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Abstract—FPGA based soft processors are an attractive option floating-point FFT software program (see Section IV-B), the
for implementing embedded applications. As energy efficiency actual execution time of the software program on a MicroBlaze
gaik?e‘;%’g}eac% ';aeé | p%rtf)ct);(p]atr;]%e e;”;g'clpéféﬁmgﬁgg é??}]e‘;ae” soft processor operating at 50 MHz 4s2.66 ms. Low level

uickly u y i y . ! . . X E .
soft processors are needed. While low-level simulation based onSimulation using ModelSim 5.7 on a Windows machine with
traditional FPGA design flow is too time consuming for obtaining dual Intel Xeon 800 MHz CPUs and 2 Gbyte memory takes
such energy performance, we propose a methodology based onaround ~6 hours and generates an8.5 Gbyte simulation
instruction level energy profiling. We first analyze the energy record file. Using XPower to analyze the generated simulation
dissipation of various instructions. An energy estimator is built ecord file and calculate the energy dissipation requires an

using this information. To illustrate the effectiveness of our " . .
approach, the energy performance of several FET and matrix additional ~3 hours. The time and storage requirements of

multiplication software programs running on a state-of-the-art €nergy estimation through such low level simulation can prove
soft processor is evaluated using the estimator. Compared with to be overwhelming for many software programs.

the results obtained through low-level simulation, an average |n this paper, we propose a methodology that can rapidly
estimation error of 5.9% is observed in our experiments. estimate the energy dissipation of software programs running
on FPGA based soft processors. Our approach can obtain the
. INTRODUCTION energy dissipation of the FFT program discussed above within
There is a strong trend towards integrating FPGA with vaminutes, a significant speed-up compared with the traditional
ious heterogeneous hardware components, such as RISC pfsproach based on register-transfer level simulation. Besides,
cessors, embedded multipliers, memory blocks (e.g. BRAMs the four FFT and matrix multiplication software programs
in Xilinx FPGAs), etc. Such integration leads to a reconfigzonsidered in Section IV, our approach leads errors in the
urable System-on-Chip (SoC) platform, an attractive optiange of 3.2% to 7.8% and 5.9% on average.
for implementing many embedded systems. Soft processorShe paper is organized as follows. Section Il discusses
are RISC processors realized using the configurable resouregisted work. Section Ill presents our methodology for rapid
available on FPGA devices. Examples of such process@isergy estimation of computation on MicroBlaze, a state-of-
include MicroBlaze and PicoBlaze from Xilinx [16], andthe-art soft processor configured on Xilinx FPGAs. The energy
Nios from Altera [1]. The use of such soft processors offefsrofiling of the various instructions of the MicroBlaze soft
new design trade-offs by time sharing the limited hardwagstocessor as well as the energy estimation of several FFT
resources available on the target device. The design of a G&GNt matrix multiplication software programs running on the
down converter using MicroBlaze is shown in [8]. This desigprocessor are shown in Section IV. We conclude in Section V.
requires reduced amount of hardware resources and is able to
achieve considerable energy reduction (by fitting the design Il. RELATED WORK

into a smaller device) compared with a traditional FPGA Previous research has focused on estimating the energy

implementation. dissipation of a few popular commercial and academic ASIC

Energy efficiency is a key performance metric in the deSi%}ocessors. Sinha@t al. [12] propose JouleTrack a web

of embedded systems. In order to exploit the advanta - -
offered by soft processors, techniques that can quickly and %é:zed tool for software energy profiling. After analyzing the

curately obtain the energy dissipation of the software prograrﬁorgy dissipation of the instruction set of SongARM SA-

xecuting on them are needed. While there ar veral en 0 and Hitachi SH-4 processors, they conclude that “the
executing on them aré needed. € there are several en&lgimon overheads (such as cache, decode logic, etc.) in these
estimation tools for ASIC style processors (see Section Il),

the best of our knowledge, no prior work has addressed ra cessors are large and overshadow any instruction specific
imation FPGA based soft Processors riations. Therefore, estimating software energy dissipation
energy estlrfnatlon or ‘mol P > with an elaborate instruction trace and inter-instruction is
Since soft processors are implemented using FPGA 'SVerkill.” In contrast, we show in Section IV-A that there
sources, energy estimation of the software programs runni significant variations in the energy dissipation of the

on them can be obtained by following the traditional I:PG| structions of soft processors. Thus, the first order and second
design flow. For example, for the MicroBlaze Soft processgl e, “models proposed in [12] cannot guarantee accurate
configured on Xilinx FPGAs, the user can perform registel, . estimates for soft processors. Other energy estimation
transfer/gate level timing simulation using ModelSim mframeworks for processors are proposed in [2] and [17].

