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[57) ABSTRACT

A frequency band filtering circuit and phase shift free
crossover network comprising at each crossover fre-
quency range between band pass filters a low-pass filter
means characterized by a transfer function that decays
at a second or higher order function of frequency and a
high-pass filter means characterized by a transfer func-
tion that rises as a second or higher order function of
frequency and wherein the respective pair of transfer
functions sum to unity. By employing circuit filters
characterized by high order polynomial transfer func-
tions that sum to unity, the combination of sharp roll-off
and excellent frequency separation is achieved without
introducing phase distortion when the signals are re-
combined or summed. Such a filtering system is useful
in high fidelity speaker crossover systems, various elec-
tronic signal splitting or filtering circuits (whether ana-
log or digital) wherein the information within individ-
unal frequency bands are to be isolated and treated inde-
pendent of an adjacent frequency band yet ultimately
recombined and the like.

23 Claims, 9 Drawing Figures
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1
ZERO PHASE SHIFT FILTERING

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to frequency band fil-
tering. More specifically, this invention relates to ana-
log as well as digital frequency band filtering wherein
the roll-off of the lower pass filter and the rise of the
high-pass filter in the vicinity of the crossover fre-
quency are both characterized by high order transform
functions that sum to unity, thus resulting in zero phase
shift of the recombined signal when the outputs from
the low-pass and high-pass filters are recombined to-
gether.

2. Description of the Prior Art

It is generally known and an accepted commercial
practice to provide a conventional audio hi-fi speaker
system consisting, for example, of a tweeter, mid-range
and woofer speakers with a crossover circuit or fre-
quency dividing network. Such a crossover circuit tra-
ditionally involves at least a low-pass filter, a band-pass
filter and a high-pass filter which are designed to re-
ceive a signal typically from an amplifier and frequency
divide the signal into appropriate bands to drive the
corresponding speakers. Conveniently and in particular
in the more cost effective popular stereo hi-fi systems,
all three speakers and the frequency dividing circuit are
incorporated into a single speaker cabinet. In such
cases, it is also generally acknowledged that the cross-
over circuit is a compromise between the desired sharp
resolution or separation between frequencies and cross-
over network induced distortion.

Thus, it is known that at the crossover frequency, the
cut-off as a function of frequency should be, in princi-
ple, as sharp as possible to minimize the physical distor-
tion associated with the same frequency being repro-
duced at two different speakers. Consequently, the
transfer function characteristic of the filter should be a
high order polynomial as a function of frequency (sharp
rise and roll-off). However, the use of filters character-
ized by known higher order transfer functions produce
significant phase distortion which in turn is reproduced
by the speakers.

Similar dilemmas between the desired sharp delinea-
tion between frequency bands and implicit phase distor-
tion associated with known filters with higher order
transfer functions that accomplish this sharp cut off are
generally found in other essentially real time frequency
splitting applications. For example, in such areas as
communications, data transmission, seismic prospecting
and the like, as well as in digital data processing or the
equivalent, similar considerations arise particularly
when it is desirable to preserve information within one
frequency band separate from the next adjacent band,
yet later combine the bands.

SUMMARY OF THE INVENTION

In view of the problems associated with the prior art
crossover networks, I have discovered a general ap-
proach for designing and selecting a second order filter
network that inherently exhibits the desired fast roll-off
characteristic of the higher order filters and does not
suffer from the phase distortion problem upon recombi-
nation of the frequency bands. This approach is quite
general and can be extended to higher order filters. It
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basically involves any filter network device with a low-

pass transfer function and a high-pass transfer function

2

selected such that the transfer functions of adjacent
filters sum to unity in the vicinity of a frequency cross-
over.

Thus, the present invention provides a frequency
band dividing filter circuit and a phase shift free cross-
over circuit comprising:

(a) a signal input lead that branches into two separate
band pass filter circuits;

(b) a low-pass filter means within one of the separate
band pass filter circuits wherein the low-pass filter
means is characterized by a transfer function that is at
least of the second or higher order in frequency; and

(c) a high-pass filter means within the other separate
band pass filter circuits wherein the high-pass filter
means is characterized by a transfer function that sums
with the transfer function characteristic of the low-pass
filter means such that the sum is unity.

According to the present invention, the transfer func-
tions of the low-pass and high-pass filters are character-
ized by fractions wherein the denominator is a polyno-
mial function of frequency of the order of 3 or greater
and the numerator of the fraction, characteristic of the
transfer function of the low-pass filter means, is a poly-
nomial function of frequency of the order of at least two
less than the polynomial of the denominator or an
equivalent mathematical relationship.

It is an object of the present invention to provide a
frequency band dividing electronic filter system that
involves splitting an input signal or the equivalent with-
out introducing a relative phase shift or phase distortion
in the resulting frequency band filtered signals when
they are recombined. It is a further object to provide
such a zero phase shift system that splits an input signal
into frequency bands with rapid roll-off and excellent
frequency resolution between adjacent bands. It is a
further object to provide a hi-fi crossover circuit of
faster cut-off, better frequency split and reduced phase
distortion. Fulfillment of these objects and the presence
land fulfiliment of additional objects will be apparent
upon complete reading of the specification and claims
taken in conjunction with the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a schematic of the zero phase shift
filter crossover network according to the present inven-
tion.

