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Abstract

Performance and power are the two basic conflicting goals for systems ranging from server computers and

FPGA to handheld mobile devices [24].  Performance of a system is dependent on both temperature and supply

voltage. Furthermore, as semiconductor technology scales down, the exponential dependence of leakage power on

temperature and supply voltage becomes significant. Therefore, future design studies call for t emperature and

voltage aware performance and power modeling [10, 15].

One of the major design challenges is to meet the desired performance in terms of energy efficiency and

speed. This requires the designer to effectively characterize the device over supply voltage and temperature. There

have been many metrics which analyze the performance of a device. In this project, we characterize a Digital signal

Processor embedded in a FPGA (Lattice ECP3), and we use a new performance metric called cycle efficiency to

evaluate the performance and energy efficiency of the DSP [17, 24].

The example we have considered is the DSP Block embedded in the Lattice ECP3 device. We implemented

a MAC module on the DSP, and after synthesizing the design using Lattice Diamond, we performed the power

analysis over voltage and temperature. At a frequency Fmax = 280 MHz, V= 1.2V, results show that the cycle

efficiency decreases as temperature increases. The cycle efficiency decreases by 40 % from 450C to 1000C. Also, by

varying the process and Temperature, at a constant voltage 1.2V, we calculate the cycle efficiency values for

different process and temperatures. The cycle efficiency serves as an efficient performance metric to evaluate the

energy efficiency of the DSP block embedded in the processor. One of the other goals of this project was to make a

comparison of a Hard Core to Soft Core. We considered the stratix II device to implement the MAC module. In one

case we implemented the Multiply Accumulate on the embedded DSP block, and in another case, we used only the

Logic elements (Soft Core). A comparative power analysis was done, and the results showed the energy efficient

design of the Hard Core. The dynamic power dissipated by the Hard Core (DSP block) was 55 % less than the

power dissipated due to Soft Core. The cycle efficiency of the Hard Core design was 150% greater than the Soft

Core.

The project is an attempt to scrutinize cycle efficiency and bolster its use in the industry as a performance

metric that not only can be applied in the characterization phase but also in the architectural phase for taking better

engineering judgment during choice of systems and components.
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Chapter 1

Introduction

1.1 Characterization in IC’s

Performance characterization is one of the major challenges a chip designer faces today. In order to meet

the requirements of the market, any Integrated Circuit will have to pass through the characterization phase.

Characterization of an Integrated circuit is usually done over Process Voltage Temperature (PVT). Characterization

over PVT allows us to estimate its optimum frequency setting, calculate the energy efficiency as function of the

supply voltage and operating conditions. This data is useful for the designer in managing the performance

characteristics of an Integrated Circuit [12, 17], especially those used in High parallel computing like FPGA’s and

mobile applications where resource usage, execution time, and energy are important.

Process Variation

This variation accounts for deviations in the semiconductor fabrication process. Usually process variation is

treated as a percentage variation in the performance calculation. Variations in the process parameters can be

impurity concentration densities, oxide thicknesses and diffusion depths [16, 28]. These are caused due to non-

uniformity in conditions during depositions and/or during diffusions of the impurities. This introduces variations in

the sheet resistance and transistor parameters such as threshold voltage and resistance. Variations are in the

dimensions of the devices which cause (W/L) variations in MOS transistors.

Voltage Scaling

Dynamic voltage scaling is a power management technique in computer architecture where the voltage

used in a component is increased or decreased depending upon performance requirements [10, 15, 24]. Dynamic

voltage scaling is widely used as part of strategies to manage switching power consumption in battery powered

devices such as cell phones and laptop computers. In order to obtain the conflicting goals of power and performance,

voltage scaling in power aware modeling of processors is of critical importance.

Temperature Scaling

When designing a system, engineers must make sure a device operates at specified temperatures within the

system environment .Thermal characterization is critical for the performance and reliability of Integrated Circuits.

