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Abstract

This paper describes the design and real-time implementation of FIR and IIR filtersusing MATLAB
interfaced directly with the TM S320C6x (C6x) digital signal processor. An FIR or IR filter can be
readily designed using MATLAB’sgraphical filter designer SPTOOL to generate a set of
coefficients associated with a desired filter's characteristics. These coefficients areincluded into a
generic filter program transparent to the user. Within SPTOOL, thefilter’' s frequency responseis
plotted on the PC monitor. By modifying SPTOOL, the authors provide a button located on the
toolbar to implement the desired filter in real-time on the C6x. Another button is provided to obtain
areal-timeimplementation of the filter on the TMS320C31 on board a DSP Starter Kit (DSK)™.
The authors have devel oped the support files required to duplicate these results, and they are
availableto anyoneinterested. Similar techniques can be developed to interface MATLAB with
different digital signal processors.

Introduction

Digital signal processors are currently used for awide range of applications from communications

and controls to speech processing. They are found in cellular phones, fax/modems, disk drives, etc.
They continue to be more and more successful because of the availability of low-cost support tools.
DSP-based systems can be readily reprogrammed for a different application.

The C6x is Texas Instruments’ (TI) highest performance processor based on the Very Long
Instruction Word (VLIW) architecture. Thistype of architectureis very suitable for multitasking.
Theinterna program memory of the C6x is structured as “fetch packets’ with a 256-bit instruction
and a 256-hit bus. Asaresult, aword (VLIW) can be fetched every cycle. For example, a Céx with
a 200 MHz clock is capable of fetching eight 32-bit instructions, which forms afetch packet, every
sSns.

The C6x supports a 32-bit address bus to address 4G bytes, and two sets of sixteen 32-bit registers.
It contains eight execution units composed of six ALU’s and two multiplier units.

On-chip memory is available as program cache, data cache, and RAM/cache. The exact amount
and configuration of memory depends on the specific member of the C6x family of processors. For
example, the fixed-point C6211 (which ison-board TI's popular C6x DSK), hastwo Level-1 (L1)
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program and data cache of 4K Bytes each and a Levd-2 (L2) 64K Bytes which can be used ether as
RAM or cache. The C6x interna data memory can be accessed as bytes, 16-bit (half-word) or 32-
bit words. A number of support documentation materials are available from T at
www.ti.com,

I mplementation

This project was tested on the following platforms: the fixed-point C6211-based DSK, the floating-
point C6701-based evaluation module (EVM), the fixed-point C6201-based EVM, and the C31-
based DSK. The C6xxx are all members of the C6x family of VLIW-based processors. TheC31is
amember of the C3x family of floating-point processors based on the Harvard architecture.

The fixed-point C6211-based DSK® is TI's lowest cost development system based on the C6x
processor. The DSK board includes TI’s 16-bit AD535 data converter, which contains an A/D and
aD/A. The AD535 on board the DSK has a sampling rate of 8 kHz.

The C6701 is afloating-point processor. Operating at aclock rate of 150 MHz, the C6701 is
capable of performing over 1000 million floating-point operations per second (1GFLOPS). The
C6701-based EVM includes Texas Instruments C6701 processor, and the Crystal CODEC chip
CHA231A for input and output. The CODEC has a maximum sampling rate of 48 kHz, 16-bit A/D
and D/A converters, input (anti-aliasing) and output (reconstruction) filters, all on asingle chip™.

The fixed-point C6201 is pin-compatible with the C6701 floating-point processor. Operating at a
clock rate of 150 MHz, the C6201 is capable of executing 1200 million instructions per second
(1200 MIPS). Thefixed-point C6201-based EVM aso contains the CS4231A Crystal CODEC.

A DSK based on the floating-point C6711 is expected during the 2™ quarter of 2000. The C6711is
pin-compatible with the C6211 fixed-point processor.

The EVM and DSK packages include the popular Code Composer Studio (CCS)12 which provides
an integrated development environment (IDE), bringing together the necessary support tools such as
the assembler, C compiler, editor, debugger, etc. A real-time data exchange (RTDX) capability with
CCS, dlowsfor the transfer of data between the PC host and the processor without stopping the
application running on the target.