FIG. 2 illustrates the gain and phase responses of the
summed (or recombined) output of a second order
crossover network of the prior art.

FIG. 3 illustrates the gain and phase responses for the
summed (or recombined) output of a third order cross-
over network of the prior art.

FIG. 4 illustrates the individual gain and phase re-
sponses for two different second order low-pass filters
according to the present invention.

FIG. 5 illustrates the individual gain and phase re-
sponses for the low-pass and high-pass second order
filters of the crossover network of FIG. 1.

FIG. 6 illustrates the gain and phase responses of the
summed (or recombined) outputs of the crossover net-
work of FIG. 5.

FIG. 7 is a schematic illustration of a low-pass and
high-pass hi-fi crossover network according to the pres-

“ent invention.

FIG. 8 is a schematic illustration of a cascaded pair of
hi-fi crossover networks of FIG. 1 with individual am-
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plifiers and speakers, thus creating a mid-range band
pass.

FIG. 9 is a schematic illustration of a multiple fre-
quency band splitting crossover network creating a
plurality of band passes according to the present inven-
tion.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The zero phase shift filtering and crossover circuit
according to the present invention, how it is incorpo-
rated into specific applications, how it differs from the
prior art and the advantages of its use can perhaps be
best explained and understood by reference to the draw-
ings. However, in explaining and iliustrating the fre-
quency band dividing filter circuit and specifically the
zero phase shift hi-fi crossover circuit according to the
present invention, the concept of providing band pass
filters characterized by higher order transfer functions
that sum to unity requires a certain degree of formal
definition.

In using the expression “characterized by a transfer
function that is at least of the second or higher order in
frequency” to describe and claim the band pass filters
according to the present invention, it should be under-
stood that we are referring to the classical filter transfer
function as defined generally as the ratio of the output
signal of the filter divided by the input signal (i.e., trans-
fer function=output/input). It should be further recog-
nized that the filter characteristic referred to as the
transfer function is a complex mathematical function
(i.e., contains a real and an imaginary term). Thus, it
should be appreciated by the reader that the mathemati-
cal expression of the transfer function explicitly recited
in the present description have been expressed using
complex frequency notation (S = o+ jw), thus, simplify-
. ing the notation presented herein. In this context, the
higher order in frequency and the corresponding poly-
nomial expansion representative of the transfer function
. of specific embodiments (as illustrated and claimed
later) are, in principle, referring to complex mathemati-
cal functions characteristic of the filter.

Furthermore, in view of the above, the expression ‘“‘is
at least of the second or higher order in frequency”
refers specifically to a transfer function for the low-pass
filter wherein the lead term (first non-zero coefficient)
of the polynomial expansion of the numerator or its
equivalent exceeds the lead term of a polynomial expan-
sion of the denominator or its equivalent by a frequency
term raised to an exponential power of at least two
greater than the exponent of the lead denominator term.
More generally, the transfer functions according to the
present invention can be either characteristic of a sec-
ond or higher order decay (i.e., a reciprocal second
order or higher polynomial) or characteristic of a sec-
ond order or higher order gain (i.e., proportional to a
second order or higher polynomial) and in the case of a
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band filter, both. More specifically, at or near the cross- -

over frequency between a low-pass filter and a high-
pass filter or either such filters with a band pass filter or
two consecutive band filters, the lower frequency pass-
ing filter according to the present invention should
decay at a rate proportional to a second or higher order
in frequency while the upper frequency passing filter
should exhibit gain at a rate proportional to a second or
higher order in frequency.

Preferably, according to the present invention, the
higher the exponential order in frequency of the trans-
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fer function for both decay and gain at the crossover
frequency, the better the demarcation and separation
between frequency band passes of the overall system.
Thus, one feature of the present invention is to achieve
optimum frequency separation by employing filter cir-
cuit characterized by higher order transfer functions.
However, as previously stated, it is generally accepted
that a higher order transfer function (higher slope at the
cross-over region) inherently produces phase distortion
which deleteriously effects the composite signal result-
ing from summing the band pass outputs.

In order to alleviate the phase distortion problem, yet
preserve the desired sharp cut off or roll-off feature of
the present invention, an additional novel feature or
constraint is placed on the selection of the filters being
employed. In addition to the transfer function being of
a second or higher order the sum of the transfer func-
tions of the low-pass filter and the transfer function of
the high-pass filter in the region of the crossover fre-
quency must sum to unity. The combination of the low-
pass filter decaying at a rate characteristic of a transfer
function which is a reciprocal higher order polynomial
function of the frequency and the high-pass filter trans-
fer function summing with this low-pass transfer func-
tion producing unity implicity defines the transfer func-
tion for the high-pass filter as a higher order polynomial
gain function and more specifically, as the mathematical
transfer function inverse of the low-pass filter transfer
function. It is this general relationship that is felt to be
novel and highly useful in that it results in a significant
reduction in phase distortion associated with the filter-
ing process and system (as illustrated later).

In implementing the improved filtering system ac-
cording to the present invention and in selecting the
specific filters, the overall process can be viewed as
involving three basic steps. First, a filter circuit charac-
terized by specific factorable polynomial is theoreti-
cally envisioned. Then, the polynomial is factored to
establish a theoretical description of a plurality of frac-
tions (a numerator factor divided by the polynomial)
that corresponds to the filter branches of the band
passes. The system is then implemented either by creat-
ing analog filter circuits designed according to the
mathematical model or the equivalent numerical quad-
rature formula is programmed digitally.

The selection process for establishing the mathemati-
cal form of the transfer functions characterizing the
low-pass and high-pass filters involves, as previously
stated, preferably fractions wherein the denominator is
a high order polynomial function of frequency which is
separable into at least two component polynomials.
These component polynomials, which when added
together produce the polynomial denominator as the
sum, are then used as the numerators for the respective
transfer functions of the network branches (the band
pass filters). In this manner, a sum of such polynomial
fractions will result in unity and the corresponding
electrical filter circuit signals formed from the sum of
(or recombined) outputs from the individual filters will
be free of phase distortion. Thus, generally, the polyno-
mial transfer functions of the low-pass filter or branch
circuit is characterized by the mathematical polynomial
equation:
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and the transfer function for the high-pass filter is char-
acterized by the polynomial equation:

kSt @
1

where I=m=n-—1 and S is complex frequency.

In one preferred embodiment, the polynomial expres-
sions have the first and last coefficients set equal to 1
which allows the polynomial to be readily separated
into two separate polynomial factors (i.e., ko=k,=1.0
and m=n—1). In such cases, the general formula for the
second, third and fourth order transfer functions for the
low-pass and high-pass filter having the following
mathematical form:

Second Order Low-Pass Filter
kiS + 1

S3 4+ koS24 k1S + 2

3)

Second Order High-Pass Filter
83 4 kp$°
3+ kSt + kS + 1

@

Third Order Low-Pass Filter
kS2 + k1S + 1
S5+ kaS* + k38?4 koS24 kyS + 1

)

Third Order High-Pass Filter
S5 + kaSt + k3S3
S5 4 kaS* + k3S3 + koS? + kiS + 1

®)

Fourth Order Low-Pass Fiiter
k3S3 + kaS? + k1S + 1
ST 4 ReS® + ksS® + kaS* + KaS? + kaS2 4+ (1S + 1

™

Fourth Order High-Pass Filter
ST + kgS® + ksS® 4 kaS?
ST + keSS + ksSS + kSt + KkaS3 + koS2 + kyS! 4 1

®

Specific examples of such higher order, fractional,
polynomial transfer function equations would include
by way of example, but not limited thereof:

Second Order Low-Pass (Type 1)
25 + 1
$3 4282+ 25+ 1

®

Second Order High-Pass (Type 1)
S3 4+ 282
SP 28242541

(10

Second Order Low-Pass (Type 2)
AS + 1

—As 1 (¢3)]
S+ 452 + 45+ 1

Second Order High-Pass (Type 2)
S3 4 482
S+ 482 + 45 + 1

(1

Third Order Low-Pass

10
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-continued
4082 + 108 + 1
55 4+ 108% + 408° + 4082 4 108 + 1

13

Third Order High-Pass
S° 4+ 105* + 4083
S3 + 105% + 4053 4+ 4082 + 105 + 1

14)

In other embodiments of the present invention and in
general, it should be appreciated that the transfer func-
tion according to the present invention can be expressed
in mathematical forms that are equivalent to the polyno-
mial fractional expression above, but explicitly different
and still be in principle and in fact higher order in rate
of decay and gain at the crossover frequency and free of
phase distortion. For example, the polynomial coeffici-
ent, particularly for the lead term in the numerator of
the low-pass filter, can be parametrically defined to
allow for even greater flexibility. In such a case, the
transfer function may take the form as follows wherein
the perameter p may either vary or be fixed in the cir-
cuit design.

-1 15
A = PmS™ + ",'zo kS a3
[=

Low-Pass Fiiter:

m—1 R

Z kS

i=0
m=1__ (16)
Z kS’ + pkpyS™
High-Pass Filter: -
m~1 .
2 kS
i=0

Further, it is contemplated that the respective trans-
fer functions according to the present invention can be
characterized by a product of polynomials. For exam-
ple, the low-pass filter can be expressed or character-
ized by the product of polynomials Gi(s)-Ga(s) and the
transfer function for the high-pass filter would be char-
acterized by the product of polynomials G3(s)-G4(s)
where Gi1(s)+G3(s)=1.0. In such a system the polyno-
mials G2(s) and Gy(s) are intentionally present to ac-
knowledge the presence of a filter contribution that
does not necessarily represent pure zero phase shift
filtering. Examples of such filtering would involve in-
tentionally introducing of a time delay, nonlinear con-
tribution, noise filtering as well as other filtering steps
specifically performed on one band pass and not on the
other. In this respect, it should be recognized that the
filtering circuits according to the present invention can
intentionally be designed to come arbitrarily as close to
zero phase shift filtering as desired as well as generally
be combined in one step or more with other desirable
filtering processes (e.g., noise suppression, automatic
frequency gain control, convolution, deconvolution
and the like).

