energy overhead of gating a unit. Twakeup is the overhead of restoring the power to

a unit. The parameters Tbreakeven and Twakeup are a function of the VLSI technology

and thus can not be controlled by circuit design. The Tidledetect parameter, however,

can be controlled to effect the aggressiveness of the power gating mechanism. A lower

Tidledetect will result in the gating of shorter idle periods, which occur more often, re-

sulting in potentially more gated cycles. However, gating of an increased number of

idle periods will result in more cases where the circuit must be stalled for the power

to be restored. These stalls will result in a greater performance loss. A large Tidledetect
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Figure 6.3: Architectures for power-gating methods used for evaluation

will find fewer gating opportunities, and thus result in better performance.

To implement this scheme each register would require a controller to count the

idle cycles, and logic to detect a new value being written to the register (see figure

6.3(a)). This logic is expensive in terms of area and power, and therefore motivates

an alternative method of initiating power gating.

6.1.2 CoDeL Initiated Power Gating

The CoDeL platform [5] uses a sequential machine to determine the sequence of

operations and data transfers in and out of registers. Because of this sequential
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dashed transition line is used for CoDeL initiated power gating. Both dashed lines are used
for CoDeL assisted time-based gating.

machine, we know the exact time of the events, and we can anticipate them. For

each register, at compile time, CoDeL iterates through each state of the state machine

implementation of the circuit and looks ahead Tidledetect states to determine if there

are any potential writes to the register. If there is no write to the register in the

next possible Tidledetect states, a power off (SLEEP) suggestion is noted for the gating

control logic. If during the next Tidledetect possible states the register is written, a

power off suggestion is not made. As with the time-based technique, the Tidledetect

parameter is chosen a priori, and is the same for all registers of the circuit under

design.

To more efficiently wake up the registers, CoDeL performs a look ahead and

prematurely powers up the register in anticipation of a write. This reduces the

performance penalty normally incurred in waiting for a power up. For each register,

at compile time, CoDeL examines each state of the state machine implementation
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of the circuit and looks ahead Twakeup states to determine if there are any potential

writes to the register. If there is a write to the register in the next possible Twakeup

states, a power on (WAKE) suggestion is noted. Otherwise, a power on suggestion

is not made. For example, referring to figure 6.5(a), for Tidledetect = 3 and Twakeup =

1, a sleep suggestion will be generated at state S2, while a WAKE suggestion will be

generated at state S10.

CoDeL initiated gating corresponds to a static environment where only sugges-

tions made by CoDeL can initiate power gating (long dashed line in figure 6.4). The

wakeup mechanism is triggered by a CoDeL suggestion or a detected write.

To implement this static gating scheme only combinational logic is needed. The

current state is used to generate the desired SLEEP and WAKE signals to power

down and power up the register. Some sequential logic may be needed to generate

the AWAKE signal, which indicates that the register is powered up and ready for use.

This allows CoDeL to stall the register write until the AWAKE signal is asserted.

Figure 6.3(b) provides a possible implementation of this mechanism.

6.1.3 CoDeL Assisted Time-Based Power Gating

In CoDeL assisted time-based gating, the decision to initiate gating is still dependent

on a streak of idle cycles as in the time-based technique (short dashed line in figure

6.4). In many cases, however, based on CoDeL’s suggestion (long dashed line in figure

6.4), gating can be initiated prematurely without waiting for the full Tidledetect cycles.

The value of Tidledetect used for the CoDeL and time-based parts is the same. Also,

based on CoDeL’s suggestion, wakeups are initiated in anticipation of a register write

to reduce the performance penalty.

The implementation of this gating scheme is the most complex as it requires the

circuit features of the static and dynamic gating methods. Figure 6.3(c) shows that

this implementation would require features from both the time-based and the CoDeL

initiated power gating mechanisms.
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Figure 6.5: States look-ahead to determine possible writes. Tidledetect = 3

6.2 FSM Branch Prediction

CoDeL’s gating and wakeup suggestions are dependent on a look-ahead search of the

FSM description of the circuit to determine whether a register write is performed

in the next Tidledetect or Twakeup possible states. In performing this search, branches

in the state machine are handled in three different ways. The first method uses

no branch prediction (figure 6.5(a)), and therefore searches all possible state paths.

The second method uses static forward branch prediction and assumes that a branch

to the furthest state forward is taken (figure 6.5(b)). The third method uses static

backward branch prediction and assumes that a branch to the furthest state backward

is taken (figure 6.5(c)).

We have only experimented with simple, purely static branch prediction schemes

here, that can be automated at compile time, and do not require any area overhead

in the circuit. More advanced, dynamic branch prediction mechanisms may be used

and may provide somewhat better results, but we believe that the added complexity

will not result in significant improvements. A further analysis of branch prediction,
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using a perfect branch predictor, would help in determining the maximum possible

power savings and the minimum possible performance loss.

6.3 Evaluation Framework

To evaluate the power gating methods we use the the DSP kernel benchmarks from

the DSPstone suite [86]. These benchmarks consist of 13 code fragments which are

commonly used in DSP algorithms. Table 4.1 provides a list of the code fragments in

this benchmark kernel suite. All kernels from the suite are implemented using CoDeL

and compiled to generate synthesizable VHDL. To perform the required arithmetic

operations, we have used a single cycle 16 bit fixed point unit (FXU) written in

VHDL using the fixed point package obtained from [22]. It is interfaced by the

CoDeL implemented kernels to perform the required arithmetic operations. For data

storage, a single port memory is implemented in VHDL for simulation. Any registers

in the FXU or the memory are not gated. All clock cycle results presented are based

on trace data obtained from VHDL simulation of the kernel circuits. The overall

benchmark architecture is presented in figure 6.6.

6.4 Results

We examine the effects of Tidledetect, Tbreakeven and Twakeup on the power gating ability

and performance of the circuit. Specifically we look at the percentage of cycles that

a register spends in the SLEEP state and weight the saved clock cycles by the width
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Figure 6.7: Gating effectiveness with Twakeup = 2 and Tbreakeven = 10
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Figure 6.8: Gating effectiveness with Twakeup = 2 and Tbreakeven = 20
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of the register. We call this the percentage of bit cycles in the SLEEP state. It is

computed as

∑N
i=0 |Ri| · (cycles in SLEEP state)i
total cycles executed ·

∑N
i=0 |Ri|

· 100%, (6.1)

where N is the number of registers, Ri is the ith register and |Ri| is the word length

of the ith register. The performance impact of gating is computed as the number of

additional clock cycles needed when power gating is introduced. This is computed as

total cycles executed without gating

total cycles executed with gating
· 100%. (6.2)

The results presented here are an arithmetic average of the results obtained for

the 13 DSPstone kernels.

6.4.1 Gating Effectiveness

Figure 6.7 presents the gating effectiveness using the three methods presented and

the different branch prediction schemes using Tbreakeven = 10. From figure 6.7(a) we

see that when no branch prediction is used, the CoDeL based gating schemes perform

poorly for larger values of Tidledetect. This is because since all possible branches are

searched to find a write, many more writes are predicted than actually occurring

resulting in missed gating opportunities. This is exacerbated in the case of only

CoDeL initiated gating, since there is no help from time-based gating to reclaim

some of the lost gating opportunities.

Examining the branch prediction schemes (figures 6.7(b) and 6.7(c)) we see that

the CoDeL based and the CoDeL assisted time-based schemes significantly outper-

form the time-based technique. For Tidledetect = 30, the CoDeL schemes provide 63%

more gated bit cycles than the time-based technique. It is interesting to note that for

Tidledetect ≥ 5, both CoDeL based schemes exhibit the same savings. This means that

the dynamic decision criteria in the CoDeL assisted time-based technique presents
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no new gating opportunities in comparison to the purely static CoDeL scheme. This

is an important result and suggests that the savings from using a dynamic method

are small and do not justify the area and power overhead associated with using a

dynamic scheme.

Comparing the forward and backward branch prediction schemes we find that the

backward prediction results in more gating opportunities resulting in 15% more gated

bit cycles than forward branch prediction. This means that more backward branches

are taken in our designs than the forward branches.

Figure 6.8 presents the gating effectiveness using Tbreakeven = 20. Comparing to

figure 6.7 we find that a higher Tbreakeven reduces the overall gating effectiveness as

expected. However, the general trends remain the same. Further, we find that with

the higher Tbreakeven of 20 the CoDeL based schemes now perform better than the

time-based technique for Tidledetect ≥ 10. Therefore the suggested Tidledetect value to

be used is half the Tbreakeven parameter.

6.4.2 Performance Impact

In figure 6.9 we examine the effect of the various methods on the performance using

Twakeup = 2. It can be seen that using full state space exploration (no branch predic-

tion) gives the best performance. This is because a full state exploration reduces the

chances of misprediction reducing the number of stall cycles. As before, comparing

the two CoDeL schemes we see they provide roughly the same performance. It should

be noted that the value of Tbreakeven has no effect on the performance since it does

not effect the number of penalty cycles encountered.

Figure 6.10 shows the performance impact for different values of Twakeup. Back-

ward branch prediction is used here for the CoDeL schemes since it provides the

best gating potential as compared to forward and no branch prediction. Expectedly,

as the value of Twakeup increases, performance decreases as more cycles are spent in

waiting for the power to be restored.
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Figure 6.9: Performance impact with Twakeup = 2 and Tbreakeven = 10
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Figure 6.10: Performance impact with backward branch prediction
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Figure 6.11: Branch prediction performance impact. Each curve represents values aver-
aged across Twakeup = 2, 4, 6.

In almost all cases of figures 6.9 and 6.10, we see that the CoDeL schemes outper-

form the time-based technique for lower values of Tidledetect (less than 15), while for

larger Tidledetect, the time-based technique dominates. This is because the time-based

technique gates registers less frequently for larger Tidledetect, and thus results in fewer

wakeup procedures resulting in lower performance loss. Even for these larger Tidledetect

values, however, the difference in performance for the time-based and CoDeL schemes

is very small (less than 3%). But the number of sleep cycles gained with the CoDeL

method far exceeds those of the time-based method by more than 60%.

In figure 6.11 we see the performance results for the various CoDeL based branch

prediction methods averaged across several Twakeup values. We see that the CoDeL

scheme with no branch prediction performs more than 2% better than the other

schemes, but it also results in the worst gating potential. Also, the backward branch

prediction provides better performance than the forward branch prediction by 2%

since it is more accurately able to predict wakeups.



