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Abstract

A new efficient method for implementing narrowband FIR
filters is presented. The method is based on an Interpolated
Silter (IFIR) structure and a cascade of comb and integrator
(CIC) structures. The novelty of this technique is that the CIC
structure is used as an image suppressor in an IFIR struc-
ture. The method is useful for narrowband FIR filter design
and some design examples for lowpass and highpass filters
are given.
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1 Introduction

Finite impulse response (FIR) filters are often preferred to
Infinite impulse response (IIR) filters. FIR digital filters are
known to have some very desirable properties such as linear
phase, stability, and absence of limit circle; however their
application generally requires more computation. A number
of techniques have been proposed to reduce the complexity
of FIR filters in the past few years. A common approach is to
separate the filter transfer function into two or more compo-
nents having much lower order than the prototype filter
(Rabiner and Crochier, 1975; Crochier and Rabiner, 1976;
Adams and Willson, 1984; Neuvo ef al., 1984;Yong and Yong,
1998).

An alternative method is to manipulate the filter impulse
response to reduce its complexity (Bartolo et al, 1998).

This paper presents one method based on the first approach.

We consider narrowband filters. As it is known one of the
most difficult problems in digital filtering is the implementa-
tion of narrowband filters (Rabiner and Crochier, 1975). The
difficulty lies in the fact that such narrowband filters require
high-order designs to meet the desired frequency response
specifications. These high order designs require a large amount
of computation and are difficult to implement because of
roundoff noise and coefficient sensitivity problems. In this
paper we propose an implementation for narrowband digital
filters based on Interpolated FIR (IFIR) filters and a cascade
of comb and integrator (CIC) structures.
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2 IFIR Structure

Lowpass Filters

We consider the design of lowpass narrowband linear phase
FIR filter H(z) with cutoff frequencies considerably lower
than the sampling rate. An efficient technique for the design
and implementation is called the Interpolation FIR (IFIR) tech-
nique. IFIR filters were introduced in 1984 (Nuevo ef al.,
1984) for the design of lowpass filters. The basic idea is to
implement a FIR filter as a cascade of two FIR sections, where
one section generates a sparse set of impulse response values
and the other section performs the interpolation, as presented
in Fig.1.a.

The filter G (z) named as the shaping filter or model filter,
is the linear-phase lowpass filter with the passband and
stopband cut-off frequencies,

wherew, and w_ are passbands and stopband frequen-

cies of the prototype filter H(z). The filter G (z*) is a func-
tion of z and can be implemented replacing each delay ele-
ment z/ by an element z*. This is equivalent to introducing
L-1 zeros between each sample of the unit sample response
of the filter G(z). L is called the interpolation factor. In going
from G(z) to G (z*) the corresponding frequency response
is compressed L times. In this way the frequency response in
the baseband of G (z*)is L times narrower, (desired spec-
trum) and L-1 image frequency responses are produced, (un-
wanted spectrum), Fig.1.b. In order to suppress the unwanted
spectrum a new filter /(z) is cascaded with the filter G (z*) .
I(z) is called the interpolator or image suppressor, because it
is designed to attenuate extra-unwanted passbands of G (z*) .

Therefore the passband and stopband cutoff frequencies of
the filter /(z) can be chosen as, (Fig.1.c):
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The required passband ripple of the prototype filter H(z)
must be distributed among the pass-band ripple of the filters
G(z) and I(z). To meet the desired specifications we can take
the peak passband ripples of G(z) and /(z) tobe &, /2, so
that the peak passband ripple of the overall system is not
greater than R . If the stopband attenuation of the filters G(z)
and /(z) is A_ then the overall system has stopband attenua-
tion no larger than 4 , (Vaidyanathan, 1993).

The filter G(z) and I(z) has a much lower order than the
prototype filter H(z).

The compression of the spectrum reduces the computational
complexity by a factor of L but we must also add in the com-
plexity given by the design of the filter /(z).

Generally it has been shown that IFIR filters require
approximately 1/L-th of the adders and multipliers and, in
addition, have 1/L-th of the output roundoff noise level and

1/ /L -th of the coefficient sensitivity of an equivalent con-
ventional FIR filter, (Neuvo et al., 1984).

Highpass Filters

The design of a highpass filter can be achieved using the same
procedure for the design of a lowpass IFIR filter. The cutotf
frequencies for the highpass filter specification @, and o,

are transformed into a corresponding lowpass specification,
as follows:

3

Given the specification (3), a lowpass IFIR filter is designed.
For an even interpolation factor L, the unwanted spectrum is
at low frequencies and the desired spectrum is at high fre-

quencies. So in order to eliminate the unwanted spectrum it
is only necessary to derive a highpass interpolation filter from
the lowpass interpolation filter. This is done by changing the
sign of every second coefficient, (Fliege, 1998):

iyp (n) = (_ 1)" ip(n) 4

For an odd interpolation factor L it is necessary to trans-
form both lowpass filters G(z) and /(z) into highpass filters.

