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Effort E, Environmental Control Methods (USACRREL); Work Unit 002, Cold

Regions Performance of Seismic-Acoustic Sensor Systems,

The author thanks Steven Daly and Gary DeCoff of CRREL for reviewing
the manuscript of this report.
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official endorsement or approval of the use of such commercial products.
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FORTRAN SUBROUTINES FOR ZERO-PHASE DIGITAL FREQUENCY FILTERS

Donald G. Albert

INTRODUCTION

This report describes FORTRAN subroutines that can be used to design
and applv zero-phase recursive frequency filters to digital data. Four
tvpes of filters are incladed and are descrited by their transfer function
characteristics (Fig. 1): low pass {(LP), high pass (HP), bandpass (BP) and
bandstop (BS). The subroutines allow the user to remove noise from record-
ed data or to enhance a selected port:i:on «f the signal. The performance of
the filters 1is quite good, and the zern-nhase property of the subroutines
that applv the filters ensures that no unwanted time shifts in the data
will be produced.

Digital filtering is a broad field with a vast amount of literature,
and it is not the goal of this report to describe the benefits and short-
comings of various filter types and design procedures, or even to derive
all of the properties of the particular filters described here. For read-

rs interested in additional information, Hamming (1983) gives a good

Figure 1. Transfer functions

of the four types of filters:

a) lowpass, b) highpass, c) band-
pass, and d) bandstop
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general introduction to the topic of digital filters, while Stearns (1975)
provides more mathematical details. Otnes and Enochson (1978) offer some
specific examples of digital filtering.

Two types of subroutines are described in this report. The first type
designs the filter (calculates the filter coefficients) and is denoted by
the suffix DES in the subroutine name. The second type applies the filter
(convolves the filter coefficients with the time series data to produce the
output series) and is denoted by the suffix FILT. Subroutines LPDES,

HPDES and BPDES are reproduced with slight changes from Stearns (1975).
Subroutine BSDES and all of the FILT subroutines were written by the
author, using Stearns {(1975) as a reference.

The lowpass filter is based on the classical Butterworth analog filter
design procedure (Hamming 1983, p 222 ff.). The Butterworth filter is

defined by its power gain

1
IH(w)IZ = T—:—ng;fN

c
where N is the order of the filter and w. 1s the cutoff or design fre-
quency (Fig. 2). H(w) is the transfer function of the filter. This filter
has maximal smoothness in the pass and the reject band and 1s tangent at
the origin and at infinity. By specifyving the amount of ripple allowable
1n the pass and reject bands, the order and the location of the poles

needed to implement the filter can be determined. The bilinear transforma-

tion

1-2)

W= (2
(where i is ¥=1 and z is the new complex variable) is then used to
determine the digital filter parameters.

The other filters are also based on the Butterworth filter design
procedure, except that a mapping procedure is used to convert the lowpass
filter into the highpass, bandpass or bandstop forms (Stearas 1975, Table
12-2) or before the bilinear transformation is used to obhtain the digital
form. Details are given in Appendix A for the bandstop filter.

To use the digital filters, a design (DES) subroutine i1s first called
with the cutoff frequencv (or frequencies), data sample interval and filter

order specified. Then a filterisg (FILT) subroutine is called to applv the




Frequency

Figure 2. Transfer function of
a Butterworth lowpass filter.

filter. This subroutine convolves the filter coefficients with the input
data series to produce the filtered output data series. The convolution 1is
then repeated with the data series in reverse order. This-second filter-
ing removes any time delays produced by the first filtering process, and
the net result 1s that the filter acts as a zero-phase filter with a trans~
fer function that 1is the square of the transfer function of the filter
specified in the design stage.

The subroutine parameters are listed in the next section. Complete
listings are given in Appendix B and are available to users on CRREL's
PRIME 9750 computer system. The FILT subroutines require subroutine REVERS
which was written by Robinson (1978). This subroutine is also listed in

Appendix B.

DESCRIPTION OF SUBROPTINES

Filter design subroutines

Lowpass filter

Calling procedure: CALL LPDES(FC,DT,6NS,A,BR,C).

Input variables:
FC = cutoff (half-power c¢r -3 dB) frequencv in hertz
nT time Iinterval between samples in seconds
NS number of filter sections
(2*NS order of the filter).
Output variables:
A(K) ,B(K),C(K) = filter coefficients for K = 1,2,.,.NS; douhle

precision real arravs.