Chapter 6. Power Gating 66

0

5

10

15

20

25

30

35

40

0.0 5.0 10.0 15.0
Performance Loss (%)

%
 b

it 
cy

cl
es

 in
 S

LE
EP

Time
CoDeL: No
CoDeL: Forward
CoDeL: Backward
CoDeL: Backward/No

(a) Tbreakeven = 5 and Twakeup = 2

0

5

10

15

20

25

30

35

40

45

50

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0
Performance Loss (%)

%
 b

it 
cy

cl
es

 in
 S

LE
EP

Time
CoDeL: No
CoDeL: Forward
CoDeL: Backward
CoDeL: Backward/No

(b) Tbreakeven = 5 and Twakeup = 6

Figure 6.12: Gating effectiveness vs performance loss (Tbreakeven = 5). Tidledetect varies
from 30 to 0 from left to right.
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Figure 6.13: Gating effectiveness vs performance loss (Tbreakeven = 10). Tidledetect varies
from 30 to 0 from left to right.
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Figure 6.14: Gating effectiveness vs performance loss (Tbreakeven = 20). Tidledetect varies
from 30 to 0 from left to right.
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6.4.3 Results Summary

From the earlier results we find that the static CoDeL scheme with backward branch

prediction provides the best gating effectiveness, while no branch prediction results

in the fewest penalty cycles at wakeup resulting in the best performance. In figures

6.12, 6.13 and 6.14 we are able to more clearly see the entire design space consisting

of the various techniques. This figure allows the designer to choose the right gating

method and Tidledetect parameter based on the technology parameters Tbreakeven and

Twakeup, and the desired gating effectiveness and the tolerable performance impact.

In figures 6.12, 6.13 and 6.14 we have also included a variation which uses back-

ward branch prediction to predict SLEEP conditions while no branch prediction is

used for WAKEUP conditions. This is labeled ‘CoDeL: Backward/No’. The solid

curves indicate results employing a static gating method where the area overhead is

extremely low. A dashed curve is used for the time-based method which employs a

dynamic scheme resulting in significant overhead.

The subfigures of figures 6.12, 6.13 and 6.14 provide the design space for various

possible values of Tbreakeven and Twakeup. Common in all figures we see that lower

values of Tidledetect cause significant performance loss. This means that although

there are a large number of short idle periods which can benefit from gating, the

performance degrades since this causes a large increase in the number of cases where

the circuit needs to wait for a power up to occur. The design points where the

performance loss exceeds 5% are impractical since in most situations a performance

degradation that large may not be desired. Further, the incremental improvement in

gating effectiveness beyond this point is not significant. Based on this observation, a

Tidledetect value of greater than or equal to 10 is recommended.

Overall, we find that CoDeL, with backward branch prediction, is able to provide

the best compromise of high gating effectiveness and low performance loss. CoDeL

with forward branch prediction provides a relatively poor combination of gating ef-
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fectiveness and performance. This is due to the high rate of misprediction with this

method. CoDeL with no branch prediction provides lower gating effectiveness but

provides excellent performance for larger values of Tidledetect, and thus may be useful

in cases where high performance is critical.

Examining the ‘CoDeL: Backward/No’ case where backward branch prediction

is used for SLEEP prediction and no branch prediction is used for WAKEUP, we

find that the overall effect is not beneficial. Using this method, we observe a slightly

lower performance loss than that of the case employing backward branch prediction

for both SLEEP and WAKEUP and see that the gating effectiveness is reduced.

This means that the low performance loss we find using the case where no branch

prediction is used for SLEEP and WAKEUP is due to the reduced number of SLEEP

modes that are initiated resulting in lower WAKEUP penalties.

For lower values of Tbreakeven we see that the time-based technique provides poor

overall gating effectiveness and performance. However, for the cases where Tbreakeven

is large, the time-based scheme is competitive with the static CoDeL based schemes.

In figure 6.13(a) we examine the specific case where Tbreakeven is 10 and Twakeup is 2.

For Tidledetect = 15 we find that the CoDeL scheme with backward branch prediction

provides 47% more bit cycles in SLEEP mode than the time-based technique for the

same approximate performance loss of 1.4%.

6.5 Summary

Test circuits, implemented using the CoDeL design platform, were examined to de-

termine the expected savings that can be achieved from power gating individual

registers, and the associated performance impact. It was found that a CoDeL initi-

ated power gating scheme with static backward branch prediction provides an overall

superior combination of high gating effectiveness and low performance loss. For high

performance applications, CoDeL with no branch prediction (full state space explo-
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ration) is the best choice. In both these methods, since the gating decisions are made

at compile time, there is very little circuit area overhead.

Here, we have introduced a methodology for implementing efficient power gating

using the CoDeL platform. Using the ideas presented we hope to enhance the CoDeL

design environment and fully automate the process of power gating in VLSI circuits.
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Chapter 7

FSMD Partitioning

Nothing is particularly hard if you divide it into small jobs.

- Henry Ford

The proposed partitioning techniques work at the behavioral level, before synthe-

sis. The FSMD described at the behavioral level is split into two or more separate

FSMD units. At any given time, only one FSMD is active while the others are pow-

ered off or clock gated. This results in significant power savings (static and dynamic).

A review of partitioning techniques for power reduction is presented earlier in section

3.5.

Ideally, data components must be isolated as much as possible so they can be

turned off as long as possible. Further, when data components are shared between

FSMDs, their updated values need to be communicated to the newly activated FSMD.

This communication overhead results in power dissipation that should be minimized.

A high level architecture of the proposed FSMD partitioning is presented in figure

7.1.

Another important criterion is to minimize the number of transitions between par-

titions. Each time a transition occurs we not only have the communication penalty,

but also encounter a startup delay whereby the capacitances of the newly activated

FSMD are charged up. To reduce this performance penalty a lookahead mechanism
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Figure 7.1: Partitioned FSMD

can be used, which is described briefly in section 7.3.

To minimize these adverse effects we need to efficiently partition the FSMD to

reduce the amount of shared data components. To achieve such an efficient parti-

tion we formulate FSMD partitioning first as an Integer Linear Programming (ILP)

problem, and second as a non-linear programming problem which we solve using the

Simulated Annealing (SA) algorithm. In both cases, our objective is to minimize the

number of shared components between partitions and also minimize the number of

possible transitions between the partitions.

7.1 Problem Formulation

7.1.1 Preliminaries

Formally, a finite state machine with datapath (FSMD), P , is a 6-tuple defined as

(see [42])

P = 〈S, s1, I ∪ STAT,O ∪ A, δ, λ〉 (7.1)

where:

• S = {s1, ..., sN} is the set of finite states.

• s1 is the reset state.

• I is the set of input variables.
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• STAT = {Rel(a, b) : a, b ∈ EXP} is the set of statements specifying relations

between two expressions from the set EXP .

• EXP = {f(x, y, z, ...) : x, y, z, ... ∈ V AR} is the set of expressions.

• V AR is the set of storage variables.

• O = {ok} is the set of primary output values.

• A = {x⇐ e : x ∈ V AR, e ∈ EXP} is the set of storage assignments.

• δ : S × (I ∪ STAT )→ S is the state transition function.

• λ is the output function where λ : S × (I ∪ STAT ) → (O ∪ A) for Mealy

models, and λ : S → (O ∪ A) for Moore models.

A FSMD can also be represented using a state transition graph (STG). The STG

of P can be described as GP (VP , EP ), where VP is the set of nodes, representing the

state set of P , S, and EP = {〈u, v〉 , u, v ∈ VP} is the set of edges representing the

state transition set of P .

The partitions of P , are a subset of S, along with the transitions related to the

states in S. In addition, we require structures for coordination and communication

between the partitions, while preserving functionality. It is our goal here to partition

machine P into submachines Pk such that the interaction between these partitions

is minimized. Let the number of partitions be M . The set of partitions can then be

identified as Pk∀k ∈ [1,M ].

The next two sections describe two approaches that we have investigated. The

first method constructs and describes the ILP model. The second method presents a

non-linear programming model which is solved using the SA algorithm.

It should be noted that the ILP model presented here was developed first [10]. It

was found, however, that the runtime of the ILP approach is extremely long making
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the approach highly impractical. Thus, a non-linear model was developed and solved

using simulated annealing [11], which is significantly faster than the ILP method.

The ILP approach is presented here for completeness.

7.1.2 The ILP Model

Given an FSMD, we first determine the set of variables that are shared between the

various states. A variable, v ∈ V AR is considered shared between states si and sj if

the variable is read or written in state si and read or written in state sj. We refer to

the bits of variable v as being transition bits. We, thus, represent the total number

of transition bits between states si and sj as Tij.

We represent the set of edges of the STG as Eij, which is a binary variable. It is

1 if and only if there exists an edge (transition) from state si to sj.

Let sij be a binary variable which is 1 if and only if the states si and sj are in the

same partition.

The objective function can now be stated as

min

[
N∑

i,j=1

Tij (1− sij) + λ
N∑

i,j=1

Eij (1− sij)

]
(7.2)

where N is the total number of states in a machine, P . The first summation term

represents all transition bits between the various partitions, Pk, and the second sum-

mation term represents all edges between the partitions. The edges between the two

partitions are weighted by

λ =
∑

v∈V AR

|v|, (7.3)

which is the sum of all register bits in the original partition P . This is because, in

the worst case, all register bits may need to be communicated from one partition to

the other.

The constraints on the ILP fall into two categories: quality constraints and cor-

rectness constraints. The quality constraints help to guide the solution toward a
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useful solution, while the correctness constraints ensure the variables have consistent

values.

The quality constraint for our design ensures that each partition contains at least

a few of the total states from the original machine P . This creates partitions with

a roughly balanced number of states, and avoids the creation of trivial partitions

consisting of zero or one state. We now introduce the binary variables ski for i ∈ [1, N ]

and k ∈ [1,M ], which are 1 if and only if state si belongs to partition k. The quality

constraint can now be formulated as

N∑
i=1

ski ≥ φ
N

M
, 0 < φ < M, (7.4)

where φ is a configurable parameter.

Through experimentation, it is found that φ = 0.6 is able to effectively eliminate

highly unbalanced partitions. This implies that for M = 2 partitions, each partition

must contain at least 30% of the total number of states.

The first correctness constraint ensures that a state belongs to one and only one

partition.

M∑
k=1

ski = 1, ∀i ∈ [1, N ] (7.5)

Second, we need to capture the fact that if states si and sj are both in partition

Pk, they belong to the same partition. This constraint is non-linear by nature and

we need to take a few steps to linearize this. We first introduce variables, skij, which

are 1 if and only if states si and sj are both in partition k or neither is in partition

k. The non-linear representation of this formulation can be captured by

skij = ski XNOR skj (7.6)
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Minimize
N∑

i,j=1

Tij (1− sij) + λ

N∑
i,j=1

Eij (1− sij)

Subject to
N∑
i=1

ski ≥ φ
N

M
, ∀k ∈ [1,M ] , 0 < φ < M

M∑
k=1

ski = 1, ∀i ∈ [1, N ]

ski + skj + 1 = 2ckij + skij, ∀k ∈ [1,M ] , ∀ {i, j} ∈ [1, N ]

M∑
k=1

skij + 2 = M + 2sij, ∀k ∈ [1,M ] ,∀ {i, j} ∈ [1, N ]

All variables (sij, s
k
ij, s

k
i , c

k
ij) are binary.

Figure 7.2: ILP model

Equation 7.6 can be linearized as

ski + skj + 1 = 2ckij + skij (7.7)

where ckij is also a binary variable.

