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[LETTER

2-D Variable FIR Filters Using 3-D Prototype Filters

Toshiyuki YOSHIDA', Akinori NISHIHARA' and Nobuo FUJILT, Members

SUMMARY  This paper discusses a new design method for
2-D variable FIR digital filters, which is an extension of our pre-
vious work for [-D case. The method uses a 3-D prototype FIR
filter whose cross-sections correspond to the desired characteris-
tics of 2-D variable FIR filters. A 2-D variable-angle FIR fan
filter is given as a design example.

key words: digital signal processing, multidimensional signal pro-
cessing, linear FIR digital filters and variable filters

1. Introduction

Variable digital filters (VDFs) are often required in
two-dimensional (2-D) signal processing as well as one-
dimensional (1-D) counterpart, some of whose applica-
tions are discussed in Refs.[1] and[2]. A number of
approaches have been proposed for 1-D VDFs[1]-[6],
but only a few for 2-D VDFs[2],[7],[8]. These ap-
proaches are mainly classified into two categories.

One of them changes a part of filter parameters
by using, for example, a suitable transformation|3]-
[5],[8]. This provides easy variability, but often in-
volves some problems as discussed in the introduction
of Ref. [6]. The other approach changes all the filter co-
efficients such that the desired filter characteristics can
be obtained [1],{2],[6]. In general, this approach real-
izes better characteristics than the first one. However,
the band edge frequencies and the maximum deviation
in the passband and stopband cannot be controlled or
prescribed in the design procedures as pointed out again
in Ref.[6].

The authors have proposed a novel design method
for 1-D FIR VDFs using 2-D prototype filters, which is
based on the latter approach [6]. The method makes it
possible to completely control the band edge frequen-
cies and the maximum deviations. This paper extends
the above design method to 2-D case and discusses the
performance of an example designed by the method.

Section 2 explains the proposed design method. In
Sect. 3, a 2-D variable-angle FIR fan filter will be de-
signed as an example, and its performance will be com-
pared with that of other designs. Finally, Sect.4 con-
cludes this paper.
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2. Design of 2-D Variable FIR Filters
2.1 Principle of the Design Method

Consider, for example, the 3-D octantally-symmetric
zero-phase conical FIR filter shown in Fig.1. Note
from Fig.1 that the cross section at ws = 27k corre-
sponds to 2-D circularly-symmetric lowpass character-
istics. Therefore, by changing the intersection ws = 27k
in the range 0 < k < 0.5, the diameter of the passband
can be varied. The design of 2-D FIR VDFs here is
based on this idea.

Now assume that the 3-D prototype filter is a
(2N1+1) % (2N2+41) x (2N3+1)-tap octantally-symmetric
zero-phase FIR filter. Its transfer function is written as

Ny Ny Ny
H(Z17Z27z3): Z Z Z

n1=—N; ng=—Ny ng=—Ns
h(ni,ng,n3) zg "ay "Pzg ", (1)
h(ni,n2,n3) = h(—nq, —ng, —n3)
(0<n <N, 0<n; S N,,0<n3 < N3), (2)
where h(ni,ng,n3) represents the impulse response of
the filter.

The cross-sectional characteristics H{wy,ws) for
w3 = 27k can be calculated as

Ny
H(wla WZ) = g(oa O) +2 Z +g(n1v O) cos(nlwl)

ni=1

w2

Passband

w g

Fig. 1 3-D prototype filter and 2-D variable FIR filter.
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Ny

+2 Z g(0,n2) cos(ngws)
TLQ:].
Ni N

+4 Z Z g(n1,n2) cos(niwi) cos(nawa), (3)

ni=1ns=1

where
N3
g(i,7) = h(3,7,0) +2 Z h(i, j,ns) cos(2mngk) .
’ng:l

4)

Equation (3) indicates that the filter characteristics can
be varied by calculating all the independent impulse re-
sponse coefficients g(4,j) according to Eq.(4) for the
given parameter k. Thus, by suitably designing 3-D
prototype FIR filters, 2-D FIR VDFs can be easily ob-
tained. It should be noted that the linear-phase (causal)
FIR filter, if required for real-time operation, can be
easily obtained by suitably shifting the impulse response
in Eq. (1). ‘

Since the calculations of Eq. (3) involve no approx-
imation, the maximum amplitude deviations and the
transition band widths of the resulting 2-D FIR VDF
never exceed the corresponding values of the 3-D pro-
totype. Therefore, all of these values can be controlled
precisely at the design procedures of the 3-D prototype.

