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Abstract—An exact design procedure is presented for contiguous-
band multichannel filters. The procedure is theoretically valid at all
frequencies for filters which employ TEM-mode (transverse-electro-
magnetic-mode), quarter-wave line networks. The design of diplexing
networks is considered in detail with multichannel filters being real-
ized as a cascade of suitable diplexers. Microwave complementary
component filters are shown to fulfill the requirement for the design
of diplexing and multichannel filters with theoretically perfect match
at all frequencies.

A design procedure using component networks with Chebyshev
characteristics is given. This allows a narrow crossover region and
high isolation to be obtained for a given network complexity at the
cost of a slight increase in input-port VSWR (Voltage Standing-Wave
Ratio). The design procedure makes use of published tables and
does not require a detailed knowledge of synthesis techniques.

Experimental results for two diplexing networks, one a comple-
mentary pair and the other a Chebyshev pair, are given in verification
of the theory presented.

I. INTRODUCTION

HE DESIGN of passive multichannel filters re-

quires a network that will separate a given fre-

quency band into N channels with minimum in-
sertionlossand low-input-port VSWR.The complexity of
the network is determined by the allowable width of con-
tiguous channel crossover regions and the required iso-
lation between bands.

The design approach reported in this paper uses a
number of two-channel filters (diplexers) as basic build-
ing blocks in obtaining the N-channel filter as shown in
Fig. 1. A design technique for multiplexers using a dif-
ferent network configuration is given in Cristal and
Matthaei [1]. By using exact synthesis techniques, a
three-port network with the desired band separation
and a low-input VSWR over a broad frequency range
is obtained. Networks of this type can then be used, in
cascade, to realize multichannel filters. ‘
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Fig. 1. General configuration of N-channel filter.
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II. TuE “IpEAL” DIPLEXER

An “ideal” diplexer is defined as a lossless, resistively
terminated three-port network that separates the fre-
quency spectrum into two isolated bands with a perfect
match at the input port.

The network to be considered for the ideal diplexer is
that of two parallel-connected, resistively terminated,
lossless filters, one of which is low-pass, and the other
high-pass! as indicated schematically in Fig. 2.

A simple parallel connection of low-pass and high-
pass filters does not insure that the resulting network
will approximate the ideal diplexer characteristic. In
most single-filter design procedures, only the transmis-
sion response is considered and little attention is given
to the input admittance characteristics. In the stop-
band, the input admittance of the filter will be a sus-
ceptance that varies with frequency, and thus, one that
will seriously affect the performance of another filter
connected in parallel. For narrow-band channels sepa-
rated by guard bands, a good match only may be re-
quired over the narrow pass-bands involved, and con-
ventional design procedures can be employed [3].
Where the bandwidths involved are moderate to wide
and the channels are contiguous, special techniques are
required.

A parallel connection of networks of the type shown
in Fig. 2 provides a perfect match at the input port if
the component filters are defined as complementary.?
This requires that the input admittances of the low-pass
and of the high-pass filters obey the normalized rela-
tionship

YVio = Yurp + YVigue = 1. 1

Consequently, the sum of real parts of the input ad-
mittances must be constant and the reactive parts
must be equal and of opposite sign. Thus

Re [Vinre] + Re [Viune] = 1
Im [YinLP] + Im [YinHP] = 0. (2)

! The analysis for the dual case of series-connected networks fol-
lows in an analogous manner. The admittance case is, in general, more
applicable for implementation at microwave frequencies. Because of
the repetitive nature of the microwave networks to be considered,
the high-pass filter becomes a band-pass filter, and the low-pass filter
becomes a stop-band filter {2]. Thus, only low-pass and high-pass
characteristics need be investigated.

2 A thorough discussion of complementary filters can he found
in Guillemin [4] and Weinberg [5]. Examples of microwave comple-
ments are given by Wenzel [2].
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Fig. 2. Basic diplexer configuration and network definitions.

