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Abstract— The rapid advanced of microelectronics and
semiconductor technologies has enabled to increattee capacity
of digital circuits like Application-Specific Integrated Circuits

(ASICs), microcontrollers (MCUs), Digital Signal Processors
(DSPs) and Field Programmable Gate Array (FPGAS). Bcently,
a new digital circuits termed "Digital Signal Controller" (DSCs)

has emerged. DSC combines the processing power betDSP
and the functionality of the MCU with several perigheral

modules that make it an attractive proposition forpractically all

embedded systems applications, including communidan, audio,
medical, aerospace, defence and industrial control.The
performance analysis of DSCs processors, presentseoof the
consideration metric in the choice the best procesgy element for
a special application. In this paper, we will focuson the
performance analysis of the TMS320F28335 DSC, basingn

benchmarking.

Keywords—  Embedded DSC, Performance,

Benchmarking.
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I. INTRODUCTION

Embedded systems are becoming one of the important

factors of the e-industries growth. They are presin
practically all human activities such as cellulatephones,
personal digital assistants (PDAs), digital camer@S
receivers etc. Semiconductor markets have respotuléuis
demand with a bewildering of other solutions fooqassing
such as ASIC (Application Specific Integrated Citsy
FPGAs, DSP, DSC and SoC (System-On-Chip).

Initially, embedded control systems were impleménta@
microcontrollers (MCUs) due to their small sizefiadént
input/output communication port and their abilittesperform
control applications. In the same era, DSPs aral uge
telecommunication, image processing and signal gusing
applications. To improve embedded systems perfocemn
MCUs manufactures tried to increase the date bi giom 8
to 16 bits. Similarly, DSPs manufactures begannidude
more controllers to have the capacity to be cal2gP
controller (DSC)[1].

Different studies prove that DSC, an embedded obetr
with a specific microprocessor designed for
mathematical operations to manipulate measuredatiigiata,
is capable of processing data speedily and genenaigut
data in real-time. DSCs systems can accomplish oagnd
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sophisticated embedded applications that can not be
implemented using other processors techniques. Thaybe
used in different application such as image prangsg2],

digital control processing [3, 4, 5], speech sysihd6] and
control implementation [7, 6].

DSCs integrate the algorithm processing power &fS#
engine with the hard, real-time control abilitifsaoMCU [1].
Its additional hardware units permit speed up
computational of sophisticated mathematical openatiin
order to reduce their memory capacity and the nunadfe
execution cycles in the processor. DSCs are comyiht
specific hardware and good performance for the best
cost/benefit/performance.

Table 1 presents an illustration of the differezattires of
the DSCs comparing to the MCUs and the DSPs process

the

TABLE |

MCUSs, DSPs AND DSCs PROCESSOR$EATURES[1]
Features MCUs | DSPs | DSCs
Execute From Flash v v
Large Register Set v v
Robust Interrupt 4 v
Capability
Abundant Mixed Signal| v v
Single-Cycle MAC v v
Dual-operand Fetch v v
Zero-Overhead Fetch v v
Saturation/Rounding v v
Bit-Reverse Modes v v

Algorithms complexities require that the designeusin
have a clear idea about the hardware computingpeahce
of the used DSC processor. Currently, there areynix®Cs
manufactures with many families. The challenges of
designers, and especially new users of the DSQd, faee
faced up with the various problems in selecting the
appropriate processor to implement the most efficie
algorithm on the least expensive hardware withiregitime.
Choosing the correct system, can be based on aar@mop of

typicdhe performance of each processor to save enemyeyrand

minimize the risk of the too time to market.
Many interesting studies based on the hardware
performance evaluation of processors are presq¢ate?] 10,
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11, 12] to allow fair comparisons between process8ome
of them are based on the comparison of the areaggrand
cost consumption in a specific applications. Othased
performance evaluation techniques to evaluate @npeoe
processors efficiency.

The goal of this paper is to evaluate the perfogearf the
TMS320F28335 DSC processor. The remaining parthisf
paper are organized as follows: After this intraehe
Section 2 illustrates the performance evaluaticchrig@gues
and introduces our used methodology. Section 3epteghe
HW platform used. Section 4 determines the perfoicea
measurement results of the TMS320F28335. Finadigtien 5
summarizes the paper.

Il. PERFORMANCEEVALUATION TECHNIQUE

HW/SW concepts. Recently, benchmarking attracted an
exceptionally high attention in both research andustrial
CAD communities.