Highpass filter

Calling procedure: CALL HPDES(FC,DT,NS,A,B,C).

Input and output variables: Same as for lowpass filter (above).

Bandpass filter
Calling procedure: CALL BPDES(Fl,F2,DT,NS,A,B,C,D,E).

Input variables:
F1 = lower cutoff frequency in hertz
F2 = higher cutoff frequency in hertz.
Output variables:
A(K),...,E(R) = filter coefficients for K=1,2,...NS; double precision
real arrays.

All others same as for lowpass filter (above).

Bandstop filter
Calling procedure: CALL BSDES(Fl1,F2,DT,NS,A,B,C,D,E,F,G).
Output variables: A(K),...,G{(K) = filter coefficients for K-1,2,...NS;

double precision real arrays.

All others same as for bandpass filter (above).

Filtering subroutines

Lowpass filter

Calling procedure: CALL LPFILT(X,LX,NS,A,B,C).

Input variables:

X = real 1input data array

LX integer number of entries in input data array
NS = number of filter sections
A(K),B(K),C(K) = filter coefficients for K=1,2,...NX; double precision
real arravs.
Dutput variables:
X = real output data arrav containing the filtered data.
(Note that the input data will be lost.)

Subroutine called: REVERS(X,LX) to reverse the order of a real arrav

(Robinson 1978).

Highpass, bandpass and bandstop filters

Calling procedures: CALL HPFILT(X,LX,NS,A,B,C)
CALL RPFILT(X,LX,NS,A,B,C,D,F)
CALL BSFILT(X,LX,NS,A,8,C,D,E,F,G).




The number of filter coefficients changes for the bandpass and bandstop

filter, otherwise all parameters are the same as for the lowpass filter.

JSER INSTRUCTIONS

To filter a time series, the desired number of filter sections NS and

the cutoff frequency (or frequencies) should be specified in a call to sub-

I routine XXDES, where XX is replaced by the type of filter desired (LP,HP,
RP or BS). The time interval DT between samples is fixed by the data time
series. Frequencies should be specified in the reciprocal of the units
used to specify DT (e.g., hertz if DT is in seconds, cycles/day if DT is in

I davs, etc). The filter coefficients are returned in double precision

arravs. These coefficients are then used in subroutine XXFILT to carry out

the actual filtering of the data time series.

FILTER PROPERTIES

T T e T b e

Figures 3 and 4 i1llustrate the performance characteristics of some

LT,

lowpass filters obtained using subroutines LPDES and LPFILT., The perform-

ance characteristics of highpass, bandpass and bandstop filters are dis-
plaved by the figures 1n Appendix C. The data sampling interval was 0.001
seconds, and in each case the input data series consisted of 511 zeroes
with a single unit-valued spike in the 250th position. Thus, the filter

output represents the impulse response of the filter. The Fourier trans-

form of the impulse response of the filter was then calculated and the

amplitude spectrum, which is equivalent to the transfer function of the

Amplitude Decibel

Freguency (HZ) Frequency (HZ]

a. Linear display of b. Logarithmic displav
the transfer function, of the transfer function.
Figure 3. Lowpass filter performance characteristics. One stage filters

with FC = 400, 200, 100, 50 and 5 Hz.
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filter, was found and plotted on a normalized scale. A logarithmic plot of
the transfer function is also given in the figures,

The figures show that the impulse response of the filter broadens as
the passband of the filter decreases. This property is true for all filt-
ers, and the user will sometimes have to compromise between the narrowness
of the frequency spectrum and the duration of the signal in the time do-
main. For example, Figure J} shows that for a 5-Hz bandwidth, the single
spike that was originally 0.001 seconds 1in duration is now 0.25 seconds
wide.

A comparison of the plots in Figure 4 shows that as the number of
filter sections increases, the slope of the transfer function between the

passband and the stopband steepens. The filter performance improves at the

Cecibel Spectrum

Lowpass Fiter FC=240 Hz b
Impulse Response

ro

1 1
100 200
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O 2 046
Time (s)
c
Fiiteres Caota Decibel Spectrum Decibel Spectrum
e 04 AR Sbited N 0
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“ioare 5. Uxample of lowpass filtering applied to real data: a) unfil-
tored daty and docibel amplitude spectra, b)) lowpass filter impulse
respoaase ant decthel fransfer function, and ¢) filtered data and decibel
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expense of increased computational time and larger side lobes in the
impulse response,

Figure S5 shows the results of aprlication of a lowpass filter to
actual data. In digitizing some seismic data, it was noticed that the
digitizing process introduced a strong signal near the Nyquist frequencv of
250 Hz (see the increase in decibel spectrum near this frequency in the
unfiltered data). This "jitter' was removad by deriving and applving a

lowpass filter with a cutoff frequency of 240 Hz, with the results shown,

SUMMARY

FORTRAN subroutines that design and apply zero-phase frequencv filters
to digital data have been described. User instructions have been included
and the general properties of these filters have been pointed out.