e e e oty se much moe deaied cnergy models (o capure [

T P 9 °d by ; rious sources of energy dissipation on processors, such as

record the switching activities of all the logics and wires on thﬂg':b
g

, o> : e switching capacitance table used in [17]. As soft processors
FPGA device) and calculate the energy dissipation. While SUGHL - 6qured on FPGA and mostly consist of LUTs (Look-up
low level simulation can obtain accurate energy estimates, t

re extremely tim nsuming. For mplex number 8-noi bles) with similar architectures, using these detailed energy
are extremely time consuming. or a complex NUMDET S-POliily jels would turn out to be averkill. Our approach is similar

This work is supported by the United States National Science Foundatifh the instruction level energy profiling framework proposed
(NSF) under award No. CCR-0311823. in [6]. The inter-influence of different components of the
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Fig. 1. Design flow of the proposed methodology

processor is ignored in our approach as FPGAs consist exfecuted on the MicroBlaze processor. This ELF file is then
similar basic units (e.g. slices in Xilinx FPGASs). By utilizingprovided to the GNU debugger for MicroBlazab-gdb
low-level simulation tools, we are able to obtain a more The Xilinx microprocessor debugg&XMD) is a tool from
detailed analysis of the energy performance of the instructionglinx [16] for debugging programs and verifying systems
For special purpose architectures implemented on FPGAsing the PowerPC (Virtex-1l Pro) or MicroBlaze microproces-
we propose a domain specific approach in [3]. It has been usgyls. It contains a GDB interface. Through this interface, XMD
to estimate energy dissipation of various designs [4]. can communicate witimb-gdbusing TCP/IP protocol and get
Performance of soft processors has also been addresseckss to the executable ELF file that resides in it. XMD also
recently. Shannoret al. [13] introduce SnoopR which is a integrates a built-in cycle accurate simulator that can simulate
non-intrusive, real-time timing profiling tool for MicroBlaze.the execution of instructions within the MicroBlaze processor.
However, energy performance of soft processors is not afhe simulator assumes that all the instructions and program
dressed in their work and is the focus of this paper. data are fetched through two separate local memory buses
(LMBs). Currently, simulation of the MicroBlaze processor
- with other configuration, e.g. different bus protocols and other
A. Design _FIOW ) peripherals, are not supported by this simulator.
_ The design flow of the proposed methodology is shown xMp has a programmable TCL (Tool Command Language)
in Figure 1. While our technique can be applied to othei] interface. By communicating with XMD through the TCL
soft processors, Xilinx MicroBlaze is used to demonstrate thgerface, the instruction profiler obtains the numbers and the
design process since it is widely available. We usedbe types of instructions executed on the MicroBlaze processor.
compiler for MicroBlaze, the GDB (GNU debugger) and XMDrhen, the profiler queries the instruction energy look-up table
debugger, and the MicroBlaze cycle accurate simulator prgsfind out the energy dissipation of each instruction executed.

vided by Xilinx EDK (Embedded Development Kit) [16]. Ourgy summing up all the energy values, the energy dissipation
contributions are the creation of the instruction energy lookg the input software program is obtained.

up table that stores the energy dissipation of each instruction
in the instruction set, as well as the instruction profiler th&. Generation of Instruction Energy Look-up Table

integrates all these tools and outputs the energy dissipation ofy 4,y for generating the instruction energy look-up table
the input software program. Both of the two contributions aﬁgihown in Figure 4. We created sample software programs

highlighted as shaded boxes in Figure 1. Besides, as requifedy \onresent each instruction in the MicroBlaze instruction
by the MicroBlaze cycle accurate simulator, the conflguratlopll%}'s_é

? th ft " ¢ d oth - set by embedding assembly code into the sample C programs.
of the SOl processor, 1S memory systeéms and other periyy, the embedded assembly code, we let the instruction of

erals are pre-determined and are shown in Figure 2. Siqﬁ?erest repeatedly executed for a certain amount of time with

Mr']‘ér(t)r?laéet su?ptﬂrts Spl't bfl:\?v trransract:onms, trr1e '?S:”écﬁf'gore than 100 different sets of input data and under various
a € dala of the user sottware programs are store cution contexts. The MicroBlaze processor haBCGaEX

dual port BRAMs and are made avai'lable to the MicroBla s which displays the value of the program counter and a
processor through two separate LMB interface controllers. T LID_INSTR signal which is high when the value on the

MicroBlaze processor and the two LMB interface controllerE_CEX bus is valid. By performing behavioral simulation and