For lossless networks terminated in a unit resistance
Re [Vin] = | Vua? 3)

where Yy, is the ratio of output current to input voltage.
(See Guillemin [4], p. 446.) Therefore, (1), (2), and (3)
require that

i Y12IQLP + l Y1212HP = 1. (4)

To design a complementary filter pair, it is necessary
to designate the | lel 2 in (4) with suitable functions
and then to synthesize networks that realize these func-
tions. Details of methods used in function designation,
sometimes referred to as the “approximation problem,”
can be found in Guillemin [4] and Weinberg [5]. In
most instances, this lengthly process can be avoided by
the use of tables [5], [6]. To obtain low-input VSWR
at all frequencies, it is necessary that the input admit-
tances of the component filters be realized exactly.
Exact syntnesis procedures for microwave TEM-mode
networks consisting of quarter-wave lines can be found
in Ozaki and Ishii [7], [8], Grayzel [9], Shiffman and
Matthaei [10], and also in Wenzel [2]. The microwave
networks can be designed by applying lumped element
techniques, and using the transformation

Tw
S=j0=j tan — -
2600

A straightforward application of Kuroda's identities
[2], [8] and/or Richard’s theorem [11] then leads to
practical microwave structures with characteristics

that are known theoretically at all frequencies.
Complementary filter design, based on transfer ad-
mittance prototype networks, requires the use of singly
terminated networks rather than the doubly terminated
networks more commonly used at microwave frequen-
cies. Thus, each component network is designed as
though it were being driven by an ideal voltage source
rather than with a matched generator. When the two
complementary networks are connected in parallel, the
input admittance becomes purely conductive. Thus, if

the network is driven by a matched source, the input
voltage remains constant as was assumed in the design
of the component filters. The characteristics of the net-
work pairs are determined by both the magnitude and
phase of the input admittance rather than by a magni-
tude function alone as in conventional, doubly term-
inated microwave filter design. To achieve the desired
performance, techniques must be used that preserve
both the magnitude and phase characteristics of the in-
put admittance. Exact synthesis procedures are ideally
suited to meeting these requirements.

A commonly used low-pass filter characteristic, suit-
able for use in designing a complementary filter pair is
the nth order Butterworth function given by

1

1 Y1212LP = ﬁ— P (5)
where
W
Q= tan— -
2(.00

The complementary characteristic is given by

Qzn
I YIZ |2HP = T

14 o

(6)

The element values in the ladder prototype for the
low-pass filter can be obtained from tables [5], [6].
The high-pass network has the same geometry as that
of the low-pass network with every element being re-
placed by its dual and having a reciprocal element value
[2].

Prototype networks for the third-order filter pair are
shown in Fig. 3(a).® To obtain a realizable micro-
wave structure, unit elements of characteristic im-

? The capacitor and inductor symbols in Fig. 3 are used to repre-
sent open-circuited and short-circuited quarter-wave sections of
transmission line, respectively (2], [12].



1965

2

Wenzel: Multichannel Filter Design

Z,=1
1 i
v e
1:3/2 413
Zo =1 Za =1 L
1 1
v.e v.e
et pmm—_———— 1
' 1 | e
| 413 2/3 |
1:3/2 3/2:1 1 E | 372 1
z,= 1 e z,=1 {-0—— =124 z, =10~
1 | §2 | [ = '
' | l i
u.e i 1 u.e —G ] v.e | v.e
L e e 4 L e = —
(c)
3 2/3 1
- 1L - - -
z,=1 i z =1 o z,=2 _]_ z,=1
1 2 1 .1..3/2 1/3 T 1
u.e v.e u.e u.e
(d)

Fig. 3. (a) Third-order butterworth complementary filter pair prototype. (b) Insertion of unit elements (u.e.). Note: The dotted lines
indicate the section that will be transformed in the next diagram. The solid lines indicate the results of the previous transformation.