3 CIC Structure

Hogenauer, (Hogenauer, 1981), proposed the CIC fiiter for
multirate applications. The system function of the CIC filter
is given as

11—z (1& )
H(z)=|— =| ~n
(2) [Ll_z.) (L"Z_OZ ) ®)
K is called the stage. As is seen in equation (5) all coeffi-
cients are equal to 1 and therefore it is not necessary to apply

any multiplication.
The frequency response of the CIC filter can be expressed as:

. oL K
sin ——

2 e~ Jwlt-1)2]

) (6)

Lsin —

H(e™)=

Therefore this is a linear phase lowpass filter. The fre-
quency response has nulls at integer multiples of 27/ L .
This makes it a natural candidate to eliminate images intro-
duced by G(z%), if the baseband of the filter G(z*) is
narrowband. The magnitude responses for two different val-
ues of K are given in Fig. 2.
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4 IFIR-CIC Structure

We propose the use of the CIC structure as an interpolator in

the IFIR structure and we call it the IFIR-CIC structure.
The IFIR—CIC structure is shown in Fig.3, and has the

advantages of both the IFIR and the CIC structures:

e  The order of the shaping filter G(z) is much lower than
the order of the prototype filter H(z).

»  Both the shaping filter and interpolator are linear phase
filters.

e  Nomultipliers are required for interpolator, and are only
necessary for the shaping filter.

e No storage is required for interpolator coefficients.

* The structure of CIC filters consists of two basic

building blocks: comb and integrators.
The main disadvantages are:

e  Anincrease in the group delay introduced by a two-stage
structure.

e The frequency response of CIC filter is fully determined
by only L and K resuiting in a limited range of filter
characteristics so that this structure may be useful only
for narrowband prototype filter design.

The proposed algorithm for the design of lowpass filters is
given in the following steps:

1. Choose L according to the lowpass filter specification.

2. Design the lowpass filter G(z).

3. Insert L-1 zeros between each value of the impulse re-
sponse of the filter G(z).

4. Use the same value L and choose the value K to design
the CIC filter. The starting value for K must be more
than the ratio of the order of the interpolation filter and
the factor L.

5. Cascade the shaping filter and the CIC filter.
6. If the magnitude specification is not satisfied try with
another value for K.

The steps for a design of a highpass filter for the case in
which L is even are the same as those shown for a lowpass
filter design but for the specification given in (3). Finally the
CIC filter is transformed into a highpass filter using (4).

For the case of highpass filter design where L is odd, the
same procedure for even L is used but finally both lowpass
filters G(z) and /(z) are transformed into highpass filters.

S Examples of the Filter Design

Here we present different examples of the filter design and
compare them with the ordinary IFIR structures.

The Remez algorithm is used for the filter G(z) design. The
MATLAB program is implemented for the design of corre-
sponding lowpass and highpass filters using the IFIR-CIC
structure.

Example 1.

We design a lowpass filter with the passband cutoff frequency
@, =.01 and the stopband frequency w, = .02 . Passband

ripple is R =25 and the stopband attenuation is —-60 dB. The
design of the /{(z) using the Remez algorithm gives the order
of the filter N=490. Magnitude response of the filter is given
in Fig.4. An IFIR structure with the interpolation factor L=5
gives the order of the shaping filter 110 and the order of the
interpolator 15. An IFIR-CIC structure uses the same value
of L and the value K=5. The results of the design for both
filters are given in Fig.5. Passband and the stopband zoom
are given in Fig. 6.
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Fig 3. IFIR-CIC structure
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If the interpolation factor L=10 is used in the IFIR structure, the order of the shaping filter is 55 and the order of the interpola-
tion filter is 31. The corresponding IFIR-CIC structure uses the same value L and the value K=3. The design results for both

filters are given in Fig.7 and Fig.8.
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Example 2.

We design a highpass filter with passband cutoff frequency ®, =.99, and stopband cutoff frequency @, =.97 . Passband
ripple is R =25 and the stopband attenuation is -60 dB. The design of the filter with the Remez algorithm gives the order of the
filter N=248. Magnitude response is given in Fig.9. Using =10, the shaping filter has order 30 and the interpolator has order
31. The same value of L and the value K=5 are used in the IFIR-CIC structure. Resulting filter designs are given in Fig.10.