The best benchmark is the application itself. Hosvewn
most cases we want a performance estimation ofetiok
product at the initial phase of project.

Benchmarks can be divided into three categoriesmi#ipg
on the application. They have been intended fe: Gontrol
benchmarks, computation benchmarks and I/O bendtsnar
Since it's very difficult to fit existing benchmarlsolely into
one category, it is a better idea to take a contioinaf these
criteria (such as control-computation benchmarkd #0©
benchmarks).

Another useful way to categorize benchmarks is ldret
they are synthetic or application based. Three leack

The performance analysis of embedded systems Iygses for Microprocessor /IMCU / DSP are used [18]:

multiple aspects depending on the application tiatsystem
is made to. It will always be a true challenge designer of
this kind of systems, especially for DSC designe
Performance evaluation help designer to answefolf@ving
guestion: Does a particular DSC platform is appedprfor
our application? How fast is the processor? Ieifgrmed for
real-time application? What is the memory usage? et

A. Historical Evaluation Technique

In the past, analysis was performed by DSC venslech
as Texas Instruments, Motorola and Analog Deviddse
analysis approaches were chosen by the vendet®rpia
The first evaluation approach was computed by thebrer of
operation per second [9]. Performance evaluati@aisery
simple metrics to describe processor performansedan
MIPS (millions of instructions per second), MOPSilljons
of operations per second) and MACS (Multi-accurmadgber
second). These metrics are misleading becausesofatious
amounts of work performed by instructions. They dme
insignificants when RISC architectures appeared.

Actually, many solutions to measure hardware peréorce
are presented. The most part of solutions are based
benchmarking applications.

B. Benchmark Evaluation Approach

1) Synthetic Benchmarks: developed to measure system
specific parameters. Synthetic benchmarks are edeaith

I . .
t?ie intention to measure one or more features efesys,

processors, or compilers. It try to mimic instroatimixes in
real word applications. However, it is not relatechow that
feature will perform in a real application.

2) Application Based Benchmarks or “"real world"
benchmarks: developed to compare different processors
architectures in the same fields of applicationpplieation
based or "real world" benchmarks use the code drfaem
real algorithms and they are more common in sydexel
benchmarking requirements.

3) Algorithm Based Benchmarks: (a compromise between the
first and the second type) developed to compar¢esys
architectures in special (synthetic) fields of agadion.

The optimal benchmark program for a specific apion
is the one who is written in a high-level languagertable
across different machines, and easily measurableedisas
having a wide distribution.

I1l. BENCHMARK PROGRAM SELECTION AND SPECIFICATION

In our work we have chosen to adopt freely avadlabl
benchmark solutions. In the first time, we used tBgtic

Benchmark approach is used by the Standard PenfmenaBenchmarks based on the two complementary benclmark

Corporation in the popular SPEC benchmarks. Bendking
is a widely recognized to performance evaluatioheyl are
written in a high level programming language andsuee the
performance of both compiler and processor.

About 25 years ago, we didn't have the authoriieBSP
benchmarking. Benchmarking was conduct almost dnly
chip vendors themselves. Nowadays, several (opencep

Dhrystone which report the integer performance bé t
architecture in Dhrystone MIPS and Whetstone which
computes different algorithms and report the charastics of
the floating point units in whetstone MIPS. In #exond time,
we implement the Algorithm Based Benchmarks thatopen
mathematical operations with a basic fixed-poio#fing-
point computation.

benchmarks are used: Mibench [13], the most popular
Paranoia [14], LINPACK [15], etc. We can also find™ DhrystoneBenchmark

commercial benchmarking solutions more efficiekeliSPEC
(Standard Performance Evaluation Corporation) [EEMBC

Dhrystone [19] is a synthetic computation benchmark
program developed in 1984 by Reinhold P. WeickeADA

(Embedded Microprocessor Benchmark Consortium) ,[17And translated to C by Rick Richardson. It is idthto be

designed for embedded systems or EDN's DSP benkhmar
Since the early beginning of computer and engingeri

benchmarking has been playing an exceptionally watéety

of extraordinary important roles, greatly influemgi major
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representative of integer performance.

Dhrystone grow to become representative of general
processor performance until it was outdated fromn&ard
Performance Evaluation Cooperation. The recentiver®.1
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of this benchmark is constituted by 103 high lestatements IV. OVERVIEW OF THEDSCHW/SW PLATFORM

within the main loop, which executes repeatedlyirdurthe

benchmark execution. User can choose the number AofHW Platform

iterations. As result, Dhrystone prints the abssiuttime Texas Instruments is one of the leader companyugsing
required per iterations through the loop, the peménce DSCs. Depending on applications, three DSCs fasidiee
measured in number of Dhrystone per second (thebaumwf used[6]: C2000 family is efficient for real-time rool

iterations of the main code loop per second). applications, C5000 family focuses on mobile systand
lastly, C6000 family used for audio, image proaegsand
B. Whetstone Benchmark communication applications.