In order to illustrate the system implementation step
wherein the transfer functions are used to create the
analog filter circuit, reference to the attached figures of
the drawing is appropriate. FIG. 1 illustrates a sche-
matic of one embodiment of a zero phase shift filter or
crossover network according to the present invention,
generally designated by the numeral 10. The particular
embodiment illustrated is a second order phase shift free
audio crossover network characterized by the transfer
functions of previous equations 11 and 12 (type 2) as
further explained and identified more specifically later.
In presenting the following description of the imple-



4,589,135

7
mentation step according to the present invention, it
should be appreciated that the description is made spe-
cifically in terms of an audio hi-fi crossover network.

8

ment involves active elements (op-amps) an associated
power tree or voltage source circuit (not shown) is
implicitly present.

TABLE

component 150 Hz 250 Hz 500 Hz 800 Hz 1200 Hz
22;24;28;30 (OP-AMP TLO084C) — — — — —
23;36 (OP-AMP TL084C) — — — —_ —
C1;C3;C4;,C6 (PS 50WV CAP.) .1 1 B! .01 .01
C2,C5 (PS 50WV CAP.) .01 .01 .01 .001 .001
R5R6;R9;R10  (3W Mt Film 1% RES) 10.6K 6.34K  3.18K 19.9K 13.3K
R7;R8 (AW Mt Film 1% RES) 405K 243K 122K 76K 511K
RI1LR12 (3W Mt Film 1% RES) 228K 165K 833K 521K 34.8K
R18 (3W Mt Film 1% RES) 9.59K 5.76K 2.88K 18K 124K
R16 (W Mt Film 1% RES) 14.6K 887K 44K 275K 18.3K
R13 (#W Mt Film 1% RES) 9.16K 549K 279K 17.2K 11.2K
R15 (3W Mt Film 1% RES) 14K 845K 42K 263K 174K
R14;R17 (3W Mt Film 1% RES) 265K 158K  7.96K 49.8K 33.2K

However, the principles being illustrated are generally
applicable to any time it is desirable to split an informa-.
tion carrying or containing signal into one or more
frequency bands, for what ever reason, with the intent
of ultimately recombing the frequency bands, in some
manner, without distorting or destroying the informa-
tion content of the signal.

In the illustrated embodiment, an audio input signal
from an appropriate audio amplifier or the like is ap-
plied to the input lead 12 of the crossover network 10.
Preferrably the audio amplifier signal passes through an
input buffer circuit (not shown) prior to entering the
crossover network 10 as generally known in the art.
. The incoming signal of lead 12 splits into a high pass
branch 14 and a low pass branch 16 ultimately exiting
the crossover network 10 as a high frequency output
signal via output lead 20. Again preferrably, the audio
output signals pass through an output buffer circuit (not
shown) prior to driving an appropriate speaker.

The actual crossover circuit in this specific embodi-
= ment and as illustrated in FIG. 1 comprises six active
-elements arranged as two parallel frequency band pass
=.circuits of three serial elements each. As previously
- indicated the low pass circuit or branch 16 corresponds
“to or is characterized by the polynomial transfer func-
tion having a numerator of 45+ 1 (equation 11). The
specific implementation of this low frequency band pass
filter involves a series of three operational amplifiers 22,
24 and 26 with associated resistors and capacitors which
conceptually can be viewed, in this illustrated embodi-
ment, as a pair of lag filters followed by a lead/lag filter.
While, the high pass branch 14 corresponds to the poly-
nomial transfer function having a numerator S3+4S2?
(equation 12) involves three operational amplifiers 28,
30 and 32 again with associated resistors and capacitors
which conceptually amount to two lead/lag filters in
cascade with a single lag/lead filters. In specifically
implementing or creating the explicit electrical circuit,
the choice of elements (selection of resistance and/or
capacitance values etc.) will depend on the desired
cut-off or crossover frequency. For the particular em-
bodiment illustrated in FIG. 1, The following table
specifies a set of typical commercially available opera-
tional amplifiers or active elements as defined on the left
of the table in combination with corresponding resis-
tance and capacitance values on the right that achieve
the specified frequency value as the crossover fre-
quency. In presenting the data of the table the elements
and component values are specified and identified by
use of the reference symbles on FIG. 1. It should be
further appreciated that since the illustrated embodi-
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In presenting the above specific embodiment with
explicit numerical values as expressed in the table, it
should be appreciated not only will the values depend
on the cut-off or crossover frequency but also on the
particular choice of transfer function and the particular
circuit design employed to implement that transfer
function. In other words, the above example should not
be viewed as being unduly limiting, either in terms of
selection of circuit values, their arrangement or the
number of elements present. For not only is the particu-
lar choice of crossover frequencies and transfer func-
tions considered to be non-unique (provided the overall
transfer functions sum to unity) but also the specific
circuit implementation is not unique nor the only
method of circuit design that corresponds to the given
transfer functions. In the particular illustrated polyno-
mial transfer functions of FIG. 1, it is contemplated that
both the high and low branches can readily be designed
to involve two active elements rather than three and in
principle as single operational amplifiers. Such alternate
embodiments offer some economy of size. Thus any
circuit design that preserves the desired and selected
transfer function characteristic is to be considered
equivalent for purposes of this invention. Consequently,
the use of active elements (op-amps) as illustrated in the
audio hi-fi crossover network embodiment of FIG. 1
and the table can be readily replaced with other equiva-
lent circuitry and elements, again as well known in the
art. In fact, such substitutions are viewed as desirable
and necessary in certain applications such as in high
frequency communication applications (mega Hz) and
the like wherein active elements such as op-amps have
to be replaced with passive elements and appropriate
net working.