2.2 Updating the Filter Characteristics and the Re-
quired Cost

Equation (4) can be rewritten as

N3
g(i,5) = h(i,5,0) + > _ 2h(i,j,n3) X Tny(K), ()

ng=1

where K is defined as K = cos(2rk) and T, () repre-
sents the n-th order Chebyshev polynomial of the first
kind. Equation (5) simplifies the recalculation of the
independent impulse response coefficients as shown in
Ref.[6]. The total amount of computations in a single
update requires

Nyrw = (N1 + 1)(Na +1)N3 +2(N3 — 1) (6)
multiplications and
Naga = (N1 + 1)(N2 +1)N3 + (N3 — 1) (N

additions at most. ‘

The direct form realization of (2N7 + 1) x (2N2 +
1)-tap 2-D quadrantally-symmetric FIR filter requires
(N7 + 1)(Ny + 1) multiplications and about (2N; +
1)(2Nz 4+ 1) additions for the calculation of a single
output point. Therefore, it is concluded that in up-
dating the filter characteristics, the proposed 2-D VDF
requires approximately N3 times the calculation cost for
a single output point.
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2.3 Design of 3-D Prototype FIR Filters

The next problem is how to design the 3-D prototype
FIR filter. It is assumed that the lengths N; and Ns,
and the shape of the passband and stopband PBZ?(k)
and SB?(k), respectively, are given as the specifications
for the required 2-D variable FIR filter.

First the passband PB® and the stopband SB? for
the 3-D prototype are determined as

PB? = U { (w1,wn,w5) |ws = 27k,

(w1,ws) € PB*(K), 0 Swi,wp,ws S}, (8)
SBS:%{(wl,wz,ws)Ws:?Wk,

(w1,w2) € SBA(k), 0 S wr,wp,wn S 7. (9)

The filter lengths N; and N, are determined from the
given specifications of the 2-D variable FIR filter. N3
can be set arbitrary, but should be chosen carefully be-
cause there is a certain tradeoff between the calculation
cost of Eq.(5) and the characteristics of the resulting
2-D VDFs.

Having been determined the specifications of the
3-D prototype FIR filter, it should be designed by an
excellent method because the designed 3-D prototype di-
rectly affects the performance of the resulting 2-D VDF.
Since the linear programming approach[9] yields op-
timal 3-D FIR filters, it is most suitable for such an
application.

3. Design Example and Comparisons

3.1 Design Example —A Variable-Angle FIR Fan
Filter —

The filter designed as an example here is the variable-
angle FIR fan filter shown in Fig. 2, where the passband
angle # can be varied in the range 6; = 6 = 65 while
the transition width Aw is kept constant.

From Fig.2, the passband PB?%(k) is given as a
function of k by

Fig. 2 Specifications of the variable fan filter.
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Fig. 3  Frequency response of the designed variable fan filters. (a) Perspective plot for
k =0.15 (¢ = 82.3°). (b) Contour plot for k = 0.15 (§ = 82.3°). (c) Perspective plot for
k =0.40 (¢ = 67.0°). (d) Contour plot for k = 0.40 (§ = 67.0°).
PB2(IC) — {(&11,&12) | wy < a(k) wy, where w, represents the stopband edge on the axis wy in

ngl)w2§7r}7 (10)

where a(k) determines the passband angle §, which
should satisfy a(0) = tan6,/2 and a(0.5) = tan6,/2.
In this example, the linear function

e 0 0
a(k)ztan;l—2<tan~2£—tan—2%> k (11)
is used for a(k), which leads to
0(k) =
2tan~! <tan b -2 (tan O — tan @> k) .
2 2 2
(12)
Similarly, the stopband SB? is given as
SB(k) = { (wi,ws) | (w2 — we) < alk) wn,
0<wy,wp <), (13)

Fig.2. In order to keep the transition width Aw con-
stant, w, have to be altered as

we = Awr/1 + a?(k)

in accordance with the change of the parameter k.
The actual specifications for the variable-angle fan
filter are as follows;

(14)

Filter length
Transition width
Range of 0 90° = 0 = 60°
Max. stopband dev. = 40dB

First, the 3-D prototype FIR filter with N3 = 4 (9x9x9
taps) is designed by using Egs.(11)—(14). The linear
programming technique[9] is employed as discussed in
Sect.2.3, which results in the filter with the maximum
passband and stopband deviations 0.0141 and 0.00996,
respectively. Then, by calculating the filter coefficients
by Eq.(5) for the given k, the design procedure com-
pletes. Figure 3 shows the frequency response of the
designed filter for k = 0.15 (0 = 82.3°) and k = 0.40
(6 =67.0°).

9%x9 (Ny=N,=4)
Aw = 27 x 0.24 [rad/s]
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Table 1 Comparison of the variable fan filters.

[ 6 [deg] | | Proposed | Method 1 | Method 2 |
823 Passband Error 0.0141 0.0142 0.0675
) Stopband Error 0.00996 0.0152 0.0100
67.0 Passband Error 0.0141 0.0277 0.0665
’ Stopband Error 0.00996 0.0401 0.0100

3.2 Comparison with Other Methods

In order to compare our method with others, two meth-
ods, which are referred to as Methods 1 and 2 in this
section, are employed for the design of the 9 x 9-tap
variable FIR fan filter with the same specifications as
in Sect.3.1.