Whetstone benchmark [20] is a synthetic benchmarkIn our study, we choose to evaluate the performaifiche
written in 1972 at the National Physical Laboratémythe C2000 family competent for real-time control apation. The
United Kingdom. It was the first intentionally weh selected TMS320F28335 DSC is one of the cuttingeedg
benchmark ware to measure processors performartcefloating-point DSCs in this series. It operates1&80MHz.
originally measured computing power in units ofokil Fig. 1 describes the functional block diagram ofe th
Whetstone Instructions Per Second (kWIPS). This latey TMS320F28335 DSC.
changed to Millions of Whetstone Instructions Pecd@hd
(MWIPS).

Both Dhrystone and Whetstone are synthetic bendhmar mapec
meaning that they are simple programs that arefudbre
designed to statistically mimic the processor usdgmme set
of programs. It difficult stems for the fact thateobenchmark
cannot effectively represent the variety of embedde
applications.

(s el Ve oIrxz .
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C. Algorithm Based Program

Algorithm Based Program presents a set of simple
programs executed to evaluate the DSC processor
architecture. They can be separated into diffgpeagrams:

1) The Coordinate Rotation Digital Computer (CORDIC): -

invented by Jack Volder in 1959 [21, 22], is a denprogram e
designed to estimate the basic elementary functidees : e '—Iﬁ
trigonometric functions, square roots and expomaénti i L
functions. Designers use CORDIC in practical alle th =
applications : Biomedical applications to computast- M
Fourier Transforms (FFTs), robotics to determire hbsition T gl M
and the movement of robotics joints and limbs, aign | ' w
processing to generate sine and cosine waves, image : 2 e— =,

processing to implement lighting and vector rotatiand
controls applications for asynchronous machine. O@R
encloses two modes: The "Rotation® mode and the
"Vectoring" mode : In the Rotation mode, input weEcis
rotated by a specified angle to compute sin anthepsvhile
in vectoring mode, the program rotates the inpatoreto the

X axis to record the angle of rotation requiredctonpute : ‘ st | o e e |
tan™(x/y). L ——— A T I N

[ (1 Ll i WA AR WIAR- WD CAR:
2) FIR (Finite Impulse Response Filter): Filtering two uses O R e ﬁi

[23]: Signal separation and signal restoration.DIEC, the
digital filters are classified into FIR and IIR f{imite Impulse [
Response). In our paper, we selected to benchrhariEtR

filter which requires multiply-and-accumulate (MAC)

operations to compute output from a 17-coefficigats using tmm
simulated ADC input data. It has is implementegractically
all digital signal and image processing field suah the
measurement of the electrical activity of a balwgart (ECG  As mentioned in the Table 2, TMS320F28335 is fittéth
signal). a large memory capacity of 512KB on-chip flash, 2RBT
ROM and 68KB asynchronous SRAM memory that suffitie
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Fig. 1 TMS320F28335 Functional Block Diagram [6]

On the following sections, we will present our fdain.
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to storage program. It is also, equipped with 12AC, an ——— —
RS232 interface, a CAN interface, etc. ,_Cmgemmposersmdaous.a.o L I __TARGETAPP”MTIONW
. 1
TABLE II _ —— DSC/BIOS Kernel Interface
THE MAIN FEATURES OFTMS320F2833DSC i t:j
.___TIf Real-Time Capture
Feature Description P~ o i adain e e
Architecture 32 bits Harvard Bus Architecture LA a;*é;[ﬁo?]':]“::f" : ————
—*—E = — _)TMSSZOFSSSDSC . !
NECutanle
Frequency 150Mhz | e ;_ w
Cycle Time 6.61 ns _ ~ _.'.‘ UsB I -~
Clock and System Dynamic PLL Ratio Supported, On- DEBUG |
Control Chip Oscillator, Watchdog Timer 5;'73 I@'EANMYZER ..
module, Three 32 CPU Timers. |
Memory-On-Chip 512KB Flash, 68KB SARAM, 2KB HOST EMULATION SUPPORT | e
OPT ROM . - .:_s_'_u'
Peripherals SPI, 12C, 12-bit ADCs, Internal RRST DEVELOPEMENT €« | [ e
oscillator, McBSP module, PWM [ | I
module, watchdog, DMA, RS232,
UART and eCAN Fig. 2 Hw implementation of Benchmarks program& d5320F28335 DSC
B. SWPlatform The benchmark code is required to be written inGi@s.
There are two methods types to implement SW alyost Then, the code is also compiled, linked, downloaded
on the TMS320F28335 DSC [7]: executed on the processor. After downloaded theutable

