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INTRODUCTION

Digital signal processing (DSP) isan areaof engineering
that “has seen explosive growth during the past three
decades’ (Mitra, 2001). Itsrapid development isaresult
of significant advances in digital computer technology
andintegrated circuit fabrication (Smith, 2002; Jovanovic-
Dolecek, 2002). Diniz, Silva, and Netto (2002) state that
“themain advantagesof digital systemsrelativetoanalog
systemsarehighreliability, suitability for modifying the
system’s characteristics, and low cost.”

Themain DSPoperationisdigital signal filtering, that
is, the change of the characteristics of an input digital
signal into an output digital signal with more desirable
properties. The systems that perform thistask are called
digital filters. Theapplicationsof digital filtersincludethe
removal of the noise or interference, passing of certain
frequency components and rejection of others, shaping
of thesignal spectrum, and soforth (White, 2000; Ifeachor
& Jervis, 2001).

Digital filtersaredividedintofiniteimpul seresponse
(FIR) andinfiniteimpulseresponse (11 R) filters. FIR digital
filtersare often preferred over I IR filtersbecause of their
attractive properties, such as linear phase, stability, and
theabsenceof thelimit cycle(Mitra, 2001; Diniz, Silva&
Netto, 2002). The main disadvantage of FIRfiltersisthat
they involveahigher degree of computational complexity
compared to IR filters with equivalent magnitude re-
sponse (Mitra, 2001; Stein, 2000). In past years, many
design methods have been proposed to reduce the com-
plexity of FIR filters (Jou, Hsieh & Kuo, 1997; Kumar &
Kumar, 1999; Webb & Munson, 1996; Lian & Lim, 1998;
Bartolo & Clymer, 1996; Kuo, Chien & Lin, 2000;
Abeysekera & Padhi, 2000; Yli-Kaakinen & Saramaki,
2001; Coleman, 2002; Jovanovic-Dolecek, 2003).

We consider high-pass(HP) linear-phase narrowband
filters. It is well known that one of the most difficult
problems in digital filtering is the implementation of
narrowband filters. Thedifficulty liesinthefact that such
filtersrequire ahigh-order design with alarge amount of
computation, making themdifficulttoimplement (Mitra,
2001; Grover & Deller, 1999; Stein, 2000).

We propose an efficient design of high-pass linear-
phasenarrowband digital filtersbased onthe correspond-
inglow-pass(LP) filter. Inthisdesign weusetheinterpo-

lated FIR (IFIR) structure and the sharpening recursive
running sum (RRS) filter (Jovanovic-Dolecek, 2003). In
the next section we describe the transformation of alow-
passinto ahigh-passfilter, followed by descriptionsof an
IFIR structure, RRSfilter, and the sharpening technique.
Finally, we present the design procedure, along with an
example.

BACKGROUND

Transformation of LP into HP Filter

Instead of designing ahigh-passfilter by bruteforce, we
can transform it into a low-pass filter. We replace the
desired cutoff frequenciesof thehigh-passfilter o, and o,
by the corresponding | ow-pass specificationsasfollows:
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Giventhesespecifications, alow-passFIR filter canbe
designed. From thisauxiliary low-passfilter, the desired
high-passfilter can be computed by simply changing the
sign of every other impul se response coefficient. Thisis
compactly described as:

hyp (M) = (=1)"h p(n) 2

where h,(n) and h_,(n) are the impul se responses of the
high-pass and the low-pass filters, respectively. In that
way the IFIR structure proposed for design of LP filters
can also be used for HP filters.

IFIR Structure

The interpolated finite impul se response structure, pro-
posed by Neuevo, Dong, and Mitra(1984), isan efficient
realization of a high-order liner-phase LP FIR filter. In-
stead of designing one high-order liner-phasefilter H(2),
two lower order liner-phase L Pfiltersare computed. One
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of themiscalled the shaping or model filter G(z), and the
other oneistheinterpolator filter I (2).

Suppose that the specifications of the original filter
H(2) are: pass-band edge wp,stop—band edge w,, pass-band
ripple R, and minimum stop-band attenuation A, The
specification of the L Pfilter G(z) canthen beexpressed as
follows:
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where M istheinterpolationfactor, and the upper index G
stands for the filter G(z). The expanded filter G(Z") is
obtained by replacing each delay ztinthefilter G(z) with
zM . Inthetimedomain thisisequivalent to inserting M-
1 zeros between two consecutive samples of theimpulse
response of G(z). The expansion of the filter G(2) intro-
duces M-1 imagesintherange [0, 2r], which have to be
eliminated. Thisiswhy thefilterinterpolator 1(z) isneeded.
Thegeneral low-pass|FIR structureisgivenin Figure 1.
The high-pass filter design depends on the parity of
theinterpolation factor. For M even, thereisan image at
highfrequency. If all other imagesalongwiththeoriginal
spectrumareeliminated, thehigh-passfilter results. There-
fore, the interpolator filter is a high-pass filter with the
following specifications (Jovanovic-Dolecek, 2003):
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where upper index | standsfor theinterpolator 1(z). Now,

theresulting IFIR filter isthe desired high-passfilter.
For M odd, however, there are no images at high

frequency. Inorder to obtainthelow-passfilter, all images

Figure 1. IFIR structure
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haveto be eliminated using theinterpolator filter, so that
only theoriginal spectrumremains. Inthiscasetheinter-
polator 1(z) hasthe following specifications (Jovanovic-
Dolecek, 2003):
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Sincetheresulting IFIR filter isalow-passfilter, we
apply transformation (2) to achievethedesired high-pass
filter.

Tofurther simplify the proposed design, asimple RRS
filter, described in thenext section, isused astheinterpo-
lator in the IFIR structure.

Recursive Running-Sum Filter
Thesimplestlow-passFIRfilteristhemoving-average

(MA) filter. Itsimpul se response g(n) is given by:
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All impulse response coefficients are equal to 1, and
so thefilter requires no multiplications.
Its transfer function is given by:

1 -1 —(M-1) M1
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A moreconvenient form of theabovetransfer function
for realization purposesis given by:
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which is also known as a recursive running-sum filter
(RRS) (Mitra, 2001), or aboxcar filter. Thescaling factor
1/M is needed to provide adc gain of 0 dB, and K isthe
number of the cascaded sections of thefilter. The magni-
tude response of the filter can be expressed as:
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