Filter Design with MATLAB’s SPTOOL

Various FIR and IR filter design techniques can be obtained with MATLAB’s graphical filter
designer SPTOOL. FIR filter designs based on the Kaiser window, equiripple (REMEZ) and least
squares designs; and IR filter designs using Butterworth, Elliptic, and Chebychev Types| and Il are
availablewithin SPTOOL. Inlieuof usingan“M” fileto specify the desired filter's
characteristics’, the GUI filter desi gner, SPTOOL, provides a more convenient dternative. The
project was tested with MATLAB™, version 5.3, along with the signal processing (SP) toolbox,
which contains the necessary functions that can be used for different filter designs. Alternatively,
the Student Edition of MATLAB™ which includes the SP toolbox, can also be used.
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FIR Filter Design

Figure 1 shows awindow screen of the authors' modified verson of MATLAB’s SPTOOL. The
authors modifications include the three buttons in the upper right section of Figure 1 which
illustrate the choices of platforms available for implementing the filter in real-time using either the
C6211 DSK, the C31 DSK, or the C6701 EVM. Figure 1 also displays the frequency response of a
FIR bandstop filter, with a notch frequency of 790 Hz. Thefilter’'s characteristics along with the
coefficients of the designed filter with SPTOOL can beretrieved from MATLAB. Thefile
FILTDES.M within MATLAB was modified in order to provide a direct interface to one of the three
target processors for real-time implementation.

Within SPTOOL, a“rubber-band” procedure can be accomplished with a mouse to change the
characteristics of the desired filter. For example, one can stretch the stopband frequency with the
mouse, to specify adesired filter.

To implement the FIR bandstop filter on the C6211 DSK, select the button C62DK in Figure 1.
The authors developed an M file function, C62FIRMAT.M, which is called from FILTDES.M when
the C62DK button is pressed. After being passed the filter’ s transfer function and the sample
frequency by FILTDES.M, C62FIRMAT.M generates a“ coefficient” file containing the filter order,
sampling frequency, and properly formatted coefficients.
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Figurel. SPTOOL window screen with plot of frequency response of designed FIR filter.
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Figure 2. Reda-time frequency response of FIR bandstop filter.

This coefficient fileis then included in a C-coded generic FIR filter program. The FR filter
program also includesinitialization and support files for the CODEC, and for input/output through
the serial port. Within C62FIRMAT.M, the C-coded FIR program is compiled, assembled, and
linked creating an executable common object file format (COFF) that is downloaded to run on the
C6211-based DSK target. Figure 2 shows aplot of the frequency response of the FIR bandstop
filter implemented in real-time and displayed on a HP 3561A dynamic signal analyzer. Theroll-off

frequency close to the Nyquist frequency of 4000 Hz is due to the input anti-aliasing filter on the
CODEC.

In lieu of SPTOOL, one can write an “M” fileto run on MATLAB?, specifying the desired
characteristics of the filter within the M file. Thefilter's characteristics are designated in this M file

with specified magnitude at corresponding frequencies. Several MATLAB functions. remez(),
firl(), and fir2() are available for FIR filter designs.

All support programs are transparent to the user, since the target processor to implement the desired
filter in real-timeis seected from the SPTOOL window screen.

IR Filter Design

Figure 3 shows a plot of the frequency response of an IIR bandpass filter using a Chebyshev design,
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Figure 3. SPTOOL window screen with plot of frequency response of designed IIR filter.

displayed within SPTOOL. Thefilter has a center frequency of 2000 Hz.

Thefollowing MATLAB functions: butter() for a Butterworth design, ellip() for an dliptic design,
chebyl() and cheby?2() for Chebyshev Types| and Il designs, respectively, are available for IIR filter
design. The designed filter's coefficients are contained within a and b arrays, representing the
denominator and numerator coefficients, respectively, of the transfer function of the designed IIR
filter.

The authors created an M file function, C6711R.M, which is called by FILTDES.M, and generates a
coefficient filein aformat appropriate to be included in ageneric C-coded IR filter program. It
uses the following available MATLAB functions to format the lIR transfer function:

a. tf2zp() to find the zeros and poles of the transfer function expressed in terms of coefficients
a’'sand b’s associated with the denominator and numerator polynomials, respectively.

b. Zp2s09() to express the transfer function in terms of second-order sections used by the
generic C-coded IR filter program. One set of coefficients, a'sand b's, are obtained for
each section.

Within C67IIR.M, the C-coded IIR filter program is compiled, assembled, and linked, which
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Figur e 4. Real-time frequency response of 11R bandpass filter .

creates a COFF executable file that is directly downloaded and run on the selected target
processor. Figure 4 shows the real-time frequency response of the IIR bandpass filter obtained
from the HP dynamic signal analyzer.

Concluson

MATLAB’s SPTOOL is apowerful tool for the design of both FIR and IR filters, and can be
interfaced directly with the TM S320C6x (or the TM S320C3x) digital signal processor to implement
filtersin real-time. All support files/programs are transparent to the user while the desired filter is
being implemented in real-time. Similar techniques can be developed to interface MATLAB's
SPTOOL to other digital signal processors.
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