IIl. M ETHODOLOGY

are required to operate at the same frequency. Under t f‘ﬁecking the status oPC.EX and VALIDINSTR we can
se’;’;m?, a f|xe(: Itatency of (énf C,I[ﬂ‘r:k cy;\:ltehls gutavt\:antere]torl fl(l)rrt Btermine the intervals over which the instructions of interest
SOft processor 1o access data through these two controliersy e exacuted. Then, ModelSim records the gate-level switching

activities of the device during these intervals and generates

Instruction-side LMB . . ! A .
e oneIce . LMB BRAM - simulation record files (.ved files). In the last step, XPower is
¥ interface controller . . . . .
. used to analyze the design files (.ncd files) and the simulation
MicroBlaze . . L. . . .
R e ——— BRAMs record files. Finally, the energy dissipation of the instructions
: [ MB BRAM R is obtained from the XPower output. . _
Data-side LMB interface controller Note that the MicroBlaze soft processor is shipped as a
register-transfer level IP core. Its time and energy performance
Fig. 2. Configuration of the MicroBlaze processor system are independent of its placement on the FPGA device. More-

over, the instructions are stored in precompiled memory com-

The GNU compiler for MicroBlazemb-gcg is used to com- ponents. The locations of the memory blocks have negligible

pile the software program and generate an ELF (Executaliigpact on the energy dissipation for accessing the instructions
and Linking Format) file, which can be downloaded to andnd data stored in the BRAMs. Therefore, if the MicroBlaze
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Fig. 3. Energy profiling of the MicroBlaze instruction set

system is configured as in Figure 2, the instruction energyNote that the addition and subtraction instructions (adyl
look-up table can be used for energy estimation, regardlessadfdi, suh rsubik etc.) dissipate much more energy than the
the actual placement of the system. Thus, there is no needrtoltiplication instructions. This is because in our configuration
incur the time-consuming low-level simulation every time thef the soft processor, addition and subtraction are implemented

table is used for estimation in a design. using “pure” FPGA resources (e.g. look-up tables) while
multiplication instructions are realized using the embedded
Stnzlla;ﬁrlflrrl)odel multipliers available on Xilinx Virtex series FPGAs. Our work
Vi e

in [4] shows that the use of these embedded multipliers
(instead of slice-based ones) can substantially reduce the
Simulation ﬁlel(_vcd file) energy dissipation of the designs. _ .
We have also analyzed the impact of different addressing
XPower |—»  ERergy modes on the energy dissipation of the instructions. This is

Sample software Embedded development kit
—

programs (EDK) >| ModelSim

Design file (.ncd file)

dissipation shown in Figure 5. Compared with instruction decoding and
. . . . the actual computation, different addressing modes contribute
Fig. 4. Flow of instruction energy profiling little to the overall energy dissipation of the instructions
and thus their effect can be ignored to speed up the energy
IV. EXPERIMENTAL RESULTS estimation process.
The MicroBlaze based system shown in Figure 2 is config-
ured on a Xilinx Virtex-1l Pro xc2vp7ff672-6 device, which 2750

2500 —
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1500 e

integrates dedicated 18kil8bit multipliers and BRAMs. We
configured MicroBlaze to use three dedicated multipliers for
the multiplication instructions (e.gnul and muli) and use
the BRAMs to store the user programs. According to the
requirement of the cycle-accurate simulator, the operating 1250+ 1 Hr
frequencies of the MicroBlaze processor and the two LMB 1000 M
interface controllers are set at 50 MHz. o] il
For the experiments discussed in the paper, we use EDK 250
6.1.02 for describing the hardware designs and compiling S0 S
the software programs, ISE 5.2.03 [16] for synthesis and R 5 3 55 =%
implementation, and ModelSim 5.7 [7] for simulation. The
functional correctness of the design was verified on an ML300
Virtex-11 Pro prototyping board [16].

A. Energy Profiling of Instructions

Figure 3 shows the energy profiling of various MicroBlaz8- Energy Estimation of Example Software Programs
instructions obtained using the methodology described in Secin order to demonstrate the effectiveness of our approach,
tion 111-B. We consider the energy dissipated by the completee analyze the energy performance of two FFT software
system shown in Figure 2, which includes the MicroBlaze prgrograms and two matrix multiplication software programs
cessor, two memory controllers and the BRAMs. Instructionsnning on the MicroBlaze processor system configured as
for addition and subtraction have the highest energy dissipatisimown in Figure 2. Details of these four software programs
while memory access instructions (both load and store) acan be found in [11].
branch instructions have the lowest energy dissipation. AFFT and matrix multiplication are widely used in embedded
variance of 486% in energy dissipation is observed for tlegnal processing systems, such as software defined radio
entire instruction set, which is much higher than the 3898]. For floating-point computation, there are efforts in sup-
variance for both StrongARM and Hitachi SH-4 processoporting basic operations on FPGAs, e.g. addition/subtraction,
reported in [12]. These data justify our motivation for taking amultiplication, division, etc. [5] [10]. These implementations
approach based on instruction-level energy profiling to builgquire a significant amount of FPGA resources and involve
the energy estimator for soft processors, rather than using ttemsiderable efforts to realize floating-point FFT and matrix
first order and the second order models proposed in [12]. multiplication on FPGAs. However, floating-point FFT and
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Fig. 5. Impact of different instruction addressing modes