(c) Application of Kuroda's identities. (d) Final circuit.

pedance Z,=1 are inserted between each network
and its load as shown in Fig. 3(b). This changes the
phase of the transfer admittances, but maintains the
input admittance unchanged. Kuroda’s identities now
can be applied to obtain a practical realization. One
method of accomplishing this is demonstrated in Fig.
3(c). As is evident, the physical form of the filter pairs
is not unique. The identities can be further applied to
the final circuit, Fig. 3(d), and many other realizations
can be obtained. The manner in which the identities are
applied is dictated by the practical realizability of re-
sulting element values. For the series capacitors and
shunt inductors, care must be taken in applying the
transformations so that ideal transformers are not gen-
erated. In the foregoing example, this is accomplished

by splitting the shunt inductor in Fig. 3(c) in such a way
that the resulting transformer has the same turns ratio,
but of opposite sense, as that generated by the series
capacitor transformation [2].

A practical microwave realization* of the above di-
plexer is shown in Fig. 4 and an experimental model is
shown in Fig. 5. The experimental input VSWR and
transfer characteristics in the frequency range0to 8 Ge/s
are given in Fig. 6. The repetitive nature of the dis-
tributed lines results in multiple crossover points. If only
one crossover is of interest—as is often the case—maxi-
mum experimental VSWRs of less than 1.2 are easily

4 The manner in which the numbers associated with the prototype
are converted to transmission line dimensions is discussed thor-

oughly in [2], [7], [9], and [12].
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Fig. 5. Third-order Butterworth complementary filters.
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obtainable. Sharper crossover characteristics can be ob-
tained by using filters of a higher order. Any desirable
bandwidth can be obtained by frequency scaling the
prototype networks [2].

The above diplexer is “ideal” in the sense that it has
an input match that is theoretically perfect. It is “non-
ideal” in that only for an infinite number of filter ele-
ments does the crossover region become zero in width.
Steeper filter skirts, and consequently a narrower cross-
over region, can be obtained for a given number of
filter elements if a Chebyshev approximation to the de-
sired characteristic is employed. From the viewpoint of
input VSWR, the optimum condition occurs when the
filters are complementary. However, imposing this
condition on Chebyshev filter pairs leads to poor isola-
tion. This effect can be understood by considering a 0.1
dB ripple filter. When the power response of this filter
is down 0.1 dB or approximately two per cent, the re-
sponse of a true complement must pass the two per
cent power resulting in only 17 dB isolation. However,
this amount of isolation is insufficient in many practical
situations. Thus, requiring the input VSWR to be 1.0
puts a severe restriction on the width of the crossover
region and the realizable isolation. Intuitively, one ex-
pects that it should be possible to improve the isolation
and crossover characteristics by relaxing the input
VSWR requirement.

III. NARROWER CROSSOVER REGIONS OBTAINED BY
InrUT-PORT MISMATCH

Insight into the manner in which the VSWR require-
ment might be relaxed can be obtained by considering
the mathematical form of the pertinent filter character-
istics. A significant fact is that the input admittances
associated with parallel-connected complementary fil-
ters are minimum susceptive, i.e., they do not contain
Jj-axis poles. Under this condition, the admittances are
analytic in a one-half plane and have real and imagi-
nary parts that are Hilbert transforms. Thus

Im [Vin(2)] = — —fﬂ Re V@l

Q—x
For the functions under consideration, one can differen-
tiate both real and imaginary parts of ¥;, a number of
times, carry out the indicated integration, and then
integrate the left-hand side the same number of times it
had been originally differentiated to obtain Im [¥:,(Q) .
That is

(7

1f+w
--—]

aar

dxn
dx
[ | Vis(x) |20 + | Via(x) K3 (
dxr
dx
Q—x

1f+w
--—)
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Fig. 7.—(a) Piecewise linear low-pass high-pass filter characteris-
tics | Yi2|2= Re (¥u®). (b) First derivative of filter characteris-
tics. (c¢) Second derivative of filter characteristics.