We can now formulate a linearized equation for sij by observing that the sum of

skij over k will be M if both states, si and sj, are in the same partition. Otherwise,

the sum will be M − 2. This can be represented as a linear equation as follows.

M∑
k=1

skij + 2 = M + 2sij. (7.8)

The ILP model presented is summarized in figure 7.2.

7.1.3 The Non-Linear Model

As before, we first determine the set of variables that are shared between the various

states. A variable, v ∈ V AR, is considered shared between states si and sj if the

variable is read or written in state si and read or written in state sj. We categorize
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shared variables into two groups. The first group, which we call duplicated variables

are those which are either read in both states si and sj, or written in both states.

The second group is called transition variables, which consists of registers that are

read in state si and written is state sj, or vice versa. We represent the total number

of duplicated register bits between states si and sj as Dij, while the total number of

transition bits is denoted Tij.

Another important criteria in the model is to penalize the partitioning of a loop

in the FSMD. To capture this, we introduce pseudo-edges between any two states si,

sj belonging to the same loop in the FSMD. Then the binary variable Lij denotes

the existence of such a pseudo-edge between states si and sj (Lij = 1). If si and sj

do not belong to the same loop, Lij = 0.

We introduce the binary variables sik for all i ∈ [1, N ], which are 1 if and only if

state si belongs to partition k. Here, N = |S| is the number of states of the original

machine P .

The total number of duplicated bits between partitions can be counted using the

following

Dtotal =
N∑

i,j=1

Dij

[
1−

M∑
k=1

siksjk

]
, (7.9)

where M is the number of partitions. Also, we must adhere to the following constraint

∀i ∈ [1, N ] :
M∑
k=1

sik = 1, (7.10)

which requires that each state si belong to one and only one partition k.

Equation 7.9 can be simplified to

Dtotal =
N∑

i,j=1

Dij −
N∑

i,j=1

Dij

[
M∑
k=1

siksjk

]
. (7.11)
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The first term in equation 7.11 is constant since it represents all the shared variable

bits in the original machine. Therefore it can be ignored in the optimization. We

now get

Dtotal ≈ −
N∑

i,j=1

Dij

[
M∑
k=1

siksjk

]
. (7.12)

Let D be a square, NxN, symmetric matrix where each element Dij is the number

of duplicated register bits between states si and sj. Further, let s be an NxM matrix

where sik is 1 if and only if state si belongs to partition k. We can now formulate a

matrix multiplication as follows.

Θ = sTDs, (7.13)

which can be expanded as

Θ =


s1,1 · · · sN,1

...
. . .

...

s1,M · · · sN,M



D1,1 · · · D1,N

...
. . .

...

DN,1 · · · DN,N



s1,1 · · · s1,M

...
. . .

...

sN,1 · · · sN,M

 .

The first two matrices are multiplied to give the following.

Θ =


∑N

i=1 si,1Di,1 · · ·
∑N

i=1 si,1Di,N

...
. . .

...∑N
i=1 si,MDi,1 · · ·

∑N
i=1 si,MDi,N



s1,1 · · · s1,M

...
. . .

...

sN,1 · · · sN,M

 .

Multiplying the remaining two matrices gives

Θ =


∑N

i,j=1 si,1sj,1Di,j · · · · · ·
...

. . .
...

· · · · · ·
∑N

i,j=1 si,Msj,MDi,j

 .
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The trace of matrix Θ is given by

trace (Θ) =
M∑
k=1

N∑
i,j=1

si,ksj,kDi,j. (7.14)

Switching the summations in equation 7.12 gives us an equation of the form specified

above in equation 7.14. Using this, equation 7.12 can be written more concisely as

Dtotal ≈ −trace (Θ) ,

or equivalently,

Dtotal ≈ −trace
(
sTDs

)
. (7.15)

As with the total number of duplicated bits between partitions, the number of tran-

sition bits can be represented as

Ttotal ≈ −trace
(
sTTs

)
. (7.16)

The total number of edges between all partitions can be counted as

Etotal ≈ −trace
(
sTEs

)
. (7.17)

The total number of pseudo-edges between partitions, due to loops, can be counted

as

Ltotal ≈ −trace
(
sTLs

)
. (7.18)

The objective function to be minimized can now be formulated as a combination of

the parameters introduced earlier. It can be stated as

min [αDDtotal + αTTtotal + λ (αEEtotal + αLLtotal)] , (7.19)
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where the edges are weighted by

λ =
∑

v∈V AR

|v|, (7.20)

which is the sum of all register bits in the original partition P . This is because, in

the worst case, all register bits may need to be communicated from one partition to

the other. We have also introduced the factors, α, which allow us to adjust relative

weights for the four parameters based on their relative importance in the final result.

Through experimentation we have determined that αD = 0.5, αT = 1, αE = 1 and

αL = 2 provide effective results. This means that we penalize heavily for breaking

loops, while the minimization of duplicated variables is less important. Although

we chose the values of the parameters αD, αT , αE and αL experimentally, we have

not performed a complete design-space exploration nor studied the relative impact of

each of these parameters on the final partitioning of the circuit. We anticipate that

we will employ a Plackett-Burman methodology [67] to ascertain the impact of each

of these parameters as we further explore their optimum values.

Equation 7.19 can be simplified further and can be stated as

min
[
−trace

(
sT [αDD + αTT + λ (αEE + αLL)] s

)]
. (7.21)

In each iteration of the simulated annealing algorithm, the partition of a randomly

chosen state is modified. We have added a quality constraint to this update procedure

such that each partition contains at least a few of the total states from the original

machine P . This constraint can be specified as

∀k ∈ [1,M ] :
N∑
i=1

sik ≥ φ
N

M
, 0 < φ < M, (7.22)

where φ is a configurable parameter.
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module counter (
in inc,
out countOut[8]

)
{

register count[8];

if (inc == 1)
{

count = count + 1;
countOut = count;

}
}

Figure 7.3: Counter CoDeL code

CASE state_value IS
WHEN S0 =>

IF inc THEN
state_value <= S1;

ELSE
state_value <= S3;

END IF;
WHEN S1 =>

count <= count + 1;
state_value <= S2;

WHEN S2 =>
countOut <= count;
state_value <= S3;

WHEN S3 =>
state_value <= S0;

END CASE;

Figure 7.4: Counter FSMD pseudocode

As in the case of the ILP model, experimentation shows that φ = 0.6 is able

to effectively eliminate highly unbalanced partitions. This implies that for M = 2

partitions, each partition must contain at least 30% of the total number of states.

For the simulated annealing algorithm, the cooling schedule used is Ti+1 = 0.9 Ti.

This is experimentally found to give a good convergence profile.

7.2 Example

We present here a complete example using a simple 8 bit counter, whose FSMD is

partitioned into two submachines. Using both of the proposed methods the resulting
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Figure 7.5: Counter STG with partition
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Figure 7.6: Counter STGs after partitioning
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partition is the same. In figure 7.3 the CoDeL representation of the counter is pre-

sented. The CoDeL compiler produces a 4 state FSMD in VHDL. The pseudocode

for the produced FSMD is presented in figure 7.4. Figure 7.5 presents the STG rep-

resentation of the counter. After partitioning, we find that states 0 and 3 have been

partitioned into submachine, P1, while states 1 and 2 are in submachine, P2 (see figure

7.6). This is ideal since the variables count, countOut and the adder are only used

in states 1 and 2. This allows the register count, the output latch countOut, and

the adder to be completely isolated into partition P2. Therefore, they need not exist

in P1. As a consequence, whenever partition P1 is active and P2 is inactive, we save

power that would normally be dissipated in a non-partitioned FSMD. Further, due

to the complete isolation of the count and countOut variables, no data transfer is

needed when the active partition is changed. This saves communication overhead. It

should be noted that the variable state_value is a special register that encodes

state and must exist in all partitions.

In figure 7.6 we present a detailed view of the two partitions of the partitioned

counter FSMD. We see the addition of the entry and exit states, and the four signals,

Awake1, Clk_en1 Awake2 and Clk_en2, which are required for transitioning from

one partition to another, as explained in section 7.3. A detailed timing diagram is

presented in figure 7.7, which shows how the various signals provide support for clock

and/or power gating.

7.3 Implementation

Although we are working on an automated method to implement the partitioning

ideas presented, here we provide some guidelines and issues that need to be considered

for efficient implementation based on our experiences with the manual partitioning

of a counter circuit (see section 7.2).

Given a feasible and optimal state partitioning, the FSMD needs to be partitioned
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Figure 7.7: Counter timing after partitioning

in order to maintain the functionality provided by the original machine. Each FSMD

partition, Pk, can be represented as

Pk = 〈Sk, s1,k, sentry,k, sexit,k, Ik ∪ STATk ∪ IPk, Ok ∪ Ak ∪OPk, δk, λk〉 (7.23)

where sentry,k and sexit,k are the entry and exit states of the submachine and IPk ⊆

V AR and OPk ⊆ V AR are the additional inputs and outputs, respectively, passed

between submachines at the point of transition of the active submachine.

Once a partition, Pk, is activated it needs to update any changes to its data

elements that may have occurred in the other machines while it was asleep. Therefore,

upon activation, the sub-circuit needs to receive all shared data element values from

the previously active partition. To provide this functionality, each partition needs the

addition of an entry and exit state, sentry and sexit, respectively. When a partition is
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activated, it is in its entry state, while the partition being deactivated is in its exit

state. It is here that the transfer of data takes place from the previous to the new

partition. This requires one additional clock cycle. During this time both partitions

need to be active. It is important to note here that due to this additional clock cycle

a performance penalty is incurred, which is equal to one cycle for every change in the

active partition.

7.3.1 Clock Gating

To facilitate clock gating, we have introduced a Clk_en signal that is sent from the

partition being deactivated to the new partition being activated. As with the Awake

signal, this signal is activated by the old partition on the negative clock edge while it

is in its exit state. However, this signal remains active as long as the new partition

remains active. Therefore, this signal is lowered when the old partition is reactivated.

The gated clock, GClk, used for the partitioned FSMD, Pk, can be represented as

GClkk = Clk AND Clk enk.

Figure 7.7 shows a sample timing diagram for the partitioned counter circuit.

7.3.2 Power Gating

Our anticipated implementation for power gating is that the “sleep” signal may be

generated using an SR latch which is not part of the circuit components being powered

off. The latch is set by the circuit partition which is ready to sleep, and is reset

through an Awake signal sent from the partition being deactivated to the partition

being activated. To allow set-up and hold times to be satisfied, both signals are

raised on the negative clock edge. Further, these signals are active for only one clock

cycle. The time required to power up a circuit is currently unknown and remains a

topic for further exploration. This time is estimated as two clock cycles, resulting in

a total of three cycles needed for each partition change.
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7.4 Evaluation Framework

To test the effectiveness of our FSMD partitioning approach we have implemented

a counter circuit and the set of circuits from the DSP kernel suite of the DSPstone

benchmark [86]. Table 4.1 provides a list of the code fragments in this benchmark

kernel suite.