Passband and the stopband zoom are given in Fig. 11.
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6 Conclusion

This paper presents a new technique for narrowband lowpass
and highpass filter design. The method is based on the applica-
tion of an IFIR structure where the interpolation filter is a CIC
filter. We call this structure IFIR-CIC structure. The structure
has the same advantages as an IFIR structure: the component
filters have a much lower order than the prototype filter. The
design results in less computation complexity, which means a
decrease in the number of adders and multipliers, of roundoff
noise level and of coefficient sensitivity.

The IFIR-CIC structure also has the main advantages of a
CIC structure, for example no multipliers and no storage are
required for interpolator coefficients. The CIC filters consist
of two basic building blocks: comb and integrators. The over-
all result is less computation complexity for an IFIR-CIC struc-
ture as compared to the IFIR structure. The main disadvan-
tage is that the frequency response of the CIC filter is fully
determined by only L and K resulting in a limited range of
filter characteristics. This implies that the proposed structure
is useful only for narrowband prototype filter design. The
presented examples of the design show that the IFIR-CIC
structure also gives a better stopband attenuation in than the
corresponding IFIR structure. In the case when the passband
of the overall filter is deteriorated it is necessary to apply a
compensator, (Chu,Burrus, 1984). In the case when the order
of the shaping filter is still high it is necessary to apply a
multistage structure, (Vaidyanathan, 1993). The proposed
structure can also be of use in the design of minimum phase
filters, (Dolecek and Diaz, 1998).

Acknowledgement

This work was supported by a CONACYT grant, number
211290-5-3009PA.

References

Adams, J.W. and Willson, A.N., “ Some efficient digital
prefilter structures”, IEEE Trans. On Circuits ans Syst., vol.
CAS-31, March 1984, pp.260-266.

Bartolo, A., Bradley D.C., Burgess B.C and Turnbull,
J.P..“An efficient method of FIR filtering based on impulse
response rounding”, IEEE Trans. Signal Processing, vol. 46,
Aug. 1998, pp. 2243-2248.

Crochier, R.E. and Rabiner, L.A., “Further considerations
in the design of decimators and interpolators”, [EEE Trans.
Acoust., Speech, Signal Processing, vol.ASSP-24, Aug. 1976,
pp- 296-311.

Chu s., Burrus C.A, “Multirate Design Using Comb Filters”,

86

IEEE Trans. on Circuits and Systems, vol. CAS-31, No.11,
November 1984, pp.913-924.

Dolecek, J.G., and Diaz, J.C., “Lowpass minimum phase
filter design using IFIR filters”, Electronic Letters, vol.33,
NO0.23, Nov. 1998.

Fliege, N.J, Multirate digital signal processing, John Wiley
and Sons, Chichester, 1994.

Hogenauer, E.,B., “An economical class of digital filters for
decimation and interpolation”, IEEE Trans. Acoust., Speech,
Signal Processing, vol.ASSP-29, April. 1981, pp. 155-162.
Neuvo, Y., Cheng-Yu, D., and Mitra, S. K., “Interpolated
finite impulse response filters”, IEEE Trans. Acoust., Speech,
Signal Processing, vol. ASSP-32, June. 1984, pp. 563-570.
Rabiner, L.A. and Crochier, R.E., “A novel implementation
for narrowband digital filters”, IEEE Trans. Acoust., Speech,
Signal Processing, vol.ASSP-23, Oct. 1975, pp. 457-464.
Vaidyanathan, P.P. Multirate systems and filter banks,
Englewood Cliffs, Prentice Hall, 1993.

Yong, L., and Yong, C.M., “Structure for narrow and
moderate transition band FIR filter design”, Electronic Letters,
vol.34, NO.1, January 1998.

Gordana Jovanovic-Dolecek received a BS degree from University
of Sarajevo; an MS degree from the University
of Belgrade; and a PhD degree from the
University of Sarajevo. She was with the Faculty
of Electrical Engineering, University of
Sarajevo, as a research assistant, assistant
professor, associate professor, and full
professsor, until 1993. From 1986 to 1991, she
was chairman of the Department of
Telecommunication, Faculty of Electrical
Engineering, University of Sarajevo. During 1993-1995 she was
with the Institute Mihailo Pupin, Belgrade. In 1995 she joined
Institute INAOE, Department of Electronics, where she works as a
professor and researcher. She is the author of three books. Her
research interests include digital signal processing and statistical
signal processing and modeling.

L. A. Sarmiento-Reyes obtained the BSc. degree in Industrial Engi-
neering at the Veracruz Technological Institute in 1979, The MSc.
degree from INAOE in 1983, and the Phd.
degree from the Delft University of Technol-
ogy, at The Netherlands in 1994 with a the-
sis in the field on nonlinear resistive circuits.

His current fields of interest are simulation

techniques, nonlinear circuit analysis and de-

sign, and analogue circuit diagnostic.

'