Equation (8) provides a convenient method of cal-
culating—numerically and graphically—theinput VSWR
of a filter pair and demonstrates the factors which most
influence the obtainable characteristics.® Using criteria
derived from this relation, it is possible to build filter
pairs with low-input VSWR and crossover characteris-
tics that are significantly better than the Butterworth
characteristics of comparable order. These filters are
synthesized with the use of an exact theory, and thus
have characteristics that can be specified theoretically
at all frequencies.

As an example of applying the above relation, con-
sider the piecewise linear, low-pass high-pass filter pair
characteristics shown in Fig. 7(a). First and second
derivatives of the characteristics are shown, respect-
ively, in Fig. 7(b) and 7(c). Since the second derivative
functions have been reduced to a set of impulses, the
integral in (8) can be evaluated by inspection and the
imaginary part can be determined by two integrations of
the resulting function. A good design criterion can be
obtained from Fig. 7(c). Location of the impulses is de-
termined by the filter break points, and their magnitudes
are determined by the slope of the filter characteristics.
Thus, if the break points are forced to occur at the
same frequencies and the slopes of the filter character-
istics are made equal and opposite, the impulses will
cancel, and result in a zero imaginary part. Under these

5 For examples of numerical calculations see Guillemin [4], pp.
296-308.

conditions, the real parts must add to unity as in the
case of true complements.

Computations similar to the above example show
that any filter pair that has an input admittance with a
real part of approximately unity at all frequencies, and
that is devoid of extremely rapid variations in its char-
acteristic will have an imaginary part that is quite small
and will exhibit good diplexing properties. Therefore,
any low-pass high-pass filter pair for which
+| V1| 2p ~ 1 will be suitable.

One method of obtaining input admittances that add
to approximately unity is to set the 3 dB points of the
filter characteristics equal to each other, and to set the
slope of the high-pass filter equal to the negative of the
low-pass slope at the 3 dB point. As a starting point, a
low-pass Chebyshev prototype network is chosen where

1
| Per = T ®)

Yi|2e

This function has a pass-band ripple determined by

e and is monotonic in the stop-band. For reasons previ-

ously discussed, the true complement should not be used

for the high-pass network. A suitable functional char-

acteristic can be obtained by applying the low-pass to

high-pass transformation (by substituting 1/Q for Q) to
(9) giving

1
l V12(2) ‘21-119 = (10)

14 27,2 <i)
Q
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This characteristic has a monotonic stop-band, and
pass-band ripple determined by e. It does not provide
the desired characteristic in that it “crosses over” the
chosen low-pass function of (9) at 2=1, or at the speci-
fied ripple value rather than the 3 dB point. This prob-
lem can be eliminated by frequency scaling the high-
pass network which is accomplished by substituting
Q/k for Q in (10). The 3 dB frequency for the low-pass

filter [13] is given by
1
cosh™! <—>
€

7

(11)

Q 3dB = COSh

where # is the number of filter sections. Therefore, &
is given by solution of

k
Tn2(Q 3 dB) = Tn2 <—‘“-—‘> (12)
Q3an
or

1

cosh™1 <—

€
k= Q2348 = cosh? (13)

n

Thus, the requirement that the 3 dB points for each
characteristic occur at the same frequency has been
satisfied.

The second requirement, that the characteristics
have slopes that are equal and opposite at the 3 dB
frequency, is also satisfied by the above transformation
and renormalization as shown in the Appendix. The
desired network characteristics thus are given by

1
T Y er(n)

9
LP —

| Vie

(149)

and

1

k
14 eT,2 <—>
Q

An important aspect of the above procedure is that
networks with quite high ripples {(on the order of 1 dB)
in their | V12| ? functions, with consequent steep band-
edge skirts, can be used without obtaining significant
ripple in insertion loss. Thus, one obtains the advantage
of skirt selectivity associated with a high-ripple filter to-
gether with the pass-band insertion loss characteristic
of a low-ripple filter. At first thought, this result may
appear to contradict the known optimum responses ob-
tainable using a given number of filter elements. For
example, it is known that a low-pass filter containing
N elements has an established optimum response in

f

‘ Yy [2HP

Januvary

terms of skirt slope and pass-band ripple. An improve-
ment over this optimum response for the diplexing
network containing two N-element networks is possible
since the high-pass filter stop-band input admittance
aids the pass-band response of the low-pass filter, and
vice versa. In effect, the pass-band insertion loss re-
sponse of each filter in the pair is determined by two
N-element filters and thus can provide a response better
than the optimum for an N-element filter.