The designs are implemented using CoDeL [75], which produces synthesizable

FSMD descriptions in VHDL. The CoDeL compiler has been augmented to provide

all the required parameters for our model.

The ILP is modeled using the AIMMS [19] modeling environment and solved using

the CPLEX 10.0 solver. The solution to our model is obtained using a simulated

annealing algorithm [82] implemented in Matlab [69].

For effective power estimation, trace data is used from circuit simulation using

Synopsys. The trace data provides information on the state transition sequence

during computation.

7.5 Power Estimation

Here we present a framework for estimating the potential power savings from parti-

tioning a FSMD. This framework provides a coarse level approximate to the expected

power savings based on examining the proportion of time each partition is active and

the complexity of each partition.

The savings in power dissipation can be broken down into savings in static power

and savings in dynamic power.

7.5.1 Static Power

Using experimentation we have found that, at least in the circuit implementations

we have used, the static power of the circuit is roughly proportional to the amount of
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sequential logic in the circuit1. Thus, by examining the number of sequential elements

in the partitions, and the proportion of time they are put to sleep, we can estimate

the static power savings.

Let Q equal the total number of register bits in the original partition P . The

value Q can be calculated as

Q =
∑

vi∈V AR

|vi|,

where |vi| is the word length of register vi Similarly the total number of register bits

in a submachine Pk is

Qk =
∑

vi∈V ARk

|vi|,

where V ARk ⊆ V AR is the set of registers in partition k. The static power (SP)

savings can now be expressed as

SP Savings = 1−
M∑
k=1

P (Pk) ·Qk

Q
− η

Q
(7.24)

where the parameter P (Pk) is the proportion of total time spent in partition k,

obtained through trace analysis using behavioral simulation. The parameter η is used

to capture the addition of any extra register bits required upon partitioning. This is

required when extra state encoding bits are needed to incorporate the addition of the

entry and exit states in the partitioned state machine. This only becomes significant

when the number of states in a submachine is small (less than 4).

7.5.2 Dynamic Power

The dynamic power dissipation in a circuit is due to switching activity. After par-

titioning, the largest component of power savings is from the reduction of clocking

of register components. All other activity in the circuit is necessarily the same as

the unpartitioned FSMD to achieve the desired functionality. This includes register

1A power-area relationship has also been exploited in [56, 35].
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value updates and arithmetic computations. Thus, the dynamic power savings can

be estimated by examining the reduction in the number of register bits that need

to be clocked after FSMD partitioning. However, we need to take into account the

overhead added due to data communication whenever a change in active partition

occurs. This switching overhead is given by

Overhead = 0.5
M∑
k=1

M∑
l=k+1

[
NPCkl ·

∑
vi∈TV ARkl

|vi|

]
(7.25)

where NPCkl is the number of partition changes between partitions k and l over

a time period, T , TV ARkl = {V ARk ∩ V ARl} is the number of shared variables

between partitions k and l, and |vi| is the bit length of variable vi. The factor 0.5

is used to capture that on average roughly half the bit values will be modified. This

factor of 0.5 may be a bit conservative but the overhead is not particularly sensitive

to this parameter. Further, we find that the switching overhead is so small (less

than 0.5%) that the effect of this parameter on the overall dynamic power savings is

negligible.

The dynamic power (DP) savings can be estimated as

DP Savings = αC ·

[
1−

M∑
k=1

P (Pk) ·Qk

Q
− Overhead

f · T ·Q

]
(7.26)

where f is the circuit frequency, T is the run time, and αC is the proportion of

dynamic power due to clocking. In using the CoDeL environment to generate FSMD

circuits we have found that the switching clock accounts for about 60% of the total

dynamic power dissipation [4]. Therefore, we must adjust the total dynamic power

savings by this factor. Thus, we use αC = 0.6.
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Table 7.1: ILP estimated power savings

Power Savings Performance
SP (%) DP (%) Overhead (%)

Counter 62.7 37.6 100.0
dot product 32.8 19.7 35.3
real update 37.3 22.4 35.3
complex multiply 39.1 23.4 30.0
complex update 37.0 22.2 36.0
Geo Mean 40.7 24.4 42.2
mat1x3 29.8 17.9 5.0
convolution 34.7 20.8 3.3
fir 34.8 20.9 3.0
n real updates 29.5 17.7 3.2
matrix 29.0 17.4 0.2
Geo Mean 31.4 18.9 1.9

7.5.3 Performance Overhead

The performance overhead from partitioning is determined by the number of extra cy-

cles spent in changing partitions. Our power gating implementation (see section 7.3)

estimates a penalty of three clock cycles for each partition change. The performance

overhead can then be measured as

Perf. Overhead =
3
∑M

k=1

∑M
l=k+1NPCkl

f · T
· 100%. (7.27)

In the case where power gating is not employed and only clock gating is used,

there is no delay in charging up capacitances. In this case there is a penalty of a

single cycle only resulting in one-third the performance overhead of that estimated

in equation 7.27.
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7.6 Estimation Results

7.6.1 Integer Linear Programming

Table 7.1 presents the estimated power savings using the framework from section 7.5.

In all cases, the original machines have been partitioned into two submachines using

the ILP formulation presented in section 7.1. The runtime of the ILP algorithm for

partitioning is extremely slow. It can take hours for circuits with more than about

15 states. For circuits with more than 30 states, the runtime can be several days.

For this reason, only a subset of the DSPstone circuits are partitioned and presented.

We find that in most cases the static power savings are between 30% and 40%, while

the dynamic power savings are between 15% and 25%.

Examining the performance overhead, we see that it varies considerably. As

expected however, for the longer executing, complex kernels, the overhead is quite

small (less than 5%), while for the short, simple kernels (shown in grey) the overhead

is large making partitioning impractical.

7.6.2 Simulated Annealing

For effective power estimation, trace data is used from circuit simulation using Syn-

opsys. This data provides information on the state transition sequence during com-

putation. In tables 7.2, 7.3, and 7.4 we present the estimated power savings using the

framework from section 7.5. The original machines have been partitioned into two,

three and four submachines using the model presented in section 7.1. For the case of

two partitions, we find that in most cases the static power savings are between 30%

and 40%, while the dynamic power savings are between 15% and 25%.

Comparing the two partition results of the Simulated Annealing algorithm (table

7.2) with the ILP algorithm (table 7.1) we find that the results are almost the same.

However, the ILP algorithm runs orders of magnitude slower than simulated anneal-

ing. This makes ILP impractical for circuits beyond about 20 states. Due to the long
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Table 7.2: Simulated annealing estimated power savings (2 Partitions)

Execution Power Savings Performance
Circuit Cycles SP (%) DP (%) Overhead (%)

counter 6 62.7 37.6 100.0
dot product 17 37.6 22.6 35.3
real update 17 33.6 20.1 35.3
complex multiply 20 39.1 23.4 30.0
complex update 25 37.0 22.2 36.0
iir one biquad 38 42.1 25.2 15.8
Geo Mean 41.1 24.6 35.9

mat1x3 120 29.8 17.9 5.0
convolution 182 34.7 20.8 3.3
iir n biquads 198 45.4 27.2 4.5
fir 203 34.8 20.9 3.0
n real updates 284 30.5 18.3 2.1
lms 356 22.0 13.2 2.5
n complex updates 554 32.2 19.3 1.1
fir2dim 919 30.5 18.3 0.7
matrix 5360 29.0 17.4 0.2
Geo Mean 31.6 19.0 1.7
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Table 7.3: Simulated annealing estimated power savings (3 Partitions)

Execution Power Savings Performance
Circuit Cycles SP (%) DP (%) Overhead (%)

counter 6 41.2 38.8 200.0
dot product 17 59.9 36.0 52.9
real update 17 52.8 31.7 70.6
complex multiply 20 49.9 29.9 60.0
complex update 25 51.1 30.7 48.0
iir one biquad 38 47.6 28.6 39.5
Geo Mean 50.1 32.4 66.3

mat1x3 120 41.4 24.8 7.5
convolution 182 37.0 22.2 6.6
iir n biquads 198 49.7 29.8 6.1
fir 203 41.0 24.6 5.9
n real updates 284 32.7 19.6 5.3
lms 356 26.8 16.1 4.2
n complex updates 554 38.2 22.9 19.0
fir2dim 919 37.0 22.2 1.3
matrix 5360 29.4 17.6 0.3
Geo Mean 36.5 21.9 4.0
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Table 7.4: Simulated annealing estimated power savings (4 Partitions)

Execution Power Savings Performance
Circuit Cycles SP (%) DP (%) Overhead (%)

counter 6 38.2 44.1 300.0
dot product 17 68.1 40.8 70.6
real update 17 61.9 37.2 88.2
complex multiply 20 64.1 38.5 75.0
complex update 25 58.6 35.2 60.0
iir one biquad 38 59.4 35.6 39.5
Geo Mean 57.4 38.4 83.2

mat1x3 120 44.4 26.6 15.0
convolution 182 37.4 22.5 8.2
iir n biquads 198 54.5 32.7 16.7
fir 203 42.1 25.3 7.4
n real updates 284 41.8 25.1 38.0
lms 356 30.5 18.3 5.1
n complex updates 554 44.1 26.5 27.1
fir2dim 919 21.8 13.1 38.5
matrix 5360 29.8 17.9 1.3
Geo Mean 37.3 22.4 11.7
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run time of ILP, results for several circuits could not be computed in a reasonable

time frame. Therefore, these circuits are missing from the ILP results in table 7.1.

For the case of three and four partitions, we see that the average power savings

continues to increase. However, the rate of increase in power savings is decreasing, as

the amount of logic isolation decreases and we end up with more transition variables.

Further, there is a rise in the number of partition changes as the number of partitions

increases affecting the dynamic power savings. This rise in the number of partition

changes also results in significant performance loss. This phenomenon is exaggerated

in the case of the fir2dim kernel as the power savings go down significantly with 4

partitions.

The circuits in tables 7.1, 7.2, 7.3, and 7.4 are arranged in the order of increasing

algorithm complexity based on the number of execution cycles. Examining the per-

formance overhead, we see that the impact is quite large for simpler kernels, while

the more complex kernels show little loss of performance. In fact, the presence of

loops facilitates the partitioning by providing minimum performance loss and large

power savings by ensuring that the computation trace remains within its partition

for long times and avoids expensive partition switches. This is exemplified by the

matrix and fir2dim benchmarks. Both include loops. For the matrix benchmark, the

innermost loop, which is executed a large number of times, is confined in its entirety

within a partition in all cases (two, three and four partitions). Meanwhile, for the

fir2dim benchmark, when four partitions are used the innermost loop is split between

partitions and this results in both performance and power losses.

