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1
PHASE EQUALIZED FILTER

FIELD OF THE INVENTION

This invention relates in general to frequency selec-
tive apparatus for filtering electro-magnetic energy.
More particularly, this invention pertains to a band-
pass filter characterized by linear phase over a central
portion of the pass-band. In comparison to a simple di-
rect-coupled resonator filter. the filter of the present
invention is characterized by a flattened pass-band at-
tenuation and a doubling of group delay band-width.

BACKGROUND OF THE INVENTION

The simple type of direct-coupled resonator filter
typically may comprise a series of inter-connected res-
onant elements. The electro-magnetic wave energy
passes by way of one path from the input to the output
of the filter; that is apart from multiple reflections that
may occur. This type of a filter provides minimum
phase linearity and is characterized by phase and delay
characteristics which are completely prescribed by the
amplitude characteristic. .

A filter having both direct and cross-coupled resona-
tors is disclosed in U.S. Pat. No. 3,597,709. In compari-
son with the simple direct coupled filter, the filter
shown in this patent is provided with a plurality of extra
cross-coupling paths. Hence, the electro-magnetic
wave can reach the output from the input via multiple
alternate routes. A filter of this type, as discussed in
U.S. Pat. No. 3,597,709, may be designed to provide a
wide variety of characteristics, e.g., maximaily-flat or
equiripple group delay.

One of the primary disadvantages associated with fil-
ters of the type shown in U.S. Pat. No. 3,597,709 is that
the direct and cross-coupling coefficients between res-
onators must generally be very close to the theoretical
values if a satisfactory performance is to be achieved.
This means that a filter with two or more extra cross-
couplings may be difficult to tune and consequently
quite expensive to produce. In particular, it may be
quite difficult to tune a narrow-band filter of this type
over a broad frequency band, as required for economic
design of filters for communications systems, for exam-
ple. Another disadvantage associated with these prior
art direct and cross-coupled filters is that the out-of-
band attenuation is considerably reduced by the pres-
ence of the extra cross-couplings. Hence, a greater
number of cavities are required than for a conventional
coupled filter. This in turn increases the insertion loss
in the pass-band of the filter. For cases where between
60% and 100% of the pass-band is required to have a
linear phase then a filter of the type described in U.S.
Pat. No. 3,597,709 is most desireable. However, there
are many applications wherein only the central 50% of
the pass-band is required to have linear phase. For ex-
ample, this is the case in most communication links
where flat delay over the central 50 percent of the pass-
band may result in major improvements in systems per-
formance since most of the energy is transmitted in the
central region of the pass-band.

Accordingly, it is an object of the present invention
to provide a band-pass filter of the direct-coupled type
preferably having one extra cross-coupling added to
the direct coupled resonator filter. This arrangement
provides an extremely flat group delay; e.g., about 0.3
nano-seconds variation in the central 50 percent of the
pass-band (defined to the equi-rippie points) of a filter
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having an absolute group delay on the order of 50
nano-seconds.

SUMMARY OF THE INVENTION

To accomplish the foregoing and other objects of this
invention there is provided a band-pass filter which
generally comprises a first series of resonant elements,
a means for coupling an input signal to a resonant ele-
ment of the first series, means coupling to a resonant
element in the first series for obtaining an output signal
and a second series of resonant elements smaller in
number than the first series and arranged with each res-
onant eiement opposite and in substantial alignment
with a different resonant element in the first series. The
second series of resonant elements preferably numbers
two and provides a single cross-coupling alternate path.
The resonant elements in both the first and second se-
ries are directly coupled in consecutive order. The
means for coupling an input signal is disposed prefera-
bly at one end of the first series and the output signal
is obtained at the other end of the first series.

In one embodiment of the invention the first series of
resonant elements is defined by a waveguide structure
partitioned off by iris-defining plates. The second series
of resonant elements includes two resonant cavities
separated by an iris-defining plate and intercoupled to
corresponding resonant cavities of the first series by
means of an iris. In addition to the use of a rectangular
waveguide the concepts of the present invention may
also be applied with circular cavities, coaxial cavities,
or with interdigital, comb-line, or helical-line resona-
tors.