The fact that low-pass-band ripple can be obtained
from a filter pair having large ripple in its transfer ad-
mittance characteristics also can be seen by considering
the input admittance of each filter in the pair. Since
Re[Vin] =] V1|2, each filter has an input admittance
whose real part exhibits relatively large ripples. If the
real parts add to approximately unity (within 20 per
cent, for example) and do not vary rapidly, the imagi-
nary parts will be approximately equal and opposite and
will tend to cancel. Under these conditions, the com-
ponent networks appear as two conductances in parallel,
one that varies as | Y| %p and the other as | Vi 2.
Ripple in the | Ym| 2 functions thus is presented at the
input port as a resistive ripple. A| Ym] z ripple of 1 dB
corresponds to a resistive variation of approximately
1.25 to 1 and, therefore, to an input VSWR variation
of 1.25 to 1. This results in a very small transmission
ripple. In general, for ripple values for 1 dB or less, the
maximum input VSWR isapproximatelyantilog (a/10),
where « is the ripple in dB. In practice, the input VSWR
is slightly higher than this value since the input suscept-
ance is not exactly zero.

Element wvalues for the network that realizes the
low-pass characteristic of (14) can be obtained from
tables in Weinberg [5], [6]. The high-pass network is
obtained by inspection using a procedure similar to that
for the Butterworth networks. The low-pass to high-
pass transformation results in a high-pass network hav-
ing the same geometry as the low-pass network with
every element having been replaced by its dual with a
reciprocal value. Frequency scaling by the factor

1
I— cosh™! (——)
k = cosh? L———i—

n

is then accomplished by dividing all of the element val-
ues in the high-pass network by &.

The following design example demonstrates the tech-
nique described above. For simplicity, a two-section
design will be described. Extension to higher order
filter pairs follows in a straightforward manner.

The design procedure is initiated by choosing the low-
pass filter which, in the present example, is a two-sec-
tion 1-dB ripple Chebyshev transfer admittance proto-
type shown in Fig. 8(a) (page 12). The low-pass to
high-pass transformation gives the network of Fig. 8(b).
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For a 1-dB ripple, e=0.51; therefore, from (13), k=1.48.
Dividing the element values of the network of Fig. 8(b)
by k gives the final prototype shown in Fig. 8(c). To
complete the design, unit elements are inserted adjacent
to the load as for the Butterworth example and Kuroda's
identities are applied. Because of the simple nature of
each filter, both can be built without actually applying
Kuroda’s identities. The introduction of a one-unit
element before each load is sufficient. However, this
requires that the shunt inductor and capacitor be
placed on opposite sides of the line to insure that there
is no interaction between their fields. The input port
then has to be connected at right angles to the plane of
the filter structure. This can be a suitable configuration
at low frequencies but might easily lead to radiation in
C band or X band. To alleviate this problem, the high-
pass prototype was left in its original form and Kuroda’s
identities were applied to the low-pass structure to
move the capacitor away from the filter junction. One
application of Kuroda's identity yields the circuit of
Fig. 8(d). In order to make the construction simple,
the input inductor was separated into a series connec-
tion of two inductors, and Kuroda’s identity was ap-
plied to yield a design in which all the unit elements had
a value equal to the characteristic impedance of the sys-
tem, and all the stub impedances were easily realizable.
The final prototype network is shown in Fig. 8(e). A
diagram of an experimental circuit that realizes the net-
work of Fig. 8(e) is shown in Fig. 9(a). The performance
of the filter pair can be obtained by direct analysis. Re-
ferring to Fig. 8(c), the normalized output powers are
4] V5(jQ) | * and 4] Vo(jQ)|? for the low-pass and high-
pass channels, respectively. Both theoretical and ex-
perimental power transmission curves as well as input
VSWR are shown in Fig. 9(b).