TABLE |
ENERGY DISSIPATION OF THEFFT AND MATRIX MULTIPLICATION SOFTWARE PROGRAMS

Program Number of cycles| Measured energy Estimated energy] Error Comment
FFT 97766 212.45 197.35 7.1% | 8-point, complex floating-point data
16447 3319 32.13 3.2% 8-point, complex integer data
et tptenion || EL s S T e e o
matrix multiplication can be easily implemented on soft pro- 120
cessors through software emulation. =
. f . . = 100
By time sharing the resources, designs using soft processors g
usually demand a smaller amount of resources than the cor- 2 gol
responding designs with parallel architectures. Thus, they can S
be fit into smaller devices. The complete MicroBlaze system g ol
occupies 576 (11%) of 4928 available slices, 3 (6.8%) of 2 _
44 available dedicated multipliers on the target device. The S 40 MicroBlaze
floating-point FFT program occupies 23992 bits while the ¢
floating-point matrix multiplication program occupies 3976 < 20WMMWWW
bits. All four software programs can be fit into 2 (6.8%) - D:a' )
of 44 available 18-Kbit BRAMs. While parallel architectures % os i s 5 25
reduce the latency for floating-point matrix multiplication, Time (10-3sec)
they require 33 to 58 times more slices (19045 and 33589 _ _
slices) than the MicroBlaze design [18]. As quiescent power Fig. 6. Power consumption of the FFT program

accounts for increasingly more percentage of the overall power
consumption on modern FPGAs [15], choosing a smaller ] ) ) o ]
device can effectively reduce the quiescent energy. to obtain the_ |nstrupt|on.pr_ofll|_ng information of the soft\_/vare
The energy dissipation of the FFT programs and the marograms. Since this built-in simulator can_only be applied to
trix multiplication programs estimated using our technique t§€ configuration of the system as shown in Figure 2, we are
shown in Table I. All these estimates were obtained withi#nable to capture the energy dissipation of other bus protocols
few minutes. We compare the estimated data against the mag. the three types of IBM CoreConnect buses). Also, the
sured data obtained through low-level simulation. An averagfgpact of other peripherals and user IP cores attached to the
estimation error of 5.9% are observed. soft processors on energy performance is not addressed by our
We further analyze the variation of the power consumptig¥Pproach. We are working on replacing the built-in simulator
of the soft processor during the execution of the floatingvith the hardware assisted profiling framework proposed in
point FFT program. First, we use ModelSim to genera d3]in prder to overcome thIS |Im|t§lt|0n. B_eSIdES, we are E.l|SO
a simulation record file every 13.3293sec (1/200 of the extending our work to provide confidence interval information

total simulation time). Then, XPower is used to measure ti§é the energy estimates.

average power consumption of each period represented by
these simulation record files. The results are shown in Figure 6.
The regions between the lines represent the energy dissipatig
of the MicroBlaze processor, the instruction access cost ar[xzj1
the program data access cost (both through the LMB bus).
For the above floating-point FFT software program, thes
MicroBlaze processor dissipates around 3 times as much
energy as that for accessing the instructions and data storﬁﬁj
in the BRAMs. Most importantly, this result shows significant
fluctuations in the power consumption of the entire systenis]
This is consistent with the large variations in the energy pro-
filing of the MicroBlaze instruction set shown in Figure 3. As (6]
different instructions are executed in each sampling period, the|
large differences in energy dissipation among the instructio
would result in significant variation in the average powWeH o]
consumption in these sampling periods. [11]

V. CONCLUSION [12]

A methodology for rapid energy estimation of softwarg
programs running on soft processors was proposed. We built
an energy estimator for a popular soft processor using t é}
proposed methodology. Using four integer and floating-poi
software programs, we demonstrated that our approach ¢t
rapidly and accurately obtain the energy dissipation of corfl-']
putations on soft processors.

A major limitation of our methodology is that we relied[18]
on the built-in cycle-accurate simulator provided by XMD
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