Method 1 is a general design method for 2-D VDFs
proposed by Zarour and Fahmy [2]. The method begins
with designing a set of 2-D filters reasonably spaced in
the given range. Then, by using a curve fitting tech-
nique, the filter coefficients are expressed by a set of
functions obtained from the designed filters. Equation
(5) with N3 = 4 is employed for the curve fitting tech-
nique, whose recalculation cost is the same as that of
the proposed method. This requires five sets of 2-D
FIR fan filters with suitable 8 as the sampled points
for Eq.(5), which are again designed by the linear pro-
gramming technique. Table 1 summarizes the resulting
maximum deviations in the passband and the stopband
for § = 82.3° and 67.0°.

On the other hand, Method 2 is specific to 2-D
variable fan filters, which is based on the McClellan
transformation[8]. This method changes the passband
angle 6 by recalculating the filter coefficients of both the
transformation filter and its 1-D prototype. Although,
for real-time variation, the 1-D prototype should be
designed by a 1-D VDF technique, here, the Remez
exchange algorithm is employed for simplicity. Ta-
ble 1 again summarizes the maximum deviations for
0 = 82.3° and 67.0°. Note, however, that in this case
the stopband of the designed filter is smaller than that of
Fig.2 because the proposed McClellan transformation
heavily distorts the equiamplitude lines around Q = «
(see Fig.3 of Ref.[8]).

Compared with Methods 1 and 2, the proposed
design achieves the lowest deviations. Method 1 gives
relatively good results, but the maximum deviations for
the given 8 cannot be known prior to the change of 8
because, in this case, the frequency response is approx-
imated indirectly through the curve fitting of the filter
coefficients. The maximum deviations of the proposed
method is readily known from that of the 3-D prototype,
which is the most outstanding advantage as compared
with the other two method.

On the other hand, in the design procedure, the
proposed method requires hundreds or thousands times
of calculation cost as compared with the other two
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methods owing maily to the design of 3-D prototype
filters. For example, the design of the 9 x 9 x 9 pro-
totype filter takes roughly an hour of calculations on
a vectorized processor. From the practical viewpoint,
however, this problem is not so serious because a single
effort of design is sufficient in order to satisfy the given
specifications of a required filter.

4, Conclusion

This paper has described a design method for 2-D vari-
able FIR filters. The method has the advantages that
the band edge frequencies and the maximum deviations
are completely controllable at the design procedures and
that by designing suitable prototype filters, various types
of variable filters can be designed, e.g., 2-D variable-
direction fan filters. The variable-angle fan filter de-
signed as an example shows that the proposed method
realizes the best characteristics. On the other hand, our
method requires relatively large amount of recalculation
cost for the filter coefficients compared with the McClel-
lan transformation method. Therefore, it is concluded
that the proposed method is well suitable for the ap-
plication where the change of the filter characteristics is
required only occasionally.

Acknowledgement

The authors would like to thank Prof. S. Takagi of To-
kyo Institute of Technology for his helpful discussions.
They are also grateful to Mr. K. Shinsako of NEC
Corporation for his support in computer programming
while in the same institute.

References

[1] Jarske, P., Neuvo, Y. and Mitra, S.K., “A simple ap-
proach to the design of linear phase FIR digital filters with
variable characteristics,” Signal Processing, vol.14, no.4,
pp.313-326, Jun. 1988.

[2] Zarour, R. and Fahmy, M.M.,“A design technique for vari-
able two-dimensional recursive digital filters,” Signal Pro-
cessing, vol.17, pp.175-182, 1989.

[3] Schiessler, W. and Winkelnkemper, W., “Variable digital
filters,” Arch. Electr. Ubertr., vol.24, pp.524—525, 1970.

(4] Oppenheim, A.V, Mecklenbriauker, W.F.G. and
Mersereau, R.M., “Variable cutoff linear phase digital
filters,” IEEE Trans. Circuits Syst., vol.CAS-23, no.4,
pp.199-203, Apr. 1976.

[5] Mitra, S.K., Neuvo, Y. and Roivainen, H., “Design



1572

(6]

(7]

of recursive digital filters with variable characteristics,”
Int. J. Cir. Theory and Appl, vol.18, no.2, pp.107-119,
Mar.—Apr. 1990.

Yoshida, T., Nishihara, A. and Fujii, N.,, “A design
method of variable FIR filters using multi-dimensional fil-
ters,” IEICE Trans. Fundamentals, vol.E75-A, no.8, Aug.
1992.

Pendergrass, N.A., Mitra, S.K. and Jury, E.I,, “Spectral
transformations for two-dimensional digital filters,” IEEE
Trans. Circuits Syst., vol.23, no.1, pp.26-35, Jan. 1976.

IEICE TRANS. FUNDAMENTALS, VOL. E77-A, NO. 9 SEPTEMBER 1994

(8]

(9]

Hasegawa, M., Sekiguchi, T. and Takahashi, S., “2D FIR
fan filters with variable passband support based on spec-
tral transformation,” IEICE Technical Report, CAS89-158,
Mar. 1990.

Higuchi, T., Ohki, M. and Kawamata, M., “Optimal de-
sign of three-dimensional FIR digital filters — Design
method by linear programming and reduction of computa-
tions by exploiting symmetries,” Trans. IEICE, vol.J70-A,
no.7, pp.1042—-1050, Jul. 1988.




