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SECTION 3

USING DISPRO

There are five categories of modules:

e IR and FIR filter design

® Processing of filter coefficients

* Computation and plotting of frequency response data

* Evaluation, simulation, and plotting of time-domain behavior
¢ FFT-based spectral analysis and plotting

which correspond to the main menu line selections in the DISPRO supervisory module. In this section we will

discuss the functions provided by each category, and provide a certain amount of background detail. A shorter
presentation of DISPRO's functions is to be found in Section 6, in a reference format.

3.1 DISPRO: Supervisory Module and User Interface

The DISPRO supervisory module is the means for accessing all of the design and processing modules. The
startup sequence is described in Section 1.2. In general the procedure is to choose a module from one of the
pull-down menus and return to the DISPRO supervisory module when finished. However, there are a number
of direct paths from one module to another, such as from each filter design module to the frequency response
module. When you select a module which requires one or more file names to be specified then the DISPRO
supervisory module will prompt for the file names and check their validity. For a quick and complete
overview of the user interfaces and menu selections you should refer to Section 6.

3.2 Filter Design Modules

A general discussion of some of the issues involved in selecting a digital filter type is given in Section 2.2.
Here we wish to describe in detail the steps in the DISPRO approach to filter design.

3.2.1 IIR Filter Design

All IR designs are given by sets of coefficients of cascaded second order (or biquad) sections, with a first
order section for odd-order filters (LP and HP only). The biquad section topologies used by DISPRO in the
filter simulation phase are shown in Figs. 3-1(a) and 3-1(b), in diagrammatic and programming equation form.
When an IR filter is designed the coefficients for each biquad section are displayed/printed as the set A, B, C,
D, and E. The optional coefficient sets obtained by factoring the A coefficients as A = Al * A2 are used only
in the time response simulation module. Because the coefficients D and B can be as large as 2 in magnitude, it
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CASCADE STRUCTURE FOR IIR FILTER -- CANONIC FORM TOPOLOGY
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FIGURE 3-1(a) DIAGRAMS AND EQUATIONS FOR IIR FILTER -- CANONIC FORM
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is usually necessary to consider a scaling technique that guarantees all coefficients will be less than unity in
magnitude. An extensive discussion is given in Sect. 3.3.4.4

For all four IIR filter types — Butterworth, Chebyshev I & II, and Elliptic — the same user interface applies.
Hence the discussion here applies equally well to any IIR filter design activity.

You must first select a category of filter: lowpass, highpass, bandpass, or bandstop. Although all digital filters
are properly characterized on a normalized frequency basis, for the user's convenience DISPRO allows
specification of all critical frequencies in Hz, KHz, MHz, or GHz. Consequently, the first numerical
parameter value you are asked for is the sampling frequency. Next, you must provide values for the passband
and stopband edge frequencies, and for the attenuations in the pass- and stopbands. The filter response has a
maximum value of unity (0 dB) in the passband. The graphically oriented procedure is basically self-
explanatory but, if additional discussion is needed, please refer to Section 6.2.

It is not unusual to approach the design of a filter without specific values for all of the critical frequencies,
having only a general idea of passband and stopband locations. To aid you in the design process DISPRO
provides full capability for adjusting all parameters of the filter to achieve a best compromise between
performance and complexity (as measured by filter order). The procedure is fully interactive; all computations
are done in DISPRO.

Before discussing this interactive process it may prove helpful to review the way in which the order of IIR
digital (and analog) filters depends upon the filter specifications. We will use the following notation

FP = End of passband
Lowpass & Highpass
FA = Beginning of stopband

FP1 = Lower passband edge

FP2 = Upper passhand edge
Bandpass & Bandstop
FA1 = Lower stopband edge
FA2 = Upper stopband edge
AMAX = Maximum passband attenuation
AMIN = Minimum stopband attenuation

Figures 3-2 through 3-9 identify the specification quantities for all combinations of filter category and type.

Filter order is proportional to AMIN and inversely proportional to AMAX; i.e., small passband ripple and
large stopband attenuation mean high order. In addition, the filter order is inversely proportional to the
transition ratio, which measures the relative narrowness of the transition band — the region between passband
and stopband. Because DISPRO uses the technique of the bilinear-z mapping to convert analog prototypes to
digital designs, the transition ratio is not FP/FA (for lowpass), or FA/FP (for highpass). Instead, we must
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use the ratio of the pre-warped critical frequencies — tan(m*FP/FS) and tan(m*FA/FS) — where FS is the
sampling frequency. For bandpass and bandstop filters the critical frequencies for the pass- and stopbands are
denoted by FP1, FP2, FA1, FA2. Here we have two possible transition ratios. The values for a bandpass
filter are

Lower transition ratio: tan(w*FA1/FS)/tan(7*FP1/FS)

Upper transition ratio: tan(n*FP2/ES)/tan(n *FA1/ES)
DISPRO uses the standard lowpass-to-bandpass transformation method which requires that these two ratios —
using pre-warped values — be equal. This is called the geometric symmetry constraint. It is not necessary for
you to precompute these ratios; DISPRO will perform all necessary adjustments.