code on the processor, the code runs wholly oiD®@.
1) Using HLS (High Level Synthesis Approach): The design  Processor performance can be measured in many Wags.
is developed with MATLAB/Simulink platform and themost common metric is the time required for a pssoe to
program can be directly downloaded into the DSC. accomplish defined task. Some architecture usenakeCPU

2) Using the CCS IDE (Integrated Development Environment cI(_)ck driver_. The total execution time f_or the casiehe cloqk
Code Composer Sudio) tool: CCS IDE offers an exceIIentd”Ver mglnphgd by the total Instruction cycle ot This
framework for building and implementing programstten in clock divided is not reflected in the total insttioa cycle
C language and becoming a standard framework uged cgunt number pre_sentgd. : . .
many embedded software vendors. It combines tharddges In our case, Time Is measured Lusing an !nternale'rl',lm
of the Eclipse software with advanced embedded gleb hich operates at 150 MHz th_at triggers an intdreyery
capabilities from Texas Instruments resulting icoapelling us, and a Logic Analyzer, which measure valueriteoof

feature rich development environment for embedd@@nosecond, to ha_ve a h|gh_preC|S|0n measurement.
In the next section, we will present results fondtamarks

designers. )
_ Igen‘ormance analysis.
To implement benchmark program, we used the CCS IDE
tool which permits to develop and debug embedded VI. BENCHMARKS RESULTSANALYSIS

applications. It includes source code editor, céenpifor each Clearly each benchmark can only be compared t4, itse
of Texas Instruments device families, project ®uilyo rogiting values are meaningless outside oft tha
environment, debugger, profiler, simulators and ynather o,nmarks context. The executed time for eachHrearks
features. is very small, so a number of loops where usecttagime in

V. PERFORMANCEMEASURES microsecond range.

A. Experimental Setup A. Dhrystone Benchmark results

The implementation framework for benchmarks program Dhrystone b.enchma_rk is u.sed to measure thg perf[qena
consist of a : TMS320F28335 DSC, a logic analyzed a of processors in handling pointers, structures stndg. It is

computer as the host. The hardware block diagranthef ldomindate_d_by simgle integer arithmetip, st:jingﬂeﬂierrl]s,
benchmarks implementation is shown in the Fig. 2. ogic decisions, and memory accesses Intendedilecrene

processors activities in most general purpose ctingu
applications. Results of the Dhrystone benchmaek kased

on the speed time: The number of microseconds that
Dhrystone program takes to run. To evaluate TMS283B5
DSC performance, we choose a Loop equal to 100ydbdme
MIPS (DMIPS) is calculated using the following fanfas
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DMIPS = (Loop /Run_Time)/1757)
Where:
* Run_Time: The time spent to run Dhrystone benchr
e Loop: The Loop used
e 1757 : The number of Dhrystones per Second obtain
the VAX 11/780 (Virtual Adress extention), nominad
1 MIPS machine.

It is interesting to compute the Dhrystone score a
function of the DSC frequency to show the effeatisss o
the DSC core rather than how fast it can IDMIPS/MHz is
computed using the following formulas.

DMIPS/MHz = DMIPS/(Frequency Of DSC in MHz)
Table 3report performances resulting from the execuof

Dhrystone benchmarkasing 8 bits and 16 bits preciss
under the TMS320F28335 DSC platform.

TABLE IlI
RESULTS OBTAINED USINGDHRYSTONEBENCHMARK

8 Bits Precision 16 Bits Precisior
Run_Time (us) 1491 4P1
DMIPS 38.172 38.172
DMIPS/MHz 0.254 0.25¢

The use of the 8 bits and the 16 bits precisionehhaw
effect on the performance (MIPS) results sinceRheystone
benchmark does not use huge valligis. dominated by sing|
integer arithmetic, string operations, logic demis, anc
memory accesses intended to reflect the CPU ae8vin
computing applications.