BRIEF DESCRIPTION OF THE DRAWINGS

Numerous other objects, features and advantages of
the invention will now become apparent upon a reading
of the following detailed description taken in conjunc-
tion with the accompanying drawings, in which:

FIG. 1 is a perspective view of one form of a filter
constructed in accordance with the principles of the
present invention;

FIG. 2 is a cross-sectional view of the filter shown in
FIG. 1 and including the tuning screws;

FIG. 3 is a low-pass prototype network of the filter
shown in FIGS. 1 and 2;

FIG. 4 is a circuit representation of the low-pass pro-
totype for an even-crdered Chebyshev filter;

FIG. 5 is another circuit representation similar to that
shown in FIG. 4 for the admittance-inverter form of the
Chebyshev low-pass prorotype; and

FIG. 6 shows the even mode form of the low-pas pro-
totype network shown in FIG. 5.

DETAILED DESCRIPTION

FIG. 1 is a perspective view of one embodiment.of a
filter constructed in accordance with the principles of
the present invention and partially cut-away to expose
the structure of the interior of the filter. This is an em-
bodiment in which the resonant cavities are formed by
a sequence of irises located within a hollow rectangular
waveguide. A first serial array of resonant cavities Q1,
Q2, Q5, and Q6 is formed by the iris plates 8,10,12,14
& 16. The iris plates are spaced along the hollow rect-
angular waveguide 17 and partition the hollow rectan-
gular waveguide into a tandem sequence of resonant
chambers.
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A second array of resonant cavities Q3 and Q4 is sim-
ilarly formed by the iris plate 20 in the hollow rectangu-
lar waveguide section 22. The waveguide section 22 is
closed at both ends by plates 23 and 24, and the plate
20 has an aperture 26 providing direct coupling be-
tween the resonant cavities Q3 and Q4. The wave-
guides 16 and 22 are separated longitudinally by a com-
mon narrow wall 30. The resonant cavities Q2 and QS
are disposed opposite the respective cavities Q3 and
Q4. Coupling between these opposite resonant cavitics
in the two arrays is provided by coupling apertures 31
and 32 in the common wall 30. Signal energy is coupled
into the filter at port 35 of waveguide 16 and the output
of the filter is obtained at the output port 38 associated
with the other end of waveguide 17. The main path
taken by the signal through the filter is sequentially
through cavities Q1, Q2, Q3, Q4, Q5, & Q6, but a cross
coupling is provided between cavities Q2 and QOS5 by
means of iris plate 13.

FIG. 2 is a cross-sectional view of the filter of FIG.
1 and also including the tuning screws that may be asso-
ciated with each cavity of the filter. Regarding the filter
shown in FIGS. 1 and 2 the extra cross-coupling may
be considered as existing between resonant cavities Q2
and Q5. The filter of the present invention is actually
only slightly more complicated than the conventional
direct-coupled filter and is easily tuned to any fre-
quency range. Another advantageous feature of the
present invention is that the extra cross-coupling be-
tween cavities Q2 and Q5 may be made variable by a
tuning screw or other means. In FIG. 2 each of the cavi-
ties Q1-Q6 have associated therewith respective tuning
screws T1-T6. When the cross-coupling between cavi-
ties Q2 and QS is changed, the filter may be rematched
by tuning the main coupling between cavities Q3 and
Q4, followed by minor adjustments to the tuning of the
adjacent resonant cavities which should have been dis-
turbed only slightly. If the cross-coupling is tightened,
then the main coupling by way of cavities Q3 and Q4
is to be loosened. The theory of the present invention
which is discussed in more detail hereinafter, shows
that the sum of these two couplings remains almost
constant. Hence, it is relatively simple to tune the filter
to give group delay characteristics which are either un-
dercoupled, critically-coupled, or over-coupled. This is
a useful feature for many systems applications of the
present invention.

Regarding the embodiment shown in FIGS. 1 and 2,
since only one extra cross-coupling is used therein, the
out-of-band attenuation is not reduced as much as in
the case of the filter of the type shown in U.S. Pat. No.
3,597,709. It can be seen from FIG. 1 that the out-of-
band attenuation of an n-cavity filter cannot be worse
than that of an (n—2)-cavity conventional filter as dis-
closed in the prior art patent referred to herein. In fact,
since the coupling between cavities Q2 and QS5 is very
loose, then the attenuation will be higher than that of
an (n—2)-cavity conventional filter.