The computed characteristics of a five-section 1-dB
ripple Chebyshev transfer admittance characteristic
are shown in Fig. 10. The improvement in crossover
width relative to that of a Butterworth characteristic of
the same order is significant. The cost is only a small
increase in input VSWR.

IV. MULTICHANNEL FILTERS

The exact design procedure for the diplexer now may
be extended to handle contiguous multiple channels.
The theoretically perfect match of each diplexer can
be maintained at the input of the N-channel filter by
using complementary filter pairs. If a slight input-port
mismatch can be tolerated, Chebyshev filter character-
istics can be used resulting in a decrease in network
complexity for a given crossover width and isolation
requirement. As an example, assume that it is desired
to separate the {requency band 1 to 12 Ge¢/s into four
bands—1 to 2, 2 to 4, 4 to 8, and 8 to 12 Gc/s, respect-
ively. One method of accomplishing this separation is
indicated in Fig. 11(a). The first diplexer has a cross-
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over at 4 Ge/s and is constructed of transmission lines
having a quarter-wavelength at a frequency, fo, of 8
Gce/s. The resulting 1 to 4 Ge/s and 4 to 12 Ge/s bands
are then split by the use of two more diplexing networks.

An alternate method that uses the repeating nature
of the exactly designed networks is shown in Fig. 11(b).
The first diplexer is constructed about a center fre-
quency of 6 Ge/s and divides the 1 to 12 Ge/s band into
three bands: 1 to 4, 8 to 12, and 4 to 8 Ge/s. The 1 to 4
Gce/s and 8 to 12 Ge/s bands are widely separated, and
can be split with a relatively simple diplexer (three sec-
tions may be adequate). The 1 to 4 Ge/s band is then
split as in the first method.

The second approach to multiplexing the contiguous
bands in the above example has distinct advantages
over the first. Only two of the component diplexers
need have narrow crossover regions. Furthermore, the
1to 12 Ge/s diplexer which, in general, might be the most
difficult to construct because it must work over a very
wide band, now is constructed by using 6 Gc/s quarter-
wave elements rather than 8 Ge¢/s elements and, there-
fore, is less susceptable to undesirable junction effects.

V. ALTERNATE ForMs oF COMPLEMENTARY PAIRS

The diplexing networks discussed so far have had
L—-(C%ladder prototypes, and have led to physical realiza-
tions of the type shown in Fig. 4 and 9(a). Use can be
made of a number of circuit equivalents [2] to obtain
different practical realizations. Another important class
of microwave filters are those that do not have a proto-
type of this form. These include:

1) Parallel coupled bars with open ends

2) Parallel coupled bars with shorted ends

3) Uniform line with quarter-wave spaced series
open stubs

4) Uniform line with quarter-wave spaced shunt-
shorted stubs

5) Stepped quarter-wave sections with one series
open stub

6) Stepped quarter-wave sections with one shunt-
shorted stub

Diplexers also can be designed in these forms using the
same methods outlined in Sections II and III. An exact
synthesis procedure for networks of this type is given
by Wenzel [2]. Because these networks have but a sin-
gle pole in their transfer response, they are most useful
in relatively narrow-band designs. The existence of only
one singularity degrades the realizable skirt character-
istics for wide bandwidths. On the other hand, for nar-
row-band designs, the networks are ofter easier to con-
struct in this form.

¢ Again, the use of the symbols L and C are taken to mean the
short-circuited and open-circuited distributed quarter-wave line,
respectively.
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requiring only two diplexers with narrow crossover regions.
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VI. CoNