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BAND PASS FILTER WITH IMPROVED GROUP 
DELAY 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application includes material disclosed in the 
following applications assigned to the assignee of this 
invention. The entire contents of each of these co-pending 
applications are incorporated herein by reference. 

[0002] (1) Application No. 09/466,313 ?led Dec. 17, 
1999, entitled “Band Pass Filter from TWo Notch Filters”. 

[0003] (2) Application No. , ?led concurrently 
hereWith, and entitled “Band Pass Filter from TWo Filters”. 

BACKGROUND OF THE INVENTION 

[0004] This invention relates to a ?lter circuit and, in 
particular, to an analog band pass ?lter having a more 
uniform group delay than such ?lters in the prior art. 

[0005] Band pass ?lters have been used, alone or com 
bined, in a host of applications virtually since the beginning 
of the electronic industry. The continuing problem in any 
application is providing a band pass ?lter having the desired 
frequency response. It is knoWn in the art that a band pass 
?lter can include a pair of series coupled resonant circuits 
that are “de-tuned”, ie have slightly different resonant 
frequencies. See for example, “Radio Engineering ”by Ter 
man, McGraW-Hill Book Company, NeW York, 1937, pages 
76-85. 

[0006] Today, a band pass ?lter can be implemented in any 
one of several technologies. For example, passive analog 
?lters utiliZe resistors, capacitors, and inductors to achieve 
the desired frequency response. Active ?lters add one or 
more operational ampli?ers to prevent a signal from becom 
ing too attenuated by the passive components and to exag 
gerate or to minimiZe a particular response by controlled 
feedback. SWitched capacitor circuits are basically analog 
circuits but divide a signal into discrete samples and, there 
fore, have some attributes of digital circuits. 

[0007] Finite Impulse Response (FIR) ?lters are com 
pletely digital, using a shift register With a plurality of taps. 
An FIR ?lter generally has a linear phase versus frequency 
response and a constant group delay. As such, FIR ?lters ?nd 
Widespread use in digital communication systems, speech 
processing, image processing, spectral analysis, and other 
areas Where non-linear phase response is unacceptable. 

[0008] A problem using FIR ?lters is the number of 
samples versus the delay in processing a signal. In order to 
obtain a high roll-off, ie a nearly vertical skirt on the 
response curve, a very large number of taps is necessary. 
Although the group delay is constant, it is relatively large, 
ten to ?fteen times that of an analog ?lter, because of the 
large number of taps. Another problem With FIR ?lters is 
ripple, Which typically exceeds 3 decibels (dB). There are 
other digital circuits that could be considered ?lters but these 
circuits either do not operate in “real time” or have such long 
processing times that the delays limit the utility of the 
techniques. 
[0009] It is knoWn in the art to use delay equaliZers to 
improve the uniformity of the delay of a band pass ?lter; eg 
see “Electronic Filter Design Handb00k”by Williams and 
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Taylor, Third Edition, McGraW-Hill, Inc., 1995, pages 7.21 
7.27 and 7.30. The effect on frequency response of adding 
such equaliZers is not described. 

[0010] Obtaining a sharp roll-off from an analog ?lter is 
often difficult, particularly for narroW band ?lters, eg one 
third octave or less. Even With active elements, good ?lters 
tend to be complex and, therefore, expensive. As noted 
above, FIR ?lters can provide a sharp roll-off but typically 
suffer from long group delay, making an FIR ?lter unsuitable 
in telephone systems, for example. 

[0011] Frequency response, phase shift linearity, group 
delay, ripple, and roll-off are characteristics of all ?lters, 
Whether or not the characteristic is mentioned in a particular 
application. The Q, or sharpness, of a ?lter circuit is often 
speci?ed as the ratio of the center frequency to the band 
Width at —3 dB. A problem With this de?nition is that the 
roll-off on each side of the center frequency is assumed to be 
symmetrical (When amplitude is plotted against the loga 
rithm of frequency). Another assumption is that the skirts of 
the response curves of tWo ?lters are similar. If the assump 
tion is not valid, then comparing one ?lter to another 
becomes difficult. 

[0012] In vieW of the foregoing, it is therefore an object of 
the invention to provide an analog band pass ?lter having 
short, relatively constant, group delay 

[0013] Another object of the invention is to provide an 
analog band pass ?lter that is relatively inexpensive despite 
improved performance When compared With ?lters of the 
prior art. 

[0014] A further object of the invention is to provide an 
analog band pass ?lter having higher Q than such ?lters in 
the prior art. 

SUMMARY OF THE INVENTION 

[0015] The foregoing objects are achieved in this inven 
tion in Which an electrical signal is applied to a band pass 
?lter, a ?rst notch ?lter, and a second notch ?lter in any 
order. The center frequencies of the notch ?lters straddle the 
pass band of the band pass ?lter. The notch ?lters improve 
group delay and steepen the skirts of the response curve of 
the band pass ?lter. The invention can be implemented With 
analog ?lters, IIR (In?nite Impulse Response) ?lters, bi 
quad ?lters, or sWitched-C ?lters. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] A more complete understanding of the invention 
can be obtained by considering the folloWing detailed 
description in conjunction With the accompanying draWings, 
in Which: 

[0017] FIG. 1 is a schematic of a band pass ?lter of the 
prior art; 

[0018] 
art; 

[0019] FIG. 3 is a partial block diagram of a band pass 
?lter constructed in accordance With one aspect of the 
invention; 

[0020] FIG. 4 is a block diagram of a band pass ?lter 
constructed in accordance With the invention; 

FIG. 2 is a schematic of a notch ?lter of the prior 
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[0021] FIG. 5 is a block diagram of a band pass ?lter 
constructed in accordance With an alternative embodiment 
of the invention; and 

[0022] FIG. 6 is a chart comparing ?lters made in accor 
dance With the invention With ?lters of the prior art. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0023] FIG. 1 is a schematic of a band pass ?lter knoWn 
in the art. Filter 10 is knoWn as a multiple feedback band 
pass circuit; see “Electronic Filter Design Handb00k”by 
Williams and Taylor, Third Edition, McGraW-Hill, Inc., 
1995, page 5.42-5.46. 

[0024] FIG. 2 is a schematic of a notch ?lter knoWn as a 
tWin-T ?lter With positive feedback; see the Williams and 
Taylor text, pages 6.38 and 6.39. This particular ?lter Was 
chosen because of its simplicity, depth of notch, and because 
the gain can be adjusted easily. 

[0025] FIG. 3 illustrates an analog band pass ?lter con 
structed in accordance With a preferred embodiment of the 
invention. Band pass ?lter 30 includes a pair of ?lter 
channels coupled to a difference ampli?er. Speci?cally, 
input 31 is coupled to ?lter 32 and ?lter 33, Which are the 
same type of ?lter, band pass or notch, but have slightly 
offset center frequencies. Preferably, the frequency response 
curve for ?lter 32 intersects the frequency response curve for 
?lter 33 at —3 dB or less. This prevents the frequency 
response curve of ?lter 30 from having more than one peak. 
The output of ?lter 32 is coupled to a non-inverting input of 
?lter 34 and the output of ?lter 33 is coupled to an inverting 
input of ?lter 34. The resistors shoWn all have the same 
value, eg IOkQ. 

[0026] Using a notch ?lter constructed as shoWn in FIG. 
2 for each of ?lters 32 and 33, one obtains the band pass 
?lter described in cross-referenced application Using a 
band pass ?lter constructed as shoWn in FIG. 1 for each of 
?lters 32 and 33, one obtains a band pass ?lter as described 
in cross-referenced application FIGS. 1 and 2 illustrate 
?lters that are preferred but are not the only ?lters suitable 
for implementing the invention. 

[0027] The signals from ?lters 32 and 33 are subtracted in 
ampli?er 33, producing a band pass frequency response 
having a narroWer pass band and steeper skirts than analog 
?lters of the prior art. Despite this improvement over the 
prior art, the frequency response can be further narroWed 
and the group delay improved by using the ?lter illustrated 
in FIG. 4. 

[0028] In FIG. 4, band pass ?lter 40 includes input 41 
coupled to band pass ?lter 42 having an output coupled to 
notch ?lter 43. Band pass ?lter 42 is preferably constructed 
as illustrated in FIG. 3, although the band pass ?lter 
illustrated in FIG. 1, or other analog band pass ?lters, could 
be used instead. Notch ?lter 43 has a notch frequency or 
center frequency beloW the pass band of ?lter 42. Notch 
?lter 44 is coupled to the output of notch ?lter 43 and has a 
notch frequency above the pass band of ?lter 42. It does not 
matter What order ?lters 42, 43 and 44 are used. 

[0029] As noted in the Background of the Invention, the 
prior art de?nition of “Q” leaves something to be desired, as 
does the de?nition of “pass band.” One Wants the frequency 
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response to be as ?at as possible Within the pass band and the 
skirts to be as vertical as possible outside the pass band. 
NormaliZing the response (setting maXimum response to 0 
dB) and de?ning the pass band as the region betWeen the —3 
dB points says nothing about the shape of the curve. 

[0030] When using a band pass ?lter constructed as illus 
trated in FIG. 3, notch ?lters 42 and 43 preferably have 
center frequencies slightly outside the —10 dB points on the 
response curve. Using an ordinary band pass ?lter for ?lter 
41, notch ?lters 42 and 43 preferably have center frequen 
cies at least outside the —3 dB points on the response curve 
of the band pass ?lter. 

[0031] FIG. 5 illustrates an alternative embodiment of the 
invention. As noted above, the order in Which the ?lters are 
placed does not matter. The results are the same. More 
speci?cally, all siX permutations of the ?lters produce the 
same results. 

[0032] FIG. 6 illustrates the effect of passing a signal 
through ?lters 42, 43 and 44. Curve 51 represents the 
frequency response of band pass ?lter 41, constructed in 
accordance With FIG. 3. Curve 52 represents the signal at 
output 45, ie the frequency response of band pass ?lter 40. 
Curve 53 represents the group delay of band pass ?lter 42. 
Curve 54 represents the group delay of band pass ?lter 40, 
eXcept for the notches near dashed lines 62 and 63. 

[0033] The notches in curve 54 are artifacts of the simu 
lation and arise because of the small amplitude of signal at 
the notch frequencies and because of a small sample siZe. 
Although each curve in FIG. 6 is based upon siX hundred 
data points, this is not a very large sample compared to What 
the simulation softWare could provide. The data Was reduced 
for conversion to a spreadsheet program from Which the 
curves Were draWn. Ten thousand or more points Would 
eXceed the resolution of a printer and take a great deal of 
time to process. The notches in curve 52 are real. 

[0034] As an aid to visualiZation, several straight, dashed 
lines are included in FIG. 6. The particular placement of 
these lines is not de?nitive of the invention. Line 61 shoWs 
the —20 dB level for curve 51. Vertical lines 62 and 63 Were 
placed at the intersections of line 61 and curve 52, Which is 
not normaliZed to Zero dB. HoriZontal line 64 is placed 
betWeen curves 53 and 54 in the region betWeen lines 62 and 
63. 

[0035] As can be seen, the range of the group delay is 
dramatically narroWed by the invention In the simulation 
upon Which FIG. 6 is based, the ripple in curve 54 betWeen 
lines 62 and 63 is less than 2 dB. In the art, a ripple of less 
than 3 dB is considered good. Note too that the uniformity 
in curve 54 eXtends past the —20 dB points on curve 52. 
Thus, there is very little poWer in any signal having a 
frequency outside lines 62 and 63. The slight increase in 
group delay is immaterial. 

[0036] A greater consistency Within the pass band makes 
?lter 40 useful in many applications, including telephones 
and telephone systems. Implemented as an integrated circuit, 
a ?lter constructed in accordance With the invention is much 
less expensive than an FIR ?lter, for eXample. 

[0037] The invention thus provides an analog band pass 
?lter having short, relatively constant, group delay. The ?lter 
has higher Q than analog ?lters in the prior art and is 
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relatively inexpensive despite improved performance When 
compared With analog ?lters of the prior art. 

[0038] Having thus described the invention, it Will be 
apparent to those of skill in the art that many modi?cations 
can be made Within the scope of the invention. For example, 
although only a ?lter is shoWn in each channel in FIG. 3, 
other circuitry can be included in each channel. The outputs 
of the channels Would be summed if the signal in one 
channel Were inverted Without also inverting the signal in 
the other channel. The invention can be implemented in 
several different technologies, including analog ?lters, IIR 
?lters, bi-quad ?lters, and sWitched-C ?lters. The invention 
can be used for band pass ?lters of any center frequency 
from sub-audio through radio frequency. 

What is claimed as the invention is: 
1. A ?lter characteriZed by a band pass frequency response 

and a short, relatively uniform group delay, said ?lter 
comprising: 

an input; 

an output; 

a band pass ?lter, a ?rst notch ?lter, and a second notch 
?lter coupled in series in any sequence betWeen said 
input and said output, Wherein the center frequency of 
the ?rst notch ?lter is beloW the pass band of the band 
pass ?lter and the center frequency of the second notch 
?lter is above the pass band of the band pass ?lter. 

2. The ?lter as set forth in claim 1 Wherein at least one of 
the notch ?lters is a tWin-T active ?lter. 

3. The ?lter as set forth in claim 1 and characteriZed by a 
ripple in the pass band of less than 3 dB. 

4. The ?lter as set forth in claim 1 Wherein said band pass 
?lter includes: 
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a ?rst channel coupled to said input and including a ?rst 
?lter having a ?rst center frequency; 

a second channel coupled to said input and including a 
second ?lter having a second center frequency; 

Wherein the ?rst center frequency and the second center 
frequency are not equal; and 

a difference ampli?er coupled to said channels for sub 
tracting the signals from the channels. 

5. The ?lter as set forth in claim 4 Wherein the frequency 
response of the ?rst ?lter and the frequency response of the 
second ?lter intersect at approximately —3 dB or less. 

6. The ?lter as set forth in claim 4 Wherein said ?rst ?lter 
in said band pass ?lter and said second ?lter in said band 
pass ?lter are each a notch ?lter. 

7. The ?lter as set forth in claim 4 Wherein said ?rst ?lter 
in said band pass ?lter and said second ?lter in said band 
pass ?lter are each a band pass ?lter. 

8. A method for processing an electrical signal, said 
method comprising the steps of: 

applying the electrical signal to a band pass ?lter to 
produce a ?rst output signal; 

applying the ?rst output signal to a ?rst notch ?lter to 
produce a second output signal; and 

applying the second output signal to a second notch ?lter 
to produce a third output signal. 

9. The method as set forth in claim 8 Wherein the center 
frequencies of the notch ?lters straddle the pass band of the 
band pass ?lter. 