To further illustrate the advantages of the hi-fi cross-
over network of the present invention as specifically
illustrated in FIG. 1 and to illustrate generally the con-
cept of using transfer functions that sum to unity, a hi-fi
circuit corresponding to FIG. 1 was assembled and
tested. The response curves of the higher order transfer
functions of the present invention were compared to the
known response curves of the prior art devices. The
results of this comparative analysis are presented in
FIGS. 2 through 6.

FIG. 2 illustrates the phase () curves and amplitude
(gain) curves characteristic of second order Butter-
worth filters used in an audio hi-fi crossover network
and corresponding to the following transfer functions,
as generally known in the prior art, which in contrast to
the transfer functions of the present invention do not
sum to unity:
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LOW-PASS
1

S3 4+ 14148 + 1

HIGH-PASS
SZ
S5 4+ 14145 + 1

In FIG. 2 and following figures unless otherwise
specified, the abscissa represents a normalized fre-
quency relative to the crossover frequency (numeri-
cally equal to 1.0) by virtue of dividing all frequencies
by the crossover frequency. The left hand ordinate
represents amplitude or gain in terms of dB loss and the
right ordinate represents phase in terms of degrees lead
and lag. As illustrated in FIG. 2, the gain characteristic
of the second order Butterworth filter is theoretically
ideal in that both the low-pass and high-pass sharply
drop off at the crossover frequency. However, the
phase characteristic exhibits a discontinuity (inversion)
at the crossover frequency. Thus, in principle and in
fact, to utilize the prior art second order Butterworth
filter in a hi-fi crossover network, a compromise be-
tween having a finite, non-zero, gain at the crossover
frequency in order to produce a signal at the crossover
frequency (i.e., an overlap of the low-pass and high-pass
gain curves) and the presence of a significant phase shift
(i.e., approximately an 80° lag to an 80° lead discontinu-
ity at the crossover) results in speakers producing sound
at the crossover frequency, but out of phase. This in
turn leads to constructive and destructive interference
or more explicitly, an interferometer type, antenna
sound reproduction pattern that varies as the function
of position relative to the speakers as is well known in
the art.

FIG. 3 illustrates a non-nornalized gain and phase
response curves of the summed outputs from a commer-
cially available standard third order Butterworth cross-
- over network with center frequency, in this case, at
.. approximately 580 Hz. As seen in FIG. 3, the curves are
far from being categorically flat response curves. The
gain curve exhibits an oscillation or variation of about 5
dB across the frequency range while the phase response
exhibits a significant discontinuity or inversion at the
crossover frequency. This overall performance, as illus-
trated in FIGS. 2 and 3, are considered typical of com-
mercially available, higher order, crossover networks
of the prior art.
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FIG. 4 illustrates the gain and phase characteristic of 50

two types of second order low-pass band filters accord-
ing to the present invention, again expressed in a nor-
malized frequency similar to the presentation of FIG. 2.
The amplitude curve (gain 1) and the phase curve ($1)
are characteristic of second order transfer functions
having a numerator of 28+ 1 (equation 9, Type 1) while
the amplitude (gain 2) and phase ($3) curves are charac-
teristic of a second order transfer function having a
numerator of 4S+1 (equation 10, Type 2). As further
illustrated in FIG. 3, there are subtle differences be-
tween the filter characteristics depending on the selec-
tion of transfer functions even though they are of the
same higher order. For example, the gain 1 curve
(2S+1) exhibits a relative peak or rise just prior to the
crossover frequency and then drops off at a steeper
slope than the gain 2 curve (4S+1). Thus, variations in
the characteristics of the filter can be achieved by selec-
tion of the transfer function. ‘
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FIG. 5 illustrates the actual filter characteristic for a
1250 Hz second order crossover network specified in
the previous table and as illustrated in FIG. 1. As specif-
ically illustrated, the phase curves are complementary
in appearance, while the gain curves show the desired
higher order drop off centered about 1250 Hz, the
crossover frequency. FIG. 6 illustrates the summed
output response curves when using the crossover net-
work filters illustrated in FIG. 5. As clearly seen in
FIG. 6, the summed gain and phase response curves are
essentially flat across the frequency range of interest
including the crossover frequency. Not only does the
present invention provide for essentially flat response
curves as illustrated in FIG. 6, but the lack of phase
distortion has been independently confirmed by real
time Lissajous pattern analysis of the crossover circuit.