For the simple kernels (shown with a shaded background), the high performance

impact suggests partitioning is not advisable. For more complex algorithms, where

the performance overhead is less than 5% a real power savings opportunity is present

with little impact on performance.
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Table 7.5: Power and area for the Counter FSMD

Power
Unpartitioned Partitioned Savings (%)

Static (nW) 775.7 450.3 41.9
Dynamic (uW) 64.1 37.6 41.3

Area
Unpartitioned Partitioned Overhead (%)

Total cell area 445.2 580.7 30.4

7.6.3 Counter Implementation Results

We present here the post implementation results of partitioning the counter into

two submachines. The VHDL description produced by CoDeL is manually parti-

tioned into two submachines as described in section 7.2. The partitions (described

in VHDL), along with the original FSMD are synthesized using the Synopsys Design

Compiler using the TSMC 90nm general purpose CMOS technology.

Table 7.5 presents the power and area results for the original, unpartitioned FSMD

and the partitioned FSMD. We see that after partitioning the static and dynamic

power savings are about 41%. The area overhead of partitioning is about 30%. This

is large since the original counter circuit area is small resulting in a larger relative

overhead. For larger circuits the relative area overhead should be much less.

Comparing the post-implementation results for the counter from table 7.5 with the

estimation results from table 7.2 we find that the estimation provides a reasonable

approximation. The estimation framework developed in section 7.5 relates power

savings to the percentage of time a partition remains idle. While accounting for

the idle periods has been measured accurately through the traces we obtained from

the synthesized circuits, the power estimates are a first order approximation. We

have made assumptions relating power to the amount of sequential logic present,

which introduce uncertainty. However, we are encouraged by the close (within 20%)
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approximation we obtained for the counter circuit.

7.7 Summary

We have presented FSMD partitioning techniques, which efficiently decompose the

controller and the datapath into multiple partitions. We first presented an ILP based

approach which yields good results but has an extremely slow runtime making it im-

practical. The simulated annealing approach, presented next, has much shorter run-

times and also provides excellent results making it a useful and practical partitioning

framework.

Implementing and analyzing a sample counter circuit in detail shows that up to

41% power savings are possible. An estimation framework is developed to evaluate

the potential power savings from the partitioning methods developed. Using this

framework on a broad set of circuits we find that, in most cases, significant power

savings can be expected.
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Chapter 8

Conclusions

Reasoning draws a conclusion, but does not make the

conclusion certain, unless the mind discovers

it by the path of experience.

- Roger Bacon

In this work, we have laid a foundation for various techniques, that can be fully

automated at the system-level, to help reduce power dissipation in CMOS circuits.

The major accomplishments presented in this thesis can be summarized as follows.

• We have created a system-level design platform, called CoDeL, which allows

architectural descriptions at the algorithmic level. Support has been added

for fixed point data types and operations making this platform particularly

suitable for DSP applications. The power of this design environment lies in its

ability to allow the designer to create a highly power efficient computational

architecture extremely quickly. The speed of design and development using this

platform is of similar order to that of a microprocessor, however the resulting

energy requirements for the application specific architecture developed using

CoDeL can be orders of magnitude less than the microprocessor. Further, with

capabilities for automated clock gating and possibilities of automated power

gating and partitioning, in the future, CoDeL is the only known, power aware,
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system-level design platform.

• The automated clock gating extension to CoDeL is an effective tool for lowering

dynamic power consumption. The CoDeL compiler uses a built-in framework to

provide a quick and accurate estimate of the expected power savings from clock

gating. This provides the designers with an early indication of power savings

and allows them to use this information to create a power efficient compute

architecture.

• To lower static power, a power gating mechanism that gates individual registers

was studied which can be automatically implemented at compile time. In this

study, it was discovered that a static gating scheme provides the same or better

gating effectiveness and performance than dynamic schemes. Further, the static

nature of the proposed power gating mechanism means that the area overhead of

gating is significantly reduced as compared with comparable dynamic methods.

• Finally, we have proposed a partitioning approach that can be fully automated

to allow macro-level isolation of circuit components for clock or power gating.

The proposed partitioning framework uses a simulated annealing algorithm

which is fast and provides excellent potential for power savings.

8.1 Future Research

There are some outstanding issues and areas still to explore. Here we provide a

summary where we categorize and list the major topics.

The following is a list of open items in the area of clock gating.

• The effect and performance impact of clock gating on the critical path length

needs to be carefully studied.

• The power analysis performed through Synopsys tools needs to be verified

through actual implementation on Silicon.
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• Since FPGAs do not support clock gating, we need to look at general architec-

tural guidelines to allow clock gating support in FPGAs.

The following is a list of open power gating issues.

• We need to study the power up and power down effects in VLSI circuits to

discover specific timing requirements.

• The power gating mechanisms needs to be implemented to get accurate power

savings.

• Further analysis and exploration of branch prediction mechanisms is needed

to qualify the optimality of the presented techniques. An oracle, or perfect,

branch prediction method can be used for this evaluation.

The following is a list of open issues in partitioning.

• The partitioning framework needs to be automated and various circuits need

to be partitioned to get accurate results for the power savings.

• Other partitioning models need to be explored, including graph partitioning

approaches.

• The partitioning approach needs to be implemented and tested on an FPGA

environment, where the FPGA provides separated clock and/or power domains,

where individual partitions can be mapped.

Finally, we look forward to building partnerships with industry members that

develop and provide robust system-level design tools in the hope of integrating our

power reduction techniques into their product offerings.
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Appendix A

CoDeL Language Reference

The basic notation for describing the behavior of a controller in CoDeL is shown in

figure A.1. It comprises the following parts:

• Structure declarations

• Macros

• Module declaration

• Port declarations

• Register declarations

• CoDeL Statements

[structure declarations]
[macros]
module module_name ( port declarations )
{

[ register declarations ]
CoDeL Statements

}

Figure A.1: Basic structure of a CoDeL program
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bitstruct field3
{

(bits) b[3];
}

bitstruct field2
{

(bits) b[2];
}

bitstruct address
{

(field2) d1;
(field2) d2;
(field3) d3;
(field3) d4;
(field3) d5;

}

bitstruct header
{

(address) source;
(address) destination;
(bits) type[2];

}

Figure A.2: Bitstruct example

A.1 Structure Declarations

Analogous to the struct definition in C, bitstruct in CoDeL defines complex data

structures. A bitstruct may be composed of collections of bits or bitstructs. An

example is presented in figure A.2.

A.2 Macros

Macros are bodies of code allowing code reuse and better readability. Macros can

contain any number of input parameters and can be nested. They are defined through

the use of the keyword macro. An example is shown in figure A.3.



Appendix A. CoDeL Language Reference 103

macro macro_name ( parameters )
{

CoDeL Statements
}

Figure A.3: Example macro definition

A.3 Module Declarations

A CoDeL program defines the name of a module beginning with the keyword module

which uniquely identifies the top level circuit that is being synthesized. A module is

declared as follows:

module module name ([port declarations]);

A.4 Ports and Protocols

A.4.1 Port declarations

The communication abstraction that CoDeL assumes is that of interacting agents

that exchange data of a specific and known structure and accomplish this exchange

using a predetermined protocol.

Ports encapsulate both data and protocols in an abstract data type and implement

the I/O interaction between the module and external components. Ports are of type

input or output 1.

A novel feature in the definition of ports is the introduction of protocols as objects

that can be associated with any arbitrary port. The inclusion of a protocol in the

definition of a port allows the hiding of the details of the I/O interaction.

If no protocol (null protocol) is included in the declaration of a port, the de-

signer must explicitly specify the necessary control sequences that will effect the data

transfer through the port. This technique can be used to develop new protocols.

The syntax for port declarations in CoDeL is given below.

1Bidirectional ports have not yet been introduced in the current implementation of CoDeL.
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# Define a 16-bit address
# in 4 dimensions
bitstruct mixed_radix_4
{

(bits) field1[4];
(bits) field2[4];
(bits) field3[4];
(bits) field4[4];

}

# Define a 36-bit
# message header using
# the above
bitstruct data_frame
{

(mixed_radix_4) source_address;
(mixed_radix_4) destn_address;
(bits) header[4];

}

in (data_frame) p1 with input_handshake;
out (data_frame) p3 with output_handshake;

Figure A.4: Examples of port and protocol declarations

in (bitstruct name) port name [with protocol name ];

out(bitstruct name) port name [with protocol name ];

Examples of port definitions and protocol usage are given in figure A.4.

A.4.2 Exporting/Importing data

input (port name);

output (port name);

isready (port name);

The input/output primitives import/export data through the declared ports en-

gaging the associated protocols, if any. The isready primitive is used to check the

availability of data in an input port or the readiness of an output port to accept data.
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A.5 Register Declarations

Registers are declared as having a particular structure through a declaration of the

form

register [(bitstruct name)] register name;

The default structure is bits and the components of a register can be addressed

at the bitstruct level or at the bit level. We use a dot notation to identify the

components under the convention that a sequence of dot separated fields represents

a node in the tree representing the structure of the object and it consists of all the

bits at the leaf nodes of the sub-tree rooted at the node. The individual bit positions

can also be selected using brackets while bit ranges are specified by using a colon.

For example, r2(5:0) addresses bits starting from position 5 (most significant) to

position 0 (least significant)

A.6 CoDeL Statements

A.6.1 Assignment statements

A number of operations may need to be performed on the bitfields composing a frame.

The assignment statement places the results of a computation to an output port or

a register or portions thereof as discussed earlier.

register name | output port name = computation expression

Assignments manifest as a Register Transfer Level (RTL) implementation where

data is stored in registers, operations are effected by a combinational circuit or a

sequence of combinational circuits and the results are stored back in a register.

A.6.2 CoDeL Operators

A computation expression can have either input ports or registers as its operands.

It is formed using a number of standard C operators, summarized in Table A.1,

and following the usual C associativity and precedence rules. Parentheses affect the
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Table A.1: List of CoDeL operators

Symbol Operation Symbol Operation

(,... ,...,) Concatenation +, - , * Arithmetic
>, >=, <, <= Relational ++ , – Increment/Decrement
== Logical Equality != Logical Inequality
! Logical Negation
|| Logical OR && Logical AND
∼ Bit-wise Negation & Bit-wise AND
| Bit-wise OR ˆ Bit-wise XOR
∼ | Bit-wise NOR ∼& Bit-wise NAND
<< Left Shift >> Right Shift
<@ Left Rotate >@ Right Rotate
? : Conditional ( : ) Bit Selector

structure of the constructed circuit.

A.6.3 Control Statements

CoDeL avoids the explicit description of the control path which is automatically

synthesized from the algorithm itself. In a sequential environment, the control path

is inherently described by the order of the operations in a program. In CoDeL, the

control path of the design is extracted based on the sequentiality of the algorithm and

it includes states which explicitly clock the registers included in the design. The basic

control structures in CoDeL include loop, conditional and wait primitives. These are

listed below.

Loop primitives:

while (condition)

{

CoDeL statements

}

for (initializer ; test condition; incr/decr expression)
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{

CoDeL statements

}

Note that the CoDeL compiler inserts the appropriate branches to exit (re-enter)

the “while” loop when the test condition is false (true) but performs a simple loop

unfolding of the statements in the “for” loop substituting the index as the case may

be for the given range.

Branch primitive:

if (condition)

{

CoDeL statements

}

else

{

CoDeL statements

}

where the else statement is optional.

Wait statement:

wait (condition);

The wait primitive maintains the current state of the computation until a certain

condition is satisfied. It is used mainly for synchronization with external signals.

Call statement:

call macro name(parameters);

The call statement causes the program flow to jump to the macro code of the

specified macro with the parameters provided.
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Appendix B

DSPstone Benchmark - CoDeL Source

Code

B.1 Shared Macros
macro fpu_add(opA, opB, result)
{

opa_i = opA;
opb_i = opB;
fpu_op_i = 0;
delay;
result = output_o;

}

macro fpu_sub(opA, opB, result)
{

opa_i = opA;
opb_i = opB;
fpu_op_i = 1;
delay;
result = output_o;

}

macro fpu_mult(opA, opB, result)
{

opa_i = opA;
opb_i = opB;
fpu_op_i = 2;
delay;
result = output_o;

}

macro fpu_div(opA, opB, result)
{

opa_i = opA;
opb_i = opB;
fpu_op_i = 3;
delay;
result = output_o;

}

macro fpu_sqrt(opA, opB, result)
{

opa_i = opA;
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opb_i = opB;
fpu_op_i = 4;
delay;
result = output_o;

}

macro mem_in1(addr, data)
{

mem_addr1 = addr;
mem_wr1 = 0;
delay;
data = mem_data_in1;

}

macro mem_out1(addr, data)
{

delay;
mem_addr1 = addr;
mem_wr1 = 1;
mem_data_out1 = data;

}

macro mem_in2(addr, data)
{

mem_addr2 = addr;
mem_wr2 = 0;
delay;
data = mem_data_in2;

}

macro mem_out2(addr, data)
{

delay;
mem_addr2 = addr;
mem_wr2 = 1;
mem_data_out2 = data;

}

macro mem_in_par(addr1, data1, addr2, data2)
{

mem_addr1 = addr1;
mem_wr1 = 0;
mem_addr2 = addr2;
mem_wr2 = 0;
delay;
data1 = mem_data_in1;
data2 = mem_data_in2;

}

macro mem_out_par(addr1, data1, addr2, data2)
{

delay;
mem_addr1 = addr1;
mem_wr1 = 1;
mem_data_out1 = data1;
mem_addr2 = addr2;
mem_wr2 = 1;
mem_data_out2 = data2;

}

B.2 real update
macro init()
{

call mem_out1(100, 0xD6D3); # A = 10
call mem_out2(200, 0x09B5); # B = 2
call mem_out1(300, 0x9500); # C = 1
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call mem_out2(400, 0); # D = 0
}

macro real_update()
{

call mem_in_par(100, A, 200, B);
call mem_in1(300, C);
D = 0x0000; # 0
call fpu_mult(A, B, D);
call fpu_add(C, D, D);
call mem_out1(400, D);

}

module real_update (
in start,
out ready,
out opa_i[16], # fpu operand A
out opb_i[16], # fpu operand B
out fpu_op_i[3], # fpu operation
in output_o[16], # fpu result
out mem_addr1[32], # Memory address
out mem_data_out1[16],# Memory data out
in mem_data_in1[16], # Memory data in
out mem_wr1, # Memory write enable
out mem_addr2[32], # Memory address
out mem_data_out2[16],# Memory data out
in mem_data_in2[16], # Memory data in
out mem_wr2, # Memory write enable
out profile # profile enable

)
{

register A[16];
register B[16];
register C[16];
register D[16];

ready = 1;
wait(start);
ready = 0;

call init();

delay;
profile = 1;
call real_update();
delay;
profile = 0;

}

B.3 n real updates
macro init(offset)
{

address = 100 + offset;
call mem_out1(address, 0x76A1); # A = 10
address = 200 + offset;
call mem_out2(address, 0xBB23); # B = 2
address = 300 + offset;
call mem_out1(address, 0x2947); # C = 10
address = 400 + offset;
call mem_out2(address, 0); # D = 0

}

macro real_update(offset)
{



Appendix B. DSPstone Benchmark - CoDeL Source Code 111

mem_addr1 = 200 + offset;
mem_wr1 = 0;
mem_addr2 = 100 + offset;
mem_wr2 = 0;
call fpu_mult(A, B, D);
B = mem_data_in1;
A = mem_data_in2;

mem_addr1 = 300 + offset;
mem_wr1 = 0;
call fpu_add(C, D, D);
C = mem_data_in1;

mem_addr2 = 400 + offset;
mem_wr2 = 1;
mem_data_out2 = output_o;

}

module n_real_updates (
in start,
out ready,
out opa_i[16], # fpu operand A
out opb_i[16], # fpu operand B
out fpu_op_i[3], # fpu operation
in output_o[16], # fpu result
out mem_addr1[32], # Memory address
out mem_data_out1[16],# Memory data out
in mem_data_in1[16], # Memory data in
out mem_wr1, # Memory write enable
out mem_addr2[32], # Memory address
out mem_data_out2[16],# Memory data out
in mem_data_in2[16], # Memory data in
out mem_wr2, # Memory write enable
out profile # profile enable

)
{

register A[16];
register B[16];
register C[16];
register D[16];
register i[5];
register address[32];

ready = 1;
wait(start);
ready = 0;

i = 0;
while (i < 16)
{

call init(i);
i = i + 1;

}

delay;
profile = 1;
i = 0;
mem_addr1 = 100 + i;
mem_wr1 = 0;
mem_addr2 = 200 + i;
mem_wr2 = 0;
delay;
A = mem_data_in1;
B = mem_data_in2;

while (i < 16)
{
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call real_update(i);
i = i + 1;

}
delay;
profile = 0;

}

B.4 complex update
macro init()
{

call mem_out_par(100, 0x3856, 200, 0x7A04); # Ar = 2, Br = 2
call mem_out_par(300, 0x28B6, 400, 0); # Cr = 3, Dr = 0

call mem_out_par(150, 0x061A, 250, 0x0475); # Ai = 1, Bi = 5
call mem_out_par(350, 0x0C37, 450, 0); # Ci = 4, Di = 0

}

macro complex_update()
{

call mem_in_par(100, Ar, 150, Ai);
call mem_in_par(200, Br, 250, Bi);
call mem_in_par(300, Cr, 350, Ci);

Dr = 0; # 0
Di = 0; # 0

call fpu_mult(Ar, Br, temp1);
call fpu_mult(Ai, Bi, temp2);
call fpu_add(Cr, temp1, Dr);
call fpu_sub(Dr, temp2, Dr);

call fpu_mult(Ar, Bi, temp1);
call fpu_mult(Ai, Br, temp2);
call fpu_add(Ci, temp1, Di);
call fpu_add(Di, temp2, Di);

call mem_out_par(400, Dr, 450, Di);
}

module complex_update (
in start,
out ready,
out opa_i[16], # fpu operand A
out opb_i[16], # fpu operand B
out fpu_op_i[3], # fpu operation
in output_o[16], # fpu result
out mem_addr1[32], # Memory address
out mem_data_out1[16],# Memory data out
in mem_data_in1[16], # Memory data in
out mem_wr1, # Memory write enable
out mem_addr2[32], # Memory address
out mem_data_out2[16],# Memory data out
in mem_data_in2[16], # Memory data in
out mem_wr2, # Memory write enable
out profile # profile enable

)
{

register Ar[16];
register Br[16];
register Cr[16];
register Dr[16];
register Ai[16];
register Bi[16];
register Ci[16];
register Di[16];
register temp1[16];
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register temp2[16];

ready = 1;
wait(start);
ready = 0;

call init();

delay;
profile = 1;
call complex_update();
delay;
profile = 0;

}

B.5 n complex updates
macro init(offset)
{

address = 100 + offset;
call mem_out1(address, 0x2847); # Ar = 2
address = 200 + offset;
call mem_out2(address, 0x7455); # Br = 2
address = 300 + offset;
call mem_out1(address, 0x0044); # Cr = 3
address = 400 + offset;
call mem_out2(address, 0); # Dr = 0

address = 150 + offset;
call mem_out1(address, 0x7544); # Ai = 1
address = 250 + offset;
call mem_out2(address, 0x1112); # Bi = 5
address = 350 + offset;
call mem_out1(address, 0x0046); # Ci = 4
address = 450 + offset;
call mem_out2(address, 0); # Di = 0

}

macro complex_update(offset)
{

mem_addr1 = 100 + offset;
mem_wr1 = 0;
mem_addr2 = 200 + offset;
mem_wr2 = 0;
delay;
Ar = mem_data_in1;
Br = mem_data_in2;

call fpu_mult(mem_data_in1, mem_data_in2, temp1);

mem_addr1 = 300 + offset;
mem_wr1 = 0;
delay;
Cr = mem_data_in1;

call fpu_add(mem_data_in1, temp1, Dr);

mem_addr1 = 150 + offset;
mem_wr1 = 0;
mem_addr2 = 250 + offset;
mem_wr2 = 0;
delay;
Ai = mem_data_in1;
Bi = mem_data_in2;

call fpu_mult(mem_data_in1, mem_data_in2, temp2);
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call fpu_mult(Ar, Bi, temp1);

mem_addr1 = 350 + offset;
mem_wr1 = 0;
delay;
Ci = mem_data_in1;

call fpu_sub(Dr, temp2, Dr);

call fpu_mult(Ai, Br, temp2);
call fpu_add(Ci, temp1, Di);
call fpu_add(output_o, temp2, Di);

mem_addr1 = 400 + offset;
mem_wr1 = 1;
mem_data_out1 = Dr;
mem_addr2 = 450 + offset;
mem_wr2 = 1;
mem_data_out2 = Di;

}

module n_complex_updates (
in start,
out ready,
out opa_i[16], # fpu operand A
out opb_i[16], # fpu operand B
out fpu_op_i[3], # fpu operation
in output_o[16], # fpu result
out mem_addr1[32], # Memory address
out mem_data_out1[16],# Memory data out
in mem_data_in1[16], # Memory data in
out mem_wr1, # Memory write enable
out mem_addr2[32], # Memory address
out mem_data_out2[16],# Memory data out
in mem_data_in2[16], # Memory data in
out mem_wr2, # Memory write enable
out profile # profile enable

)
{

register Ar[16];
register Br[16];
register Cr[16];
register Dr[16];
register Ai[16];
register Bi[16];
register Ci[16];
register Di[16];
register temp1[16];
register temp2[16];
register i[5];
register address[32];

ready = 1;
wait(start);
ready = 0;

i = 0;
while (i < 16)
{

call init(i);
i = i + 1;

}

delay;
profile = 1;
i = 0;
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while (i < 16)
{

call complex_update(i);
i = i + 1;

}
delay;
profile = 0;

}

B.6 dot product
macro init()
{

call mem_out_par(100, 0x4857, 200, 0x0A54); # A1 = 2, B1 = 1
call mem_out_par(150, 0x751B, 250, 0x2854); # A2 = 1, B2 = 5