Leakage is a strong function of temperature. Leakage Power Consumption and temperature influence each other, and

increasing temperature increases leakage [15]. Power has become the primary design constraint for systems ranging

from server computers to handheld devices, and leakage power becomes more significant as technology scales

down. Therefore, the designs call for temperature aware power modeling and thermal management due to the

temperature dependence of leakage power [10].
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Characterization over Process, Voltage and Temperature allows the designer to evaluate the performance of

the system and meet the design constraints in terms of speed, energy efficiency, and reliability. This project looks

into the contemporary research of power analysis, characterizing a system over voltage and temperature and

evaluating the performance of the system in terms of energy efficiency.

1.2 Performance Metrics

Analyzing the performance of any given device is of very critical importance in deciding which one to buy.

The Performance metric is mainly based on the characterization of voltage scaling, operating conditions. In order to

understand the performance, a specified metric which takes into consideration all the characterization factors is

essential to analyze the true performance of a device [17].

A simple definition of performance is time taken to perform a task, which required certain of power. In today’s

industry there are many performance metrics which are used to evaluate the performance of a system. Some of them

are mentioned below.

MIPS

MIPS (Million instructions per Second) metric rating is relative to the program being executed. It directly

compares the speed of a system and is defined as

= (10) (1.1)
‘n’ is the total number of instructions and ‘t’ is the time required to execute them. This metric is simple, redundant

and independent but does not serve the purpose of a being an effective performance metric because it does not take

in the consider factors like parallel computing, multi core architectures [17, 25].

MFLOPS

MFLOP comes as an improvised version of MIPS. MFLOPS stands for Millions of Floating Point

Operations executed Per Second and is given as

= (10) (1.2)
Where, ‘f’ is the number of floating point operations executed in ‘t’ seconds

In this performance metric, only the floating point are counted, this metric is relevant and useful only in scientific

computing, and becomes less effective if a processor does not have any floating operation operations[17, 25].
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SPEC

SPEC stands for System Performance Evaluation Cooperative (SPEC). Performance

Evaluation Corporation (SPEC) is a non-profit corporation formed to establish, maintain and endorse a standardized

set of relevant benchmarks that can be applied to the newest generation of high-performance computers. For

example the SPEC95 Each program run time is normalized with respect to the run time of Sun SPARCstation 10/40

– the ratio is called SPEC ratio [17, 25].

Performance vs Efficiency metric

Performance is evaluated for a given program or a set of programs. Simplest way to summarize

performance of a system is to compute execution time of the various programs used [17, 24].

= 1 (1.3)
Arithmetic mean is given as the average of the execution times. Arithmetic mean is directly proportional to the total

execution time. Arithmetic mean for n such programs is given by [3]

. = 1 ( ) (1.4)
Though easy to compute, arithmetic mean is not usually preferred for measurement. Instead the Geometric mean

which is defined as follows is used

. = ( ) (1.5)

Energy Efficiency Metrics

Energy efficiency is the ratio of performance to the energy consumed to achieve that performance. We

briefly discuss some of the most common metrics used to quantify energy efficiency of various circuit designs.

Efficiency for an average of n benchmark programs is given by

= ( ) (1.6)
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Where ‘Efficiency i’ is the efficiency for program i.

Relative efficiency of a computer system is defined with respect to a reference computer [2]

= (1.7)
Some other performance metrics used in the industry are as follows

Performance per Watt

Performance per watt is a measure of the energy efficiency of particular computer architecture or computer

hardware. It measures the rate of computation that can be delivered by a computer for every watt of power

consumed. Computing energy consumption is sometimes also measured by reporting the energy required to run a

particular benchmark. Energy consumption figures for a standard workload may make it easier to judge the effect of

an improvement in energy efficiency [21].

FLOPS per Watt, is also a common measure of performance, the metric is usually applied to scientific

computing and simulations involving many floating point calculations. For example, as part of Intel's Tera-

Scale research project, the team produced an 80 core CPU that can achieve over 16,000 MFLOPS/watt.