The insertion loss at mid-band with the filter of the
present invention is increased in comparison with that
of the conventional direct and cross-coupled filter. At
the same time, however, the insertion loss is relatively
flattened over the central 50% of the pass-band corre-
sponding to the flat group delay band-width. Typically,
for an insertion loss of one dB this insertion loss is con-
stant to withiin 0.05 dB over the central 50 percent of
the pass-band. Although the mid-band insertion loss of
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the filter is perhaps 0.3 dB higher t[};m the conventional
filter, the attentuation at the edges$ of the central 50%
is increased by a rather small amount. In effect, the
extra cross-coupling causes the insertion loss charac-
teristic to flatten by increasing the mid-band loss to
equal the loss at the 50 percent frequencies.

Having described a waveguide embodiment of the
present invention, consideration is now given to the
theory and design of the structure.

THEORY AND DESIGN PROCEDURE

In U.S. Pat. No. 3,597,709 a design procedure was
disclosed relating to the filter structure disclosed
therein for a band-pass filter. The theory of the present
invention is examined using a low-pass prototype
lumped constant embodiment as depicted in FIG. 3.
The extra cross-coupling is represented by the admit-
tance inverter Jm—1.

The transfer function of the low-pass prototype takes
the form:

. p=ol?

S (M) =Py (1)
where p is the complex frequency variable, D,(p) is a
Hurwitz polynomial, and o, is a positive parameter.
Transmission zeros are located on the real axis at p =
* o, i.e., the amplitude response is controlled mainly
by-the denominator polynomial, and the phase equali-
zaton is equivalent to a single Darlington C-section.
The network shown in FIG. 3 is an #=2m ordered low-
pass prototype network wherein n = the number of cav-
ities. The network includes n shunt capacitors C,, C, .
.. Cm—1, Cm spaced by (n—1) ideal admittance invert-
ers indicated generally by the reference character 40.
There are a plurality of admittance inverters, shown in
FIG. 3 along the main path, represented by a unity
value. The inverter J,, is also considered as in the main
path and the inverter Jm—1 represents the one extra
cross-coupling path.

This low-pass prototype network will now be derived
by a modification of the standard lumped-element
even-ordered Chebyshev low-pass prototype filter. See
IEEE Transactions on Microwave Theory and Tech-
niques, Volume MTT=18, Number 6, June, 1970,
pp-290-301 by John David Rhodes. The »n'* ordered
prototype is shown in FIG. 4, where the element values
are given by: '

g=1 :
ey (2L
g, =2 sin mn ™ Iv
gy 271 (2r+l )
sin 5w sin T
Br 8rs1 = 2 F m (2)
¥? + sin? (T“
Where
(r=1.2 n—1
g1 =S
and Vs
2vVS
¥ = sink (—sml\ ! )
n S—1

S is the VSWR at d.c., or the ratio of the output con-
ductance to the input conductance.
Using the relationship:

Br 8r+1 = Hnoor Bn-ra1
where (r=0, 1,2, ...

(3)
n)
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then it is possible to transform the circuit of FIG. 4 to
the physically symmetric circuit of FIG. § by introduc-
ing ideal admittance inverters. Electrically, this net-
work is actually antimetric. The central admittance in-
verter is given by:

VS  modd
1/v/S Meven

- 4)

This circuit is seen to be identical to that of FIG. 3
with the exception of the extra cross-coupling admit-
tance inverter J,-,. In accordance with the theory of
this invention, the invertor J,.;, is now introduced in
the form of a small perturbation of the Chebyshev filter
(it is quite small in practice). The even-mode embodi-
ment of the network of FIG. 3 formed by inserting an
open-circuit along the physical line of symmetry is
shown in FIG. 6. The only portion of the network which
is changed from the Chebyshev values is to the right of
plane A—A. The admittance at this plane is:

@ Co + I ] )

Yi=]j [‘" Chpor+ -y —
In the Chebyshev case J,,—; = 0, and the admittance
is .