}

macro dot_prod()
{

call mem_in_par(100, A1, 150, A2);
call mem_in_par(200, B1, 250, B2);

call fpu_mult(A1, B1, temp1);
call fpu_mult(A2, B2, C);
call fpu_add(C, temp1, C);

call mem_out1(300, C);
}

module dot_product (
in start,
out ready,
out opa_i[16], # fpu operand A
out opb_i[16], # fpu operand B
out fpu_op_i[3], # fpu operation
in output_o[16], # fpu result
out mem_addr1[32], # Memory address
out mem_data_out1[16],# Memory data out
in mem_data_in1[16], # Memory data in
out mem_wr1, # Memory write enable
out mem_addr2[32], # Memory address
out mem_data_out2[16],# Memory data out
in mem_data_in2[16], # Memory data in
out mem_wr2, # Memory write enable
out profile # profile enable

)
{

register A1[16];
register B1[16];
register A2[16];
register B2[16];
register C[16];
register temp1[16];

ready = 1;
wait(start);
ready = 0;

call init();

delay;
profile = 1;
call dot_prod();
delay;
profile = 0;

}
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B.7 mat1x3
macro init_h(offset)
{

address = 100 + offset;
call mem_out1(address, 0x0938); # h_i = 1

}

macro init_xy(offset)
{

address = 200 + offset;
call mem_out1(address, 0x0036); # x_i = 1
address = 300 + offset;
call mem_out2(address, 0); # y_i = 0

}

macro accumulate(hi, xi)
{

call fpu_mult(h, x, temp1);

mem_addr1 = 100 + hi;
mem_wr1 = 0;
mem_addr2 = 200 + xi;
mem_wr2 = 0;
call fpu_add(output_o, y, y);
h = mem_data_in1;
x = mem_data_in2;
hi = hi + 1;
xi = xi + 1;

}

module mat1x3 (
in start,
out ready,
out opa_i[16], # fpu operand A
out opb_i[16], # fpu operand B
out fpu_op_i[3], # fpu operation
in output_o[16], # fpu result
out mem_addr1[32], # Memory address
out mem_data_out1[16],# Memory data out
in mem_data_in1[16], # Memory data in
out mem_wr1, # Memory write enable
out mem_addr2[32], # Memory address
out mem_data_out2[16],# Memory data out
in mem_data_in2[16], # Memory data in
out mem_wr2, # Memory write enable
out profile # profile enable

)
{

register x[16];
register y[16];
register h[16];

register temp1[16];
register i[4];
register hi[4];
register row[3];
register address[32];

ready = 1;
wait(start);
ready = 0;

hi = 0;
while (hi < 9)
{

call init_h(hi);
hi = hi + 1;
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}

row = 0;
while (row < 3)
{

call init_xy(row);
row = row + 1;

}

delay;
profile = 1;

row = 0;
hi = 0;
while (row < 3)
{

i = 0;
y = 0;
mem_addr1 = 100 + hi;
mem_wr1 = 0;
mem_addr2 = 200 + i;
mem_wr2 = 0;
delay;
h = mem_data_in1;
hi = hi + 1;
x = mem_data_in2;
i = i + 1;

while (i < 3)
{

call accumulate(hi, i);
}
delay;
mem_addr1 = 300 + row;
mem_wr1 = 1;
mem_data_out1 = y;
row = row + 1;

}

delay;
profile = 0;

}

B.8 matrix
macro init(offset)
{

address = 100 + offset;
call mem_out1(address, 0x0030); # a_i = 1
address = 200 + offset;
call mem_out1(address, 0x0010); # b_i = 1

}

macro accumulate(ai, bi)
{

C = output_o;
opa_i = A;
opb_i = B;
fpu_op_i = 2;
mem_addr1 = 100 + ai;
mem_wr1 = 0;
mem_addr2 = 200 + bi;
mem_wr2 = 0;
delay;
A = mem_data_in1;
ai = ai + 1;
B = mem_data_in2;
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bi = bi + 10;
opa_i = output_o;
opb_i = C;
fpu_op_i = 0;

}

module matrix (
in start,
out ready,
out opa_i[16], # fpu operand A
out opb_i[16], # fpu operand B
out fpu_op_i[3], # fpu operation
in output_o[16], # fpu result
out mem_addr1[32], # Memory address
out mem_data_out1[16],# Memory data out
in mem_data_in1[16], # Memory data in
out mem_wr1, # Memory write enable
out mem_addr2[32], # Memory address
out mem_data_out2[16],# Memory data out
in mem_data_in2[16], # Memory data in
out mem_wr2, # Memory write enable
out profile # profile enable

)
{

register A[16];
register B[16];
register C[16];

register temp1[16];
register ai[7];
register bi[7];
register ci[7];
register X[4];
register Y[4];
register Z[4];
register address[32];

ready = 1;
wait(start);
ready = 0;

ai = 0;
while (ai < 100)
{

call init(ai);
ai = ai + 1;

}

delay;
profile = 1;
ci = 0;
Z = 0;
while (Z < 10)
{

ai = 0;
X = 0;
while (X < 10)
{

bi = Z*10;
C = 0;
Y = 0;
ci = ci + 1;
mem_addr1 = 100 + ai;
mem_wr1 = 0;
mem_addr2 = 200 + bi;
mem_wr2 = 0;
delay;
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A = mem_data_in1;
ai = ai + 1;
B = mem_data_in2;
bi = bi + 10;
opa_i = mem_data_in1;
opb_i = mem_data_in2;
fpu_op_i = 2;

while (Y < 10)
{

call accumulate(ai, bi);
Y = Y + 1;

}
mem_addr2 = 299 + ci; # update c_i
mem_wr2 = 1;
mem_data_out2 = output_o;
X = X + 1;

}
Z = Z + 1;

}
delay;
profile = 0;

}

B.9 convolution
macro init(offset)
{

address = 100 + offset;
call mem_out1(address, 0x9465); # x_i = 1
address = 200 + offset;
call mem_out2(address, 0x04B8); # h_i = 1

}

macro accumulate(xi, hi)
{

mem_addr1 = 100 + xi;
mem_wr1 = 0;
mem_addr2 = 200 + hi;
mem_wr2 = 0;
call fpu_mult(X, H, temp1);
X = mem_data_in1;
H = mem_data_in2;

xi = xi + 1;
hi = hi - 1;

call fpu_add(output_o, Y, Y);
}

module convolution (
in start,
out ready,
out opa_i[16], # fpu operand A
out opb_i[16], # fpu operand B
out fpu_op_i[3], # fpu operation
in output_o[16], # fpu result
out mem_addr1[32], # Memory address
out mem_data_out1[16],# Memory data out
in mem_data_in1[16], # Memory data in
out mem_wr1, # Memory write enable
out mem_addr2[32], # Memory address
out mem_data_out2[16],# Memory data out
in mem_data_in2[16], # Memory data in
out mem_wr2, # Memory write enable
out profile # profile enable

)
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{
register X[16];
register H[16];
register Y[16];

register temp1[16];
register xi[5];
register hi[5];
register address[32];

ready = 1;
wait(start);
ready = 0;

xi = 0;
while (xi < 16)
{

call init(xi);
xi = xi + 1;

}

delay;
profile = 1;

xi = 0;
hi = 15;
Y = 0;

mem_addr1 = 100 + xi;
mem_wr1 = 0;
mem_addr2 = 200 + hi;
mem_wr2 = 0;
delay;
X = mem_data_in1;
H = mem_data_in2;

xi = xi + 1;
hi = hi - 1;

while (xi < 16)
{

call accumulate(xi, hi);
}

delay;
profile = 0;

}

B.10 fir
macro init(offset)
{

address = 100 + offset;
call mem_out1(address, 0x07A1); # x_i = 1
address = 200 + offset;
call mem_out2(address, 0x195D); # h_i = 1

}

macro accumulate(xi, hi, xi2)
{

mem_addr1 = 100 + xi2;
mem_wr1 = 0;
call fpu_mult(X, H, temp1);
X = mem_data_in1;
xi2 = xi2 - 1;

call fpu_add(output_o, Y, Y);
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mem_addr1 = 100 + xi;
mem_wr1 = 1;
mem_data_out1 = X;

mem_addr2 = 200 + hi;
mem_wr2 = 0;
delay;
H = mem_data_in2;

xi = xi - 1;
hi = hi - 1;

}

module fir (
in start,
out ready,
out opa_i[16], # fpu operand A
out opb_i[16], # fpu operand B
out fpu_op_i[3], # fpu operation
in output_o[16], # fpu result
out mem_addr1[32], # Memory address
out mem_data_out1[16],# Memory data out
in mem_data_in1[16], # Memory data in
out mem_wr1, # Memory write enable
out mem_addr2[32], # Memory address
out mem_data_out2[16],# Memory data out
in mem_data_in2[16], # Memory data in
out mem_wr2, # Memory write enable
out profile # profile enable

)
{

register X[16];
register H[16];
register Y[16];

register temp1[16];
register xi[5];
register xi2[5];
register hi[5];
register i[5];
register address[32];

ready = 1;
wait(start);
ready = 0;

xi = 0;
while (xi < 16)
{

call init(xi);
xi = xi + 1;

}

delay;
profile = 1;

xi = 15;
xi2 = 14;
hi = 15;
i = 0;
Y = 0;

mem_addr1 = 100 + xi;
mem_wr1 = 0;
mem_addr2 = 200 + hi;
mem_wr2 = 0;



Appendix B. DSPstone Benchmark - CoDeL Source Code 122

delay;
X = mem_data_in1;
H = mem_data_in2;

while (i < 15)
{

call accumulate(xi, hi, xi2);
i = i + 1;

}
call accumulate(xi, hi, xi2);
address = 101 + xi;
call mem_out1(address, 0f1.0);

delay;
profile = 0;

}

B.11 fir2dim
macro init_array(start_addr, num_vals, init_val)
{

i = 0;
while (i < num_vals)
{

address = start_addr + i;
call mem_out1(address, init_val);
i = i + 1;

}
}

macro init()
{

call init_array(100, 16, 0x0030); # image[i,j] = 1
call init_array(200, 9, 0x0050); # coeff[i,j] = 1
call init_array(400, 16, 0x0010); # output[i,j] = 1

i = 0;
parray = 0;
while (i < 6)
{

address = 300 + parray;
call mem_out1(address, 0);
i = i + 1;
parray = parray + 1;

}

pimage = 0;
j = 0;
while (j < 4)
{

address = 300 + parray;
call mem_out1(address, 0);
parray = parray + 1;

i = 0;
while (i < 4)
{

address = 100 + pimage;
call mem_in1(address, image);
pimage = pimage + 1;

address = 300 + parray;
call mem_out2(address, image);
parray = parray + 1;

i = i + 1;
}
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address = 300 + parray;
call mem_out1(address, 0);
parray = parray + 1;

j = j + 1;
}

i = 0;
while (i < 6)
{

address = 300 + parray;
call mem_out1(address, 0);
i = i + 1;
parray = parray + 1;