SWAP

Swap (space, wattage and performance) is a Sun Microsystems metric for data centers, incorporating

energy and space.

= ( × ) (1.8)
Where performance is measured by any appropriate benchmark and space is size of the computer.

1.3 Power Dissipation in Cmos Circuits

Power consumption in CMOS circuit is due to two main components:

 Dynamic Power

 Static Power

All of the power consumed in a chip can be attributed to these two broad categories.

PTotal = PDynamic + PStatic (1.9)
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Where,

PTotal = Total Power Consumed by the circuit.

PDynamic = Dynamic power consumed by the circuit due to switching of load capacitance and short-circuit current

between VDD and Ground.

PStatic = Static power dissipated due to various leakage currents.

Dynamic Power

Dynamic power is the power consumed when the device is active. It has been the dominant source of the

power dissipation in VLSI circuits [10, 23]. Dynamic power involves two components: dynamic dissipation due to

switching capacitances (PSwitching) and dynamic dissipation due to short-circuit current (PShortCircuit). So, dynamic

power can be written as:

PDynamic = PSwitching + PShortcircuit (1.10)

The primary source of dynamic power consumption is the power required to charge/discharge the output capacitance

on the logic gates. Power is consumed every time the output of a gate is changed [23].

Dynamic power due to switching capacitances is described with the following formula:

PSwitching = α(f)(CL)( Vdd
2) (1.11)

Where,

α= Activity factor

f = Operating frequency

CL = Load capacitance

VDD = Supply voltage

Activity Factor

The Activity Factor % (or AF %) is defined as the percentage of frequency (or time) that a signal is active

or toggling. Activity factor is associated with signals toggling at some percentage of the frequency at which the

clock is running.

Activity factor is the probability of the signal transitions from 0 to 1, which is the only time the circuit

consumes switching power. For example, clock signal has an activity factor of 1 because it rises and falls every
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cycle. Most data signals have a maximum activity factor of 0.5 because they transition only once each cycle. For

random data the activity factor is usually between 0.15 to 0.25 [29].

Dynamic Power Due to Short-Circuit Current

Short-circuit power refers to the component of dynamic power that is dissipated as current  flows from VDD

to ground when both the pull-up and pull-down networks are partially ON while a transistor switches.

Short-circuit power increases as the input edge rates become slower when both networks are ON for longer time. On

the other hand, it decreases as load capacitance increases because the output of large loads only switches a small

amount during the input transition [21, 23].

Static Power

Static power is the power consumed when the device is powered up but no signals are toggling. In CMOS

devices, static power consumption is due to leakage currents [11, 23]. The sub-threshold current is the drain-source

current of an OFF transistor. This is the current that flows from the drain to the source of a transistor operating in the

weak inversion mode. Sub-threshold leakage occurs when a CMOS gate is not turned completely

An approximation of this current can be given by:

I = μ (C ) V (e) Vgs − Vth (1.12)
Where,

W, L = Dimensions of the transistor

Vth = Threshold voltage

n = A function of the device fabrication process which ranges from 1.0 to 2.5

This equation tells us that sub-threshold leakage depends exponentially on the difference between VGS and VT [11].

Gate Leakage (IGate)

Gate leakage current flows directly from the gate through the oxide to the substrate due to gate oxide

tunneling and hot carrier injection. Gate leakage occurs as a result of tunneling current through the gate oxide. The

gate oxide thickness (Tox) is only a few atoms thick now - this is so thin that tunneling current can become

substantial. Its magnitude increases exponentially with the gate oxide thickness, Tox and supply voltage, VDD. In fact,

every 0.2nm reduction in Tox causes a tenfold increase in IGATE [19].
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Reverse Bias Junction Leakage (IRev)

Reverse bias junction leakage occurs from the source or drain to the substrate through the reverse-biased

diodes when a transistor is OFF [11, 18]. It is caused by minority carrier drift and generation of electron/hole pairs

in the depletion regions. For instance, in the case of an inverter with low input voltage, the nMOS is OFF, the pMOS

is ON, and the output voltage is high. Subsequently, the drain-to-substrate voltage of the OFF nMOS transistor is

equal to the supply voltage. This results in a leakage current from the drain to the substrate through the reverse-

biased diode. The magnitude of the diode leakage current depends on the area of the drain diffusion and the leakage

current density, which is in turn determined by the process technology.
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Chapter 2

Background

2.1 Embedded DSP

As digital signal processing is integrated into more devices, the time to market and the ability to make late

design changes becomes important. Software provides flexibility in design allowing late design changes, but it

performs less efficiently than hardware. On the other hand, creating an application specific integrated circuit (ASIC)

takes a longer time to make, and once done there is no possibility of making any changes to the design. This gives

rise to a field programmable gate array (FPGA) device, which provides a great solution by combining the strengths

of hardware and software [22].

Embedded DSP microprocessors perform their arithmetic operations via software. The idea of

incorporating the arithmetic operations in hardware has been researched for a long time, but creating a custom ASIC

requires a lot of time and effort on front end. Reconfigurable hardware, such as FPGA’s, offers high performance

and can consequently be significantly faster than the microprocessors [20, 22].

Application Specific DSP processors can implement many of these arithmetic applications. Although these

DSP processors are programmable through software, their hardware architecture is not flexible. Therefore,

constraints on the hardware architecture such as bus performance bottlenecks, a limited number of multiply

accumulate (MAC) blocks, fixed memory, fixed hardware accelerator blocks, and fixed data widths limit DSP

processors [3, 22].

Most of the DSP applications perform multiplication of input data with either constant coefficients or

internal feedback mechanisms. One of the basic function the DSP is required to perform is called the multiply

accumulate (MAC) operation. The efficiency of the DSP can be broadly based on the MAC operation [7]. Almost

every processor is capable of performing DSP algorithms since they all have the ability to perform addition and

multiplication. The only difference between a general purpose DSP and an FPGA is how well they perform this

function. For example, the TMS320C6474 has two multipliers at 1.2 GHz clock resulting in 2,400M

multiplies/second. Xilinx XC6VLX760 has 864 multipliers at 200 MHz resulting in 172,800M multiplies/second.

This example shows the significant advantage of FPGA’s over DSP processors.
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Figure 2.1: High Level Architecture of FPGA [18]

DSP processors offer low throuhput due to the limited number of resources. Embedded DSP’s in FPGA’s

provide a reconfigurable solution for implementing DSP applications, higher DSP throughput, and more raw data

processing power than regular DSP processors. FPGAs offer complete hardware customization while implementing

various DSP applications because of their abilities to be reconfigured.

FPGA structure consists of two major components: logic blocks that implement combinatorial part of the

design and on-chip memory. Logic blocks include look up tables (LUT’s) and storage elements. These two elements

are embedded in configurable logic blocks (CLBs). One of the goals of this project is to examine the logic efficiency

and energy efficiency involved in designing with FPGA’s so that it aids a system architect to make better

performance analysis.

2.2 Cycle Efficiency Performance Metric

Performance of a processor refers to its performance in respect to time. For a particular program, it is

defined as the inverse of the execution time. Similarly, efficiency of a processor is defined as the inverse of the

energy consumed by the program [22, 23]. Thus,

Performance = (2.1)
Efficiency = (2.2)
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The two measures are similar. The performance can be called time efficiency and efficiency can be referred to as

energy performance. These can be called time performance and energy performance, respectively. Consider the

clock cycle as a unit of work that a processor performs, then a clock cycle has a time period 1/f, where f is the

frequency in units of cycles per second or hertz (Hz) [24, 25].

A clock cycle also implies that a certain amount of energy is consumed per cycle. This is called the Energy per

Cycle (EPC). Cycle efficiency is defined as:

η = (2.3)
Unit being cycles per joule. Thus, a clock cycle means 1/f second in terms of time and 1/ η joule in terms of energy

[23].

For example consider a program which takes C clock cycles.

Execution time = (2.4)
Energy consumed for C clock cycles is given by:

Energy consumed = (2.5)
From performance equation above, we can write performance as

Performance in time = (2.6)
Performance in energy = (2.7)

Clearly, cycle efficiency η characterizes the energy performance in a similar way as frequency (f) characterizes the

time performance [1]. These two performance parameters are related to each other by the power being consumed as

follows:

Power = (2.8)
For a computing task, f is the rate of execution in time and η is the rate of execution in energy. Consider the analogy

of automobiles. F is analogous to speed in miles per hour (MPH) and η is analogous to miles per gallon (MPG) [24].

A practical way to see the cycle efficiency is: f mph, η mpg

These two parameters allow the designer to effectively manage time and energy of the system.
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There have been many metrics which analyze the performance of a device. In this project, we characterize a

Digital Signal Processor embedded in an FPGA (Lattice ECP3), and we use the new performance metric, called

cycle efficiency, to evaluate the performance and energy efficiency of the DSP. This is done in order to examine and

bolster the use of cycle efficiency in the industry as a performance metric. A comparison of the energy efficiency of

an Embedded DSP with a Soft Core comprising of only LUT’s is done using Power Analysis and Cycle efficiency.
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Chapter 3

Implementation

3.1 Lattice ECP3

The design example which has been considered in this project is the Lattice ECP3 FPGA. The

Programmable resources of the DSP unit in the Lattice ECP3 FPGA device is built in the form of slice, which

include: ALU, multipliers, muxes, pipeline registers, shift register chain and cascade chain. The multipliers can be

configured as 18X18 or 9X9 and the ALU can be configured as 54-bit or 24-bit. The figure below shows a block

diagram of two DSP slices [13].

Figure 3.1: Lattice ECP3 SysDSP Slice
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Design Flow

Design flow that comprises the following steps: functional specification of the system, design entry in

hardware description language such as VHDL or Verilog, design synthesis, design implementation (place and route),

device programming, and finally in circuit verification. Design verification, which includes both functional

verification and timing verification, takes places at different points during the design flow [3].

Figure 3.2: FPGA Design Flow [3]

.
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3.2 MAC Implementation

The DSP slice was made to implement the desired operation. We have chosen to implement a Multiply-

Accumulate (MAC) operation. The function that was implemented was:

An x Bn +/- Pn-1 = Pn (3.1)

Figure 3.3: MAC Module Implementation in DSP

The IPexpress module in the Lattice Diamond software is used to specify and configure the DSP Slice

module to generate the HDL model (Verilog) for the design. The IPexpress MAC module configures the elements to

be packed to the function that is to be implemented. After generating the Verilog description of the module

implemented, we provide random vectors as inputs to the RTL design using the test bench, the Logic and Static

Timing Analysis is done using the Lattice Diamond Design and synthesis tool which instantiates the Aldec to verify

the design.. The maximum frequency was found to be 280.01 MHz for the design implemented. The design was

implemented using two 18x18 multipliers and one ALU.
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MAP REPORT

The Map Report includes information on how many sysDSP components are used and how many are available. A

sysDSP slice consists of Multipliers and ALUs. The Map Report also shows how the sysDSP components are

configured. Below is the DSP section from the Map Report Summary and the component details for the ALU.

Figure 3.4: MAP Report of the DSP Components

The Place and Route (PAR) is done using the design tool. The Place and Route report shows how the

resources were packed in the DSP slices. The PAR Report shown below has two MULT18x18s and one ALU that

are utilized to implement the design.