Complete listings of the subroutines are given in Appendix B.

LITERATURE CITED

Hamming, R.W. (1983) Digital Filters (2nd ed.). FEnglewood Cliffs, New
Jersey: Prentice-Hall,

Otnes, R.K. and 1.. Enochson (1978) Applied Time Series Analvsis. Vol. 1,
Basic Techniques. New York: Wiley.

Robinson, ®.,A. (1978) Multichannel Time Series Analysis with Digital P
Computer Programs. San Francisco: Holden-Dav.

Stearns, S.D. (1975) Digital Signal Analysis. Rochell Park, New Jersey: e
Hayden Book Co. AL

T AR T RS S S R B

. .‘. ‘.l ‘.- ..‘-..-'v- - » * - T .
N U I N R
TV IS YN U S YA T Y Y s




e e e e "«'.7:': - .".."..*’- A B N .
.‘-.‘,,:A,-.! B 30 SR RE YR% . e R SN S e T

APPENDIX A: DERIVATION OF THE BANDSTOP FILTER

The bandstop filter was derived by applying a frequency transformation
that maps a Butterworth lowpass filter transfer function into a bandstop
shape. The procedure shown by Stearns (1975, p. 201 ff.) is in two steps:

1. Transform an analog lowpass transfer function Hyp(s) into an
analog bandstop transfer function Hgg(S).

2. Apply the bilinear transformation

z~1
S = z+1

to convert the analog transfer function to a digital transfer function

ﬁBs(z). The Butterworth lowpass analog filter transfer function is

5,8
H =
() Zs-slgis-sz)

where S = 1w = 12nf. The mapping that converts this transfer function into

bandstop form is

2
C

Sw
s + wywy

(see Fig. Al). Doing the mapping gives

4 2
RO S + 2 wiwy S° + wfwd
‘ w? (S,+S,) w? w? (5, +S,)
- STt (gt 2 wmwg) - S wywpSrefud
515, 515, 515,
Q.
.
» Ky P
il
T s N e
PR *. 2

Figure Al. The transfor-
mation S » S‘.\Z/S2 + wpm
converts the ?owpass trans-
fer function (a) into a band
stop transfer function (b)
(after Stearns 1975, Table
12-1).
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If we select w; and wy to be the half-power or -3 dB points, then the

poles can be written in exponential form as

Sl = Rele
82 = Re—le
where
R=w = Wy — w)

c

@
"

m (2n + N - 1)/2N R n=1,2,3,...2N

and N is the order of the filter, These values are determined by the

specification of the Butterworth filter during the design phase. Then

S; + S = 2 R cos$
2 p2
and 2
wC(Sl + Sz)
—_—— = 2 R cosH
5182
g
+ = +
575, 2 wywp wf u)%

Substituting these values into the bandstop transfer function gives

4 2 2 2
HBS(S) = S + 2 W) Wo S* + W) wy

2 2
s* - 2 R cosg 83 + (w§ + wf) S2 - 2 R coss wiwy S+ wywy

Applying the bilinear transformation converts this analog transfer function

into a digital transfer function:

z-1 z-1
R (2) = G+ 2wy (P2 ¢ wfed
BS (Z-].)‘4 - 2R 9 (2-1)3 + (w5+ %) (2'1)2 - 7R 9 (Z‘I) + % %
Py} cos prey w prey cosf wywy ey wiw

{(z—l)“ - 2Rcos® (z-1)3(z+1) + (m§+w%)(z—l)z(z+1)2-2Rcos6 wywy (z=1)(z+1)3

- (z=1)* + 2wjuwp (z=1)2 (24102 + wdwd (2+1)*

2 2 .
+ wpwy (z+1)7}

12
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Hy(2) = {[(1+wge)?]  (2*+1)
+ [-4(1+w1m2)(1-w1w2)] (23+22)

2 2
+ {6 + 6 wiwy - 4 wlmz]zz}

) 2 2
{1+ wjwp + 2 wywy - 2(l+wjwy) R cosb] 2"

3

+

2 2
[—4+4 wiwy + 4(l-wjwp) R cos 6] z

+

[6+6 m%wg -4 wlmz] 22

2 2
[—4+4 wywy ~ 4 (1-wywy) R cos 6] z

+

+

2 2
[1+wjwy + 20wy + 2 (l+wjw,) R cos8]} .