}

}

macro accumulate(coeffi, arri)
{

mem_addr1 = 200 + coeffi;
mem_wr1 = 0;
mem_addr2 = 300 + arri;
mem_wr2 = 0;
delay;
coeff = mem_data_in1;
darray = mem_data_in2;

coeffi = coeffi + 1;
arri = arri + 1;

call fpu_mult(mem_data_in1, mem_data_in2, temp1);

call fpu_add(output_o, outval, outval);
}

module fir2dim (
in start,
out ready,
out opa_i[16], # fpu operand A
out opb_i[16], # fpu operand B
out fpu_op_i[3], # fpu operation
in output_o[16], # fpu result
out mem_addr1[32], # Memory address
out mem_data_out1[16],# Memory data out
in mem_data_in1[16], # Memory data in
out mem_wr1, # Memory write enable
out mem_addr2[32], # Memory address
out mem_data_out2[16],# Memory data out
in mem_data_in2[16], # Memory data in
out mem_wr2, # Memory write enable
out profile # profile enable

)
{

register image[16];
register darray[16];
register coeff[16];
register outval[16];

register temp1[16];
register pimage[5];
register parray[6];
register parray2[6];
register parray3[6];
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register pcoeff[4];
register poutput[5];
register i[5];
register j[3];
register k[3];
register address[32];

ready = 1;
wait(start);
ready = 0;

call init();

delay;
profile = 1;

pimage = 0;
parray = 0;
pcoeff = 0;
poutput = 0;

i = 0;
while (i < 4)
{

j = 0;
while (j < 4)
{

pcoeff = 0;
parray = i*6+j;
parray2 = parray + 6;
parray3 = parray + 12;

outval = 0;

call accumulate(pcoeff, parray);
call accumulate(pcoeff, parray);
call accumulate(pcoeff, parray);
delay;
call accumulate(pcoeff, parray2);
call accumulate(pcoeff, parray2);
call accumulate(pcoeff, parray2);
delay;
call accumulate(pcoeff, parray3);
call accumulate(pcoeff, parray3);
call accumulate(pcoeff, parray3);

#address = 400 + poutput;
#call mem_out(address, outval);
#delay;
mem_addr1 = 400 + poutput;
mem_wr1 = 1;
mem_data_out1 = outval;
poutput = poutput + 1;

j = j + 1;
}

i = i + 1;
}

delay;
profile = 0;

}

B.12 iir one biquad
macro init()
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{
call mem_out1(100, 0x2746); # x = 7

call mem_out1(200, 0x2845); # w1 = 7
call mem_out2(201, 0x6946); # w2 = 7

call mem_out1(300, 0x1389); # b0 = 7
call mem_out2(301, 0x0586); # b1 = 7
call mem_out1(302, 0x9547); # b2 = 7

call mem_out1(400, 0x0215); # a1 = 7
call mem_out2(401, 0x6453); # a2 = 7

}

macro get_data()
{

call mem_in1(100, x);

call mem_in1(200, w1);
call mem_in2(201, w2);

call mem_in1(300, b0);
call mem_in2(301, b1);
call mem_in1(302, b2);

call mem_in1(400, a1);
call mem_in2(401, a2);

}

module iir_one_biquad (
in start,
out ready,
out opa_i[16], # fpu operand A
out opb_i[16], # fpu operand B
out fpu_op_i[3], # fpu operation
in output_o[16], # fpu result
out mem_addr1[32], # Memory address
out mem_data_out1[16],# Memory data out
in mem_data_in1[16], # Memory data in
out mem_wr1, # Memory write enable
out mem_addr2[32], # Memory address
out mem_data_out2[16],# Memory data out
in mem_data_in2[16], # Memory data in
out mem_wr2, # Memory write enable
out profile # profile enable

)
{

register x[16];
register w1[16];
register w2[16];
register b0[16];
register b1[16];
register b2[16];
register a1[16];
register a2[16];
register y[16];
register w[16];
register temp1[16];

ready = 1;
wait(start);
ready = 0;

call init();
call get_data();

delay;
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profile = 1;

call fpu_mult(a1, w1, temp1);
call fpu_sub(x, temp1, w);

call fpu_mult(a2, w2, temp1);
call fpu_sub(w, temp1, w);

call fpu_mult(b0, w, y);

call fpu_mult(b1, w1, temp1);
call fpu_add(y, temp1, y);

call fpu_mult(b2, w2, temp1);
call fpu_add(y, temp1, y);

w2 = w1;
w1 = w;

delay;
profile = 0;

}

B.13 iir n biquads
macro init_array(start_addr, num_vals, init_val)
{

wi1 = 0;
while (wi1 < num_vals)
{

address = start_addr + wi1;
call mem_out1(address, init_val);
wi1 = wi1 + 1;

}
}

macro init()
{

call init_array(100, 20, 0x05AD); # coeff[i] = 7
call init_array(200, 8, 0); # wi[i] = 0

call mem_out1(300, 0x0315); # x = 1
}

module iir_n_biquads (
in start,
out ready,
out opa_i[16], # fpu operand A
out opb_i[16], # fpu operand B
out fpu_op_i[3], # fpu operation
in output_o[16], # fpu result
out mem_addr1[32], # Memory address
out mem_data_out1[16],# Memory data out
in mem_data_in1[16], # Memory data in
out mem_wr1, # Memory write enable
out mem_addr2[32], # Memory address
out mem_data_out2[16],# Memory data out
in mem_data_in2[16], # Memory data in
out mem_wr2, # Memory write enable
out profile # profile enable

)
{

register i[3];
register ci[4];
register wi1[5];
register wi2[5];
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register coeff[16];
register x[16];
register w[16];
register wi1_val[16];
register wi2_val[16];
register y[16];
register temp1[16];
register address[32];

ready = 1;
wait(start);
ready = 0;

call init();
call mem_in1(300, x);

delay;
profile = 1;

y = x;
ci = 0;
wi1 = 0;
wi2 = 1;
i = 0;
while ( i < 4)
{

mem_addr1 = 100 + ci;
mem_wr1 = 0;
mem_addr2 = 200 + wi1;
mem_wr2 = 0;
delay;
coeff = mem_data_in1;
wi1_val= mem_data_in2;

ci = ci + 1;

call fpu_mult(mem_data_in1, mem_data_in2, temp1);

mem_addr1 = 100 + ci;
mem_wr1 = 0;
mem_addr2 = 200 + wi2;
mem_wr2 = 0;
delay;
coeff = mem_data_in1;
wi2_val= mem_data_in2;
ci = ci + 1;

call fpu_sub(y, temp1, w);

call fpu_mult(coeff, wi2_val, temp1);
call fpu_sub(w, output_o, w);

mem_addr1 = 100 + ci;
mem_wr1 = 0;
delay;
coeff = mem_data_in1;
ci = ci + 1;

call fpu_mult(mem_data_in1, w, y);

mem_addr1 = 100 + ci;
mem_wr1 = 0;
delay;
coeff = mem_data_in1;
ci = ci + 1;

call fpu_mult(mem_data_in1, wi1_val, temp1);
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call fpu_add(y, output_o, y);

mem_addr1 = 100 + ci;
mem_wr1 = 0;
mem_addr2 = 200 + wi2;
mem_wr2 = 1;
mem_data_out2 = wi1_val;
delay;
coeff = mem_data_in1;
ci = ci + 1;

call fpu_mult(mem_data_in1, wi2_val, temp1);
call fpu_add(y, output_o, y);

wi2 = wi2 + 1;
mem_addr1 = 200 + wi1;
mem_wr1 = 1;
mem_data_out1 = w;
wi1 = wi1 + 1;
i = i + 1;

}

delay;
profile = 0;

}

B.14 lms
macro init()
{

call mem_out1(400, 0x9475); # d = 7
call mem_out2(500, 0xE7A3); # x0 = 8
call mem_out1(600, 0x00E9); # delta = 1

}

macro get_data()
{

call mem_in1(400, d);
call mem_in2(500, x0);
call mem_in1(600, delta);

}

macro initxh(offset)
{

address = 100 + offset;
call mem_out1(address, 0x0010); # x_i = 1
address = 200 + offset;
call mem_out2(address, 0x0010); # h_i = 1

}

macro accumulate(xi, hi, xi2)
{

mem_addr1 = 100 + xi2;
mem_wr1 = 0;
call fpu_mult(X, H, temp1);
X = mem_data_in1;
xi2 = xi2 - 1;

call fpu_add(output_o, Y, Y);

mem_addr1 = 100 + xi;
mem_wr1 = 1;
mem_data_out1 = X;
xi = xi - 1;

mem_addr1 = 100 + xi;
mem_wr1 = 0;
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mem_addr2 = 200 + hi;
mem_wr2 = 0;
delay;
X = mem_data_in1;
H = mem_data_in2;
hi = hi - 1;

}

macro update(xi, hi)
{

mem_addr1 = 100 + xi;
mem_wr1 = 0;
mem_addr2 = 200 + hi;
mem_wr2 = 0;
delay;
X = mem_data_in1;
H = mem_data_in2;
xi = xi + 1;
hi = hi + 1;

call fpu_mult(X, error, temp1);

call fpu_add(output_o, H, H);

mem_wr2 = 1;
mem_data_out2 = output_o;

}

module lms (
in start,
out ready,
out opa_i[16], # fpu operand A
out opb_i[16], # fpu operand B
out fpu_op_i[3], # fpu operation
in output_o[16], # fpu result
out mem_addr1[32], # Memory address
out mem_data_out1[16],# Memory data out
in mem_data_in1[16], # Memory data in
out mem_wr1, # Memory write enable
out mem_addr2[32], # Memory address
out mem_data_out2[16],# Memory data out
in mem_data_in2[16], # Memory data in
out mem_wr2, # Memory write enable
out profile # profile enable

)
{

register d[16];
register x0[16];
register delta[16];
register error[16];

register X[16];
register H[16];
register Y[16];

register xi[5];
register xi2[5];
register hi[5];
register i[5];
register address[32];
register temp1[16];

ready = 1;
wait(start);
ready = 0;

call init();
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i = 0;
while (i < 16)
{

call initxh(i);
i = i + 1;

}

call get_data();

delay;
profile = 1;

xi = 15;
xi2 = 14;
hi = 15;
i = 0;
Y = 0;
mem_addr1 = 100 + xi;
mem_wr1 = 0;
mem_addr2 = 200 + hi;
mem_wr2 = 0;
delay;
X = mem_data_in1;
H = mem_data_in2;
while (i < 15)
{

call accumulate(xi, hi, xi2);
i = i + 1;

}

call accumulate(xi, hi, xi2);
address = 100 + xi;
call mem_out1(address, x0);

call fpu_sub(d, Y, temp1);
call fpu_mult(output_o, delta, error);

i = 0;
while (i < 16)
{

call update(xi, hi);
i = i + 1;

}

delay;
profile = 0;

}
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