It is felt that the additional mathematical constraint
(i.e., transfer functions summing to unity) placed on the
design of the filter circuit according to the present in-
vention results in a crossover network or complemen-
tary filter network that exhibits the desirable properties
and characteristics of being simultaneously a higher
order rapid drop off filter circuit and an essentially zero
phase shift or phase shift free filter circuit. Thus, in the
broadest sense, the present invention provides a design
criteria which results in a family of novel complemen-
tary filters. It is envisioned that the complementary
filters of the present invention are generally useful in
any filter application wherein it is desirable to separate
or split a signal into two or more frequency components
without introducing phase distortion when the signals
are recombined. The present invention is viewed as
being useful in situations wherein high frequency reso-
lution, isolation or separation between partitioned fre-
quency bands is desired. .

In the case of an audio hi-fi crossover network appli-
cation, the basic filter network can easily be incorpo-
rated as a single frequency split resulting in two sepa-
rate frequency bands as illustrated in FIG. 7. However,
the present invention can be just as easily incorporated
into a plurality of frequency bands, each driving sepa-
rate speakers as illustrated conceptually in FIG. 8. In
this embodiment, the filter circuits are essentially seri-
ally arranged to create a mid-range band pass having
both a high-pass filter at the lower frequency and a
low-pass filter at the higher frequency crossover. This
concept can be extended to essentially any of the multi-
ple band audio networks or the like, as generally known
in the art. The present invention also provides for a
more direct approach to multiple frequency band spilit-
ting crossover networks, such as illustrated conceptu-
ally in FIG. 9 wherein the numerator of the polynomial
transfer functions literally separates into a series of com-
ponents each corresponding to the numerator of a given
polynomial transfer function or frequency band of the
overall network as suggested by the following polyno-
mial transfer functions that again sum to unity:

an
ST + keSO

ST + keSS + ksSS + kaS* + k3S® + koS + kST + 1

(18)
ksS® + koSt

ST + keSS + ksS® + kaS* 4 k3S? + koS? + kiS4 1
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-continued
(19)
k383 + koS?

ST+ keSO + ksS® + kaS* + k38?4 koS? + kSt + 1

(20)
kaS + 1

ST + keS5 + ksS® + kaSt + kaS3 + kaS? 4+ kS 4+ 1

In other words, the multiple frequency band splitting
crossover network of FIG. 9 involves a plurality of
successive low-pass filters followed by a high-pass filter
wherein the polynomial transfer function of each suc-
cessive low-pass filter is characterized by polynomial
equation:

my (€23)]

N

i b ki
i=(my—_1+1)
g kSt
i=0

=

mp=0andl Emi<m<m...my<...=n
where N designates the Nth band pass starting-an expe-
diential power of my_ 11 up to an expediential power
of my of the overall n degreed polynomial and wherein
the transfer function of the high-pass filter sums with
the plurality of transfer functions characteristic of the
low-pass filters such that the sum is unity. More specifi-
cally, the transfer functions for such a plurality of band
pass circuits are characterized by the polynomial series:

ko + k1S koS + k3S?
2n—1 i 2n—1 i

S kS 3 kS
i=0 i=0

which corresponds to the general case for the polyno-
mial transfer functions illustrated in equation (17)
through (20) above. Another specific case of a plurality
of band pass circuits corresponding to equation (21) are
transfer functions characterized by the polynomial se-
ries:

ko + k1S + kaS? k383 + kaS* + k5SS .
2n—

p>
i=0

2n—1 . A 1 .

S kst kS

i=0
kan-38213 4 kyn 28?12 4 kppyS21-1

2n—1 R
3 kS
i=0

Although the present invention has been explicitly
exemplified in terms of an audio hi-fi crossover net-
work, the basic concept and thus the scope of the pres-
ent invention is contemplated to be generally applicable
to any analog or digital signal filtering process and
apparatus. More specifically, the invention is envisioned
as being applicable to any frequency band splitting pro-
cess or apparatus wherein it is desirable to isolate one or
more frequency bands for whatever purpose without
introducing significant phase distortion. Thus, the pres-
ent invention has multiple applications in the communi-
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cation arts including telecommunication, satellite com-
munication, or the like as well as sonar, radar, and mi-
crowave applications. The present invention is further
generally applicable to scientific instrumentation, bi-
ofeed back equipment or similar equipment requiring
frequency band splitting. Thus, the present invention
further finds application in geophysical exploration,
seismic survey, seismic analysis, oil well logging and the
like in the form of instrumentation, equipment and data
processing including reducing the filters to digital
equivalents for numerical analysis of seismic traces and
the like. And, the present invention has generally been
applicable in audio equipment and processes including
crossover speaker networks, audio equalizers and
acoustic detector circuits.

Having thus described the invention with a certain
degree of particularity, it is manifest that many changes
can be made in the details of construction, arrangement
and fabrication of the elements and their uses without
departing from the spirit and scope of the invention.
Therefore, it is to be understood that the invention is
not limited to the embodiments set forth herein for
purposes of exemplication, but is to be limited only to
the scope of the attached claims, including a full range
of equivalents to which each element thereof is entitled.

I claim:

1. A frequency band dividing filter circuit compris-
ing:

(a) a signal input lead that branches into two separate

band pass filter circuits;

(b) a low-pass filter means within one of said separate
band pass filter circuits wherein said low-pass filter
means is characterized by a transfer function; and

(c) a high-pass filter means within said other separate
band pass filter circuits wherein said high-pass
filter means is characterized by a transfer function
that sums with said transfer function characteristic
of said low-pass filter means such that the sum is
unity, and wherein said transfer functions of said
low-pass and high-pass filter means are character-
ized by fractions wherein the denominator of said
fractions is a polynomial function of frequency of
the order of three or greater and wherein the nu-
merator of the fraction characteristic of the trans-
fer function of said low-pass filter means is a poly-
nomial function of frequency of an order at least
two less than said polynomial of the denominator,
but greater than zero.

2. A frequency band dividing filter circuit of claim 1
wherein said transfer function of said low-pass filter
means is characterized by a product of polynominals
G1(s)-G2(s) and wherein said transfer function for said
high-pass filter means is characterized by a product of
polynomials G3(s)-Ga(s) where Gi(s)+Gs(s)=1.0.

3. A frequency band dividing filter circuit of claim 1
wherein said transfer function for said low-pass filter
means is characterized by the polynomial equation:

m .
3 kS
0

i=

n .
3 kS
i=0

and wherein said transfer function for said high-pass
filter means is characterized by the polynomial equa-
tion:
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where the number 1=m=n-1 and S is frequency.

4. A frequency band dividing filter circuit of claim 3
wherein m=n-1 and ko=k,=1.0.

5. A frequency band dividing filter circuit of claim 4
wherein said transfer function of said low-pass filter
means is: ’

kS + 1
S+ koS24 k1S + 2

and wherein said transfer function for said high-pass
filter is:

83+ koS?
S+ kSt+kS+1

6. A frequency band dividing filter circuit of claim 4
wherein said transfer function for said low-pass filter
means is:

kaS2 + kiS + 1
S5+ ksS4 k3S? + kaS? + kiS + 1
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and wherein said transfer function for said high-pass .

filter means is:

S5 4 kgS* + k3$?
S+ kSt kS + k2 + kS + 1

7. A frequency band dividing filter circuit of claim 4
wherein said transfer function for said low-pass filter
means is:

R3S? + k82 + k1S + 1
57 + RgSS + ksS5 + kgS* + k3S3 + kaS? + kiS + 1

and wherein said transfer function for said high-pass
filter means is:

ST 4+ keSO + ks5S® + kaS*
ST+ keSO + KsSS + kaSt 4+ kaSP 4+ koS24 kST + 1

8. A frequency band dividing filter circuit of claim 5
wherein said transfer function for said low-pass filter
means is:

25 + 1
$+282 42541

and wherein said transfer function for said high pass
filter means is:

S3 + 282
S 4+2824+25+1°
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9. A frequency band dividing filter circuit of claim §
wherein said transfer function for said low-pass filter
means is:

48 + 1
834+ 482 445 + 1

and wherein said transfer function for said high-pass
filter means is:

$3 4+ 482
4452 145+ 1

10. A frequency band dividing filter circuit of claim 6
wherein said transfer function for said low-pass filter
means is:

4082 + 10S + 1
S5 + 108% + 40S% + 40S% 4 108 + 1

and wherein said transfer function for said high-pass
filter means is:

S5 + 108* + 4083
S5 + 108% + 4083 + 4082 + 108 + 1

11. A frequency band dividing filter circuit of claim 2
wherein said transfer function for said low-pass filter
means is:

m—1 .
(1 — pkmS™ + _20 kS
i=

m—1 .
2 kS
i=0

and wherein said transfer function for said high-pass
filter means is:

m—1 .
_20 kS + pk;pS™
i=

mz—l kisi
i=0

12. In an audio multiple spaker system a crossover
network comprising: an audio signal lead that divides,
at least once, into two parallel paths each path repre-
senting a separate frequency band pass wherein the first
frequency band pass is a low-pass filter circuit charac-
terized by a transfer function and wherein the second
frequency band pass is a high-pass filter circuit charac-
terized by a transfer function that sums with said trans-
fer function characteristic of said low-pass filter circuit
such that the sum is unity wherein said transfer func-
tions of said low-pass and high-pass circuits are charac-
terized by fractions wherein the denominator of said
fractions is a polynomial function of frequency of the
order of three or greater and wherein the numerator of
the fraction characteristic of the transfer function of
said low-pass circuit is a polynomial function of fre-
quency of the order of at least two less than said polyno-
mial of the denominator, but greater than zero.

13. A phase shift free crossover network comprising:

(a) a signal input lead that branches into two separate

band pass filter circuits;
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(b) a low-pass filter means within one of said separate
band pass filter circuits wherein said low-pass filter
means is characterized by a transfer function; and
(c) a high-pass filter means within said other separate
band pass filter circuits wherein said high-pass
filter means is characterized by a transfer function
that sums with said transfer function characteristic
of said low-pass filter means such that the sum is
unity wherein said transfer functions of said low-
pass and high-pass filter means are characterized by
fractions wherein the denominator of said fractions
is a polynomial function of frequency of the order
of three or greater and wherein the numerator of
the fraction characteristic of the transfer function
of said low-pass filter means is a polynomial func-
tion of frequency of an order at least two less than
said polynomial of the denominator, but greater

than zero.
14. A phase shift free crossover network of claim 13
wherein said transfer function for said low-pass filter

means is characterized by the polynomial equation:

—

0
15
20

m 25
S kS
i=0

5 ks

i=0

and wherein said transfer function for said high-pass 30
filter means is characterized by the polynomial equa-
tion:

n . 35
S kS
i=m41
n ;
k -Ql
IEO s
where the number 1=m=n-1 and S is frequency. 40

15. A phase shift free crossover network of claim 14
wherein m=n—1 and ko=kp=1.0.

16. A phase shift free crossover network of claim 15
wherein said transfer function for said low-pass filter 45
means is:

koS? + k1S + 1
S5+ kSt + k3SP + koS? + kS + 1 50
and wherein said transfer function for said high-pass
filter means is:
55

S5 + kaS* + k3S?
S+ S+ S+ P+ S+ 1

17. A phase shift free crossover network of claim 15

wherein said transfer function for said low-pass filter gg

means is:

k38 4 koS 4 KiS + 1
ST+ ReS® + ksS + kaS* + k3S® + kpS? + k1S + 1

65

and wherein said transfer function for said high-pass
filter means is:

16

ST + keS® + ksS® + kaSH
ST+ keSO + kS5 + kaSt + k3S3 + kpS2 + kyS' + 1

18. A phase shift free crossover network of claim 15
wherein said transfer function of said low-pass filter
means is:

k1S + 1
S3 + kaS? 4+ kS + 2

and wherein said transfer function for said high-pass
filter is:

S3 4+ k82
S+ kS kS + 1

19. A phase shift free crossover network of claim 18
wherein said transfer function for said low-pass filter
means is:

28 4+ 1
S 4282 42541

and wherein said transfer function for said high-pass
filter means is:

S35 4 282
S 4282 4285 + 1

20. A phase shift free crossover network of claim 18
wherein said transfer function for said low-pass filter
means is:

45 + 1
S 4 482 4+ 45+ 1

and wherein said transfer function for said high-pass
filter means is:

$3 4 482
$4+4s2 44541

21. A frequency band dividing circuit comprising:

(a) a signal input lead that branches into a plurality of
of N separate band pass circuits;

(b) a plurality of successive low-pass filter means
wherein each of said low-pass filter means is char-
acterized by a transfer function, wherein said trans-
fer function for the Nth low-pass filter is character-
ized by the polynomial equation:

my )
. = kiS*
i=(mNn_1+1)

n .
3 kS
i=

0

mp=0andl Em<m<m... my<...=n

; and
(c) a high-pass filter means wherein said high-pass
filter means is characterized by a transfer function
that sums with the plurality of transfer functions
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characteristic of said plurality of successive low -continued
ara ic plurality of su e - Kon_2S2"=2  kgy_ S
. . 2n—1_ . an—1_
pass filter means such that the sum is unity. f’zo kSt f’):o kS
5 1= 1=

22. A f band dividing circuit of claim 21 N .
requency band dividing cireut 2 23. A frequency band dividing circuit of claim 21

wherein said transfer function for said plurality of band wherejn said transfer func'tion for said plurality of band
pass circuits are characterized by the polynomial series:

pass circuits are characterized by the polynomial series: 10

ko + k1S + kaS?  kaS® + kaS* + ksS®
TP I i s
i=0 i=0

15
ko + k1S kaS? + k3S3 kyn 38273 4 kop—25%"2 + kgp_1S2"1

+ +ot i1
2n—1 . 2n—1 . i
S kS S kst RN
i=0 2o S =0
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