A digital bandstop filter with the above transfer function was implemented

by the FORTRAN subroutines BSDES and BSFILT.




R MR M S A A B s AT SRR SR S g o B
g 2ad , 7

APPENDIX B: LISTING OF FORTRAN SUBROUTINES

The following subroatines for digital filtering are listed in this
appendix: LPDES, HPDES, BPDES, RSDES, LPFILT, HPFILT, BPFILT, BSFILT,
REVERS.
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Ix%x2 + B(K)xZ + C(K)

) ARE THE INPUT AND THE QUTPUT OF THE XTH
MxT, THEN

COOOOO000O00O0IOO00OONICIO00 O

VI M~

CAT(2x{K+NS)I-1 1P I/FLOAT(4&NS) )
.+wCP2-2:wCPtCS)

P2%X
. X{WCP2~-1,

LHNCPR2+2, tWCPtCS)tX

©

xt:ttts;zt*xx:zxxxtttttx:xttzxt:tzxxt:txtxxtaxztx::xz:
suB OUTINE HPDES(FC DT NS.A B.C)

HIGH PASS BUTTERWORTH B1G{TAL F1LTER DESIGN SBR
REFERENCE: S.D. STEARNS (1875) DIGITAL SIGNAL ANALYSIS, P. 278
FC = CYTOFF FREQUENCY (-3 0B) IN HZ
DT = SA¥PLING INTERVAL IN SECONDS
NS = NUMBER OF FILTER SECTIONS
QUTPUTS: T .
ATK) BUK) AND C(K), EILTER COEFFICIENTS FOR K=} TO NS
THE DIGITAL FILTER HAS N& SECTIONS IN CASCADE. ~THE KTH
28R las THETFRaNGPoR o INET IEN

ACK)IR(Zx%2 ~ 282 +1)
Zxx2 + B(k)xZ + C(K)

QAOOOOOOCOCOOOOOOO0N0 Ok &
w
m
O
—4

IF F(M) AND G(M) 6RE THE INPUT AND THE QUTPUT QF THE KTH
SEZCTICN AT TIME MaT, THEN
GiM) = A(KIR(F(M) ~ ZaF(M=1) + F(M=-2))
~B(K)IEG(M-1) ~Z(K)xGIM=-2)
SEAL_%8 4(1),8(1),Ct1)
Pi=3,1415926538
Egpfgz:<gcagxtf)/fos<ppxp.:*)
CS=CC§<ﬁLCAT(2:(K‘NS)—!):Pl/FLCATt4aNS))
AlKI=1,/{1, +4CPawCP=- 2 avc +CS)
B(K) =2, #( WCPXWCP-1 )2
C(ir=(1,-wCPxWCP+2, ‘ucp;csxxarx)
12 CONTINUE
RETURN
ZND
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APPENDIX C: FILTER PERFORMANCE CHARACTFRISTICS

For each figure in this appendix, a filter was applied to an input
time series consisting of 511 zeroes with a unit-valued spike at the 250th
position to produce the filter's impulse response. The data sampling
interval was 0.001 seconds. The Fourier transform of the impulse response
was then calculated and used to determine the filter's transfer function,

which was plotted on a normalized linear and on a logarithmic scale.

Amplitude Impulse Resgonse
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I fs0 |
! 100 i
' 200 l
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400 I
. . J [ _ FC=400 Hz
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a. Linear display of
the transfer function. ]
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b. Logarithmic display |
of the transfer function. |
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c. Impulse response (actual data are
symmetric about the center). _ 5
o] 0511

Time (s)

Figure Cl. Highpass [ilter performance characteristics. One stage filters
with FC = 400, 200, 100, 50 and 5 Hz.
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Figure C2. Highpass filter performance characteristics. One, two and
four stage filters with FC = 100 Hz.
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Figure C5. Bandstop filter performance characteristics. One stage filters

with lower FC = 100 Hz, upper FC = 400,
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Figure C6. Bandpass filter performance characteristics. One, two and
four stage filters with lower FC = 100 Hz, upper FC = 150 Hz.
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