Figure 3.5: PAR Report
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3.3 Power Calculation

The Power analysis tool used for this particular design was the Power Calculator (Lattice Diamond). Power

Calculator is the fastest power simulation tool available in the industry [14]. It allows designers to import NCD to

accurately estimate power for their designs. Native Circuit database (NCD) design files contain FPGA specific

circuit information which is a software/hardware representation of the input HDL, it also includes post-map and

post-par netlist information. The power calculator tool enables us to characterize our design over voltage and

temperature.

The Inputs to the Power Calculator tool are the NCD file, Timing file (.twr) and the Value Change Dump

(.vcd) file generated after the POST PAR simulation, the VCD file specifies the activity factor of the signals

toggling in our design. The signal toggling is a major contributor to the dynamic power of the DSP unit. However, a

more accurate approach is calculation mode, where the designer imports the actual device utilization by importing

the post place and route netlist design file (or NCD) file. The Power estimation tool provides us with block by block

power consumption of LatticeECP3 FPGA.

3.3a Characterization over Temperature

Power Calculator provides the power dissipation for a design under a given set of conditions. It predicts the

junction temperature (TJ) for the design. The junction temperature is of critical importance because of its direct

influence on the static leakage component [22].

TJ = TA + ΦJA_EFFECTIVE * P (3.2)

Where TJ and TA are the junction and ambient temperatures, respectively, and P is the power. ΦJA_EFFECTIVE is the

effective thermal impedance between the die and its environment. The junction temperature is directly proportional

to the ambient temperature. An increase in TA will cause an increase in TJ and which will result in an increase of the

static leakage component [14].

Junction Temperature

Junction temperature is the temperature of the die during operation. It is one of the most important factors

that affect the device power. Ambient temperature affects the junction temperature as shown in the above equation.

Devices operating in a high-temperature environment have higher leakage since their junction temperature will be

higher. Power Calculator models this ambient to junction temperature dependency. When we provide an ambient

temperature, it is rolled into an algorithm that calculates the junction temperature and power through an iterative

process to find the thermal equilibrium of the system with respect to its environment (TA, airflow etc.) [14].
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Maximum Safe Ambient Temperature is one of the most important values to be considered for the device

operational temperature. This is the maximum ambient temperature at which the design can run without violating the

junction temperature limits for commercial or industrial devices.

Results

Power Calculator takes the process variation factor into account and allows designers to specify either a

typical process or a worst case process. The Power analysis of the Embedded DSP Block was done using the Power

Calculator tool. The following graphs show the Total Power Dissipated by the DSP, characterized over Temperature

and Voltage for both the typical and worst cases.

Figure 3.6: Power vs Temperature, Power vs Voltage (Typical & Worst)

Calculation of Energy:

As temperature is characterized, the Total Energy consumed by the DSP unit in the ECP3 FPGA can be

found by using the power calculator tool. The total number of cycles of the MAC operation is given by the execution
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time. Consider the number of cycles taken to execute the MAC operation is 1.5x 106, Fmax= 280.01MHz. Assuming

the system to be running at Fmax, independent of the temperature variation, at constant voltage =1.2 V, the energy

per cycle (EPC) and cycle efficiency (η) is calculated as follows.

Table 1: Power Dissipation and Energy per Cycle with Temperature Variation

Temperature(0C) PStatic (mW) PDynamic(mW) PTotal(mW) ETotal (nJ)
EPC(10-

18J/cycle)

Cycle

Efficiency(η)

1015 Cycles/J

0 2.9 1.0 3.9 0.014 9.3 108

25 5.7 1.0 6.7 0.024 16.0 63

45 9.8 1.0 9.9 0.038 25.3 40

65 17.3 1.0 18.3 0.065 43.3 23

85 31.0 1.0 32.0 0.115 76.6 13

100 49.2 1.0 50.2 0.180 120.0 8

Figure 3.7: Graph Cycle Efficiency (1015 cycles/J) vs T(0C)
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Fig. 7 shows a plot of cycle efficiency vs temperature. It is evident from the graph that for increasing operating

temperature conditions there is gradual decrease in the cycle efficiency, this is an effect of increasing power

requirements at higher temperatures which can be observed in table 1. For system designers who are required to

design systems which work robustly under extreme temperature conditions the cycle efficiency calculations provide

valuable insight into the power and performance for the design.  It aids the designer to design energy efficient modes

with varying temperature. The embedded DSP is most efficient at 0 0C with a Cycle efficiency of 108 x1015 cycles/J.