When you have entered a full and valid set of specifications on the graphical outline of the filter response (see
Fig. 6-1) the orders for the IIR filter types (and the PMR FIR type) will appear in a small table on the screen.
You can use the * and { cursor keys to change any parameter value and see how the filter order is affected.
When you are designing a bandpass or bandstop filter, and the geometric symumetry condition is not satisfied,
you will be advised that the values of filter order apply to a design which uses the smaller of the two transition
ratios — thus you can view the table of filter orders as representing the worst case value.

After the filter parameters have been specified and you select a filter type, you will be in the IIRDES module
where you can select the actual filter order for the design, and adjust the filter specifications accordingly. But
before the order for bandpass and bandstop filters is computed it is necessary that the geometric symmetry
constraint be satisfied. If the values of FP1, FP2, FA1, and FA2 do not yield equal upper and lower transition
ratios then DISPRO offers you three choices:

1. Use the upper transition ratio,

2. Use the lower transition ratio, or

3. Use the mean of the upper and lower transition ratios.
These choices are presented to you in terms of new values for certain of the critical frequencies, and the
computed filter order associated with each choice. For a bandpass filter the passband edge frequencies are
preserved as you specified them, and the stopband edge frequencies are adjusted in value. The adjusted values
for the bandstop filter will be the passband edge frequencies, with the stopband edges remaining as specified.

When the order is computed it is seldom an integer. You are presented with the computed value and asked to
select an integer order that is either less than or greater than the computed order; these values will be even
integers for BP and BS filters. This selection is not an irrevocable choice; DISPRO allows you to try as many
values for filter order as you wish.

The choice of a value for filter order now sets the stage for adjusting filter specifications in conformity with
the selected order. For each choice of filter order there are three possibilities for parameter adjustment,
relating to stopband and passband attenuations and to band edge frequencies. The operating rule is that
passband frequencies will not be adjusted for lowpass and bandpass filters, and that stopband frequencies will
not be modified for highpass and bandstop filters. Either attenuation value can be adjusted. You may try all
three parameter adjustments, for any choice of filter order. If none of these adjustments results in a
satisfactory set of specifications you may try another value for filter order, or you can go back to the beginning
and modify the set of initial specifications. This interactive process of iteration should give you a good idea of
the quantitative range of tradeoffs between filter performance and order that is available.
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Having decided on an order, and the resulting set of specifications, you can proceed to the design stage where
the digital filter coefficients are computed, a disk file is created, and the specifications and coefficients written
to this disk file. The specifications and coefficients may be displayed on the screen and/or printed on the line
printer.

The only restriction on IIR filters is that the filter order be less than 99.

In the discussions to follow in Sects. 3.2.1.1 through 3.2.1.4 the term "efficiency" is used when comparing
various IIR filters. Filter order determines the number of arithmetic operations to be performed on each input
sample during one cycle of the filter. When, for the same performance specifications, one type of design is of

a lower order than another, then the type with the lower required order will be said to be more efficient.

3.2.1.1 Butterworth Filter Design

Butterworth filters have maximally flat passbands. They are often used for pulse transmission applications
because of the absence of passband ripple (which can cause echoes). In the digital form there is a high order
zero of transmission at FS/2 for lowpass, at d-c for highpass, and at the geometric band center for bandstop.
This last property can be used to obtain a notch filter. Suppose the stopband to be specified by FA1 and FA2.
The bilinear-z mapping establishes a tangent relationship between critical frequencies in the analog prototype
and those in the digital filter; thus it is necessary to consider the "warped" frequencies due to the tangent
relationship. Let

W1 = tan(7*FA1/FS),

W2 = tan(m*FA2/FS),

and define

W3 = SQR(W1*W2)
as the geometric mean of the warped frequencies. The null will be located at

FN = (FS/w)*arctan(W3)
For a desired notch frequency FN the values of FA1 and FA2 will have to be determined iteratively.
Experience has shown, however, that if the stopband edges are relatively close to each other, and much less
than the sampling frequency, then the notch frequency is well approximated by (FA1+FA2)/2. [This may be
readily verified by expanding the above formulas in series and keeping only the first term.]

Unless the "maximally flat" (all derivatives of the magnitude response zero at d-c for a lowpass filter)
characteristic of the Butterworth is essential it would be more efficient to use a Chebyshev Type II. This type
of filter also has a ripple-free passband, and is from 20% to 200% more efficient than the Butterworth.
Relative efficiency increases as the transition band decreases in width.

3.2.1.2 Chebyshev Type I filter design

A Chebyshev filter is more efficient than a Butterworth in the sense that for the same set of specifications the
Chebyshev will have a lower order.
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