B. Whetstone Benchmark results

Whetstone benchmark attempts to measure the pexfme
of both fixed-point and floatingoint arithmetic in a ariety
of scientific functions. These functions are divided in
modules:

e M1 : Computation with simpl&entifiers.

e M2 :Computation with array eleme.

e M3 : Passing an arrag garamett.

M4 : Performing conditional Jump

» M5 :Performing integer arithme.

M6 : Computation offrrigonometric Functior.
* M7 : Procedures Call.

M8 : Array reference androcedure Ce.
M9 : Integer Arithmetic.

e M10: Computation$tandard Functics.

To evaluate the speed (Run_Time) using whets
benchmark in microsecond, we have to, for one iteration,
a Loop equal to 10rhe obtained results of this benchrr are
summarized on the Fig.@esents the Run_Te (us) of each
whetstone module using the two kinds of floa-point
precision: Single precision using float (32 bitsegision
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number) and double precision using double (64 fi¢sision
number).

2,50E+04

2,00E+04

1,50E+04

1,00E+04

5,00E+03

0,00E+00
M1 M2 M3 M4 M5 M6 M7 M8 M9 MI10

m Single Precision (us ®Double Precision (Us)

Fig. 3Results obtained using the two data precisiorwhetstone benchmark
modules

Theseresults prove that the execution time using int
modules (1-5-9) and floatingeint units modules(2-6) are
rapidly executedcomparing to the call procedures modt
which require more than 50% of the whole executiome.
The number of Whetstorastructionper second (WIPS) can
be measured for all Whetstone benchmarks. calculated as
follows:

WIPS = (100.0 * Loop)/Run_Time

Where:
* Loop: The Loop used
* Run_Time : The time spent to run benchn

Table 4 presents thmerformance of the TMS3228335 DSC
on Kilo-Whetstone Instructions Per Sec (KWIPS).

TABLE IV
RESULTS OBTAINED USINGTHE TWO DATA PRECISIC(N FOR WHETSTONE
BENCHMARK
Single Precision Double Precision
KW IPS KWIPS
Whetstone 19.83 19.76
calculated
Whetstone 19.92 19.84
measured

C. Algorithms Application Benchmarks results

Algorithms Based Benchmarluse simple programs. Each
program is a unique code for testing dal parts of the
architecture. FIR filtemand CORDI( programs, are widely
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used in the DSCs field. Performance analysis ushege
Algorithms is based on the time required to achieaeh [1
defined task using a Loop equal to 1000.

Table 5 depicts execution results of these Appboat [
benchmarks.

TABLE V
RESULTS OBTAINED USINGTHE TWO DATA PRECISION FORALGORITHMS
APPLICATIONS BENCHMARK

(3]

Single Precision | Double Precision (4]
Run_Time (us) Run_Time (us)
CORDIC 390.6 388.6 5]
"Rotation"
Mode
Transcendental 1.260 1.260
sine and cosine [6]
functions -
CORDIC | 7606 760.6 71
"Vectoring" 8]
Mode
Transcendental 3.018 3.010
tang® function
FIR filter 130.4 130.8 ]

CORDIC algorithm is not a very fast algorithm foseu
compared to the transcendental mathematical fumtiti is (10]
followed due to its very simple implementation lhsen

simples shift- add operations. So, trigonometriaictions [11]
should be computed using transcendental matherhatica
functions. (12]

Results of Whetstone benchmark and ApplicationseBas; 3
Benchmarks, CORDIC and FIR filter, indicate thate th
minimum execution time is provided using doublecggien.
The double precision is actually faster than thaglsi
precision for the processors optimized for highespe
mathematical calculations (DSCs, DSPs) using temdental [15]
mathematical functions which return a double valudsese
results prove the efficiently of the DSC processons the (16]
signal processing applications.

[14]

[17]
VII. CONCLUSIONS [18]
The reported benchmarks results cover thr i)

complementary benchmarks using single and doubta d
precision. Dhrystone is used to compute integert uni
performance. Whetstone is able to characterizeifiggoint [20]
operations. Algorithm Application Benchmarks areedigo 21]
measure the calculus capacity of processor. Theesam
approach can be used to analysis other embeddézhs/er
other architectures.

In our work, we focused on the hardware excursipeed
evaluation in the embedded system design flow. \Wasured
the CPU performance of the TMS320F28335 DSC in tefm [23]
execution time without using optimization. It's yer
interesting to compute the effect of optimizatientniques of
the compiler on execution time. This work can beeeded by
evaluating the TMS320F28335 DSC performance comgari
to other architectures such as FPGAs.

[22]
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