The efficiency gradually decreases with increasing temperature. The efficiency calculations could only be calculated

to a lower limit of 0 0C which is a power calculator tool limitation.

3.3b Process Variation at Different Temperatures and Cycle efficiency Calculations

The Process was varied based on the performance grade, the performance grade 6 is the worst process, 7 being the

typical process, and 8 being the best process. The maximum frequency of operation was each process was calculated

for different operating temperatures and consequently the cycle efficiency values were calculated at these process

for the different temperatures. The following table shows the results obtained.

Table 2: Power Dissipation and Energy per Cycle with Process and Temperature Variation

Process at T=00C Fmax EPC(nJ) Etotal (µJ) η (109 cycles/J)

6 281.6 0.031 46.5 32

7 305.3 0.03 45 33

8 341.4 0.029 43.5 36

Process at T=250C Fmax EPC(nJ) Etotal (µJ) η (109 cycles/J)

6 281.6 0.042 63 23

7 305.3 0.039 58.5 24

8 341.4 0.038 57 26

Process at T=500C Fmax EPC(nJ) Etotal (µJ) η (109 cycles/J)

6 281.6 0.062 93 16

7 305.3 0.058 87 17

8 341.4 0.055 82 20

Process at T= 1000C Fmax EPC(nJ) Etotal (µJ) η (109 cycles/J)

6 281.6 0.2 300 5

7 305.3 0.184 276 5

8 341.4 0.17 255 6
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Figure 3.8: Graph Cycle Efficiency (1015 cycles/J) vs Process vs. F at different T(0C)

The cycle efficiency calculations provide the system designer useful data to make better decisions based on the

operating temperature and required speed for the device to run.

3.4 Use of Cycle Efficiency to compare the energy efficiency of a Hard DSP and a Soft DSP (LUT-based)

Implementation of MAC using DSP Block (Hard Core)

In this example, efficiency of a Hard DSP is compared to that of a Soft DSP. The Soft Core (DSP) uses

only programmable logic units to perform the function described. The same MAC module is implemented on both

the Embedded DSP and the Soft DSP. For this example, the Stratix II GX FPGA is chosen and has designated

digital signal processing (DSP) blocks optimized for DSP applications requiring high data throughput. Each Stratix

II GX device has two to four columns of DSP blocks that efficiently implement multiplication, multiply-accumulate

(MAC), and multiply-add functions [3, 5].

Each DSP block can be configured to support eight (9 × 9)-bit multipliers, four (18 × 18)-bit multipliers,

and one (36 × 36)-bit multiplier. Implementation of the MAC module in the designated DSP block of the Stratix II

FPGA was done using four DSP 9x9 multipliers without any Logic elements. The Static Timing Analysis and RTL
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simulation and verification were done using the Quartus 2 CAD tool. The RTL design was verified using the test

bench by applying random vectors and by instantiating the Modelsim to perform the logic simulation of the RTL

design. The Timing Analysis of the Slow model yielded Fmax = 450.05 MHz, and the number of execution cycles

was considered to be 1.5x106 cycles. The operating voltage and Temperature was set at 1.2V and 250C.