Yu=j (6)

e sectee]
mt @ Cu+ I
It has been found that for a resonably small value of
Ju-1 then a very good well matched linear phase filter
may be designed by setting Y, =Y’ at @ = 0. This gives
the relationship

'
-’m

In= T¥ 7, Ins

and since J,,' = 1 and J,—; is small, there results the
following approximate equation:

Jm + ‘l"l—l = ‘Illl,

The low-pass prototype is designed, therefore, by in-
troducing a finite value of J,,_, into the Chebyshev pro-
totype, adjusting J,, from its Chebyshev value J,,' given
by equation (4), using equation (7), and analysing the
filter over the low pass-band. It is then a simple matter
to find a value of J,, giving the desired group delay re-
sponse since only one parameter is varied. It is found
that under-coupled, critically-coupled, or overcoupled
group delay charucteristics may be obtained.

The band pass filter is derived from the low pass pro-
totype using any of the methods described in the litera-
ture. See, for examples, other articles by J. D. Rhodes
appearing in the June 1970 issue of the IEEE Transac-
tions Vol. Mtt-18 and entitled “The generalized inter-
digital linear phase filter” pp. 301-307, and *The gen-
eralized direct-coupled-cavity linear phase filter” pp.
308-313.

It should be evident from the following description
that the invention can be embodied in many different
forms. It is preferred to use only one cross-coupling
path, however, especially for filters containing a num-
ber of cavities, two or more cross-coupling paths can be
employed.
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Because the invention can be embodied in varied
structures, it is not intended that the invention be lim-
ited to the forms here illustrated or described. Rather,
it is intended that the invention be limited solely by the
appended claims and include those structures that do
not fairly depart from the essence of the invention.

What is claimed is:

1. A microwave band-pass filter having a relatively
flat group delay and linear phase over the central por-
tion of the pass-band, said filter comprising;

means defining a first series of resonant elements,

means for coupling an input signal to a resonant ele-

ment of the first series,

the resonant elements in the first series being each

directly coupled in consecutive order with its adja-
cent element,
means defining a second series of resonant elements
smaller in number than the number comprising said
first series and arranged with each resonant ele-
ment opposite and in substantial alignment with a
different resonant element in the first series,

means coupling from a last resonant element in the
first series for obtaining an output signal therefrom,

the resonant elements in the second series being each
directly coupled in consecutive order with its adja-
cent element,

said first and second series being arranged to provide

a main path through all of said resonant elements
with at least one cross-coupling path being pro-
vided between two adjacent elements of the first
series,

means for independently tuning each resonant ele-

ment, and

tuning means associated with said one extra cross-

coupling path.

2. The filter of claim 1 wherein both the first and sec-
ond series of resonant elements each include a wave-
guide structure partitioned by at least one iris-defining
means to form a plurality of resonant cavities.

3. The filter of claim 2 wherein said waveguide struc-
tures have a common wall having means defining at
least two coupling apertures between said first and sec-
ond series.

4. The filter of claim 1 wherein said second series in-
cludes only two resonant elements and there is pro-
vided only one cross-coupling path.

5. The filter of claim 1 characterized by a flat group
delay over approximately the center 50 percent of the
pass band.

6. The filter of claim 5 including means for indepen-
dently tuning each resonant element.

7. A microwave band-pass filter having a relatively
flat group delay and linear phase over the central por-
tion of the pass band, said filter comprising;

means defining a series of resonant elements includ-

ing a waveguide structure partitioned by a plurality
of iris-defining means to form a plurality of reso-
nant cavities,

said series of resonant elements being arranged so

that at least two of said elements are opposite and
in substantial alignment with other resonant ele-
ments of the series to define a main path through
all of the resonant elements,

two other of said elements providing one cross-

coupling path,

means for independently tuning each resonant ele-

ment,
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first means for tuning the coupling between the said
at least two resonant elements,
and second means for tuning the coupling between
the said two other resonant elements,
said first and second tuning means operable to pro-
vide group delay characteristics which are either
undercoupled, critically-coupled or over-coupled.
8. The filter of claim 7 wherein there is provided only
one cross-coupling path.
9. The filter of claim 7 wherein all of said resonant
elements are coupled in line except said at least two
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resonant elements.

10. The filter of claim 9 wherein a first of said reso-
nant elements of the in line group includes means for
receiving an input signal and a last of said resonant cle-
ments of the in line group includes means for coupling
out an output signal.

11. The filter of claim 10 wherein said at least two
resonant elements are opposite any other resonant ele-

ments except said first and last resonant elements.
* ok ok %k 0%
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