Implementation of MAC using only Logic Elements (Soft Core)

The basic building block of logic in the Stratix II architecture, the adaptive logic module (ALM), provides

advanced features with efficient logic utilization [5]. Each ALM contains a variety of look-up table (LUT)-based

resources that can be divided between two adaptive LUT’s (ALUT’s). With up to eight inputs to the two ALUT’s,

one ALM can implement various combinations of two functions. In addition to the adaptive LUT-based resources,

each ALM contains two programmable registers, two dedicated full adders, a carry chain, a shared arithmetic chain,

and a register chain. Through these dedicated resources, the ALM can efficiently implement various arithmetic

functions and shift registers. Even when a FPGA contains additional dedicated circuits such as multipliers, the bulk

of the logic functions for a typical design are still implemented by these basic programmable logic units. Therefore,

this generic basic unit can be used to fairly measure the size and efficiency of a design across different FPGA

architectures.

Figure 3.9: High Level Diagram of Stratix II ALM [5].

In the example, the Multiply Accumulate module was implemented using only logic elements. Using the

same design flow implemented for the previous case, RTL design verification and Static Timing Analysis was done.

The resource utilization summary indicated that the MAC module design was implemented using 337 LUT and 97

registers. The Static Timing Analysis was done, taking into consideration the slowest model, which gave a preferred

maximum frequency to be Fmax = 188.79 MHz. The number of execution cycles was 1.5x106 cycles. The operating

voltage and Temperature was set at 1.2V, and 250C.
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Table 3 : Comparison of Power Analysis of Hard Core vs. Soft Core

Resource
Utilization

Fmax(MHz) PStatic(mW) PDynamic(mW) PI/O(mW)
PTotal

(mW)
ETotal

(nJ)

EPC
(10-18

J/cycle)

Cycle
Efficiency (η)
1015 cycles/J

4 DSP 9x9
multipliers

450.05 491.05 78.8 301.81 871.66 3.1 2.01 498

338 LUT
+ 97

registers
188.7 498.85 140.07 298.01 930.02 3.4 2.3 434

From the above results, we see that the DSP block implementation is faster and more energy efficient

compared to Soft Core implementation.  The Dynamic Power of the DSP block has a 55% power saving compared

to the Dynamic Power of Logic Element implementation. The Hard Core embedded in the Stratix II had a greater

cycle efficiency compared to the Soft Core. The performance metric Cycle efficiency (η) gave a clear indication of

the energy efficiency and tradeoffs between a Hard Core and Soft core.
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Chapter 4

Limitations

Although the characterization was accurate in terms of the design and implementation, the Lattice ECP3

device was assumed to be running at a constant voltage for all temperatures. It is difficult to estimate the

temperature dependence of dynamic power due to various ways in which a design can be placed and routed.

The Voltage characterization for different process and temperatures would have resulted in better

characterization. Due to the tool limitations, the device was programmed to operate at a fixed voltage, scaling of

voltage into sub-threshold regions and the analysis of the DSP block can be done.

In the comparison of the DSP Block to the LUT-based implementation for a defined voltage and

temperature, the power analysis was performed and the energy efficiency was calculated using the parameter cycle

efficiency. The characterization of the implementations could not be done due to the limited resources available

from the licensing firm.
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Chapter 5

Conclusion

The performance and power demands of applications in High-Performance Computing (HPC) have made it

harder to have a qualitative and quantitative analysis, with respect to performance, power and programmability. The

project is an attempt to scrutinize cycle efficiency and bolster its use in the industry as a performance metric that not

only can be applied in the characterization phase but also in the architectural phase for making better engineering

judgments during choices of systems and components.

As an example the Lattice ECP3 device was characterized over Temperature and Process, and the Energy

consumed per cycle was calculated by performing the power analysis. A new performance metric cycle efficiency

was used to evaluate the performance of an embedded DSP (Lattice ECP3), and using this metric, a comparative

analysis of a Hard Core (Stratix II) to a Soft Core (Stratix II) was also done.

A further temperature characterization ranging from -40 0C to 125 0C and a thorough power and

performance analysis can be done. The voltage was fixed at 1.2V, so it could possibly be extended to further

operating voltages and the power and performance modeling done at those voltages. As an extension to the work

done, an industrial real time characterization of the IC can be done and compared to how it correlates to the

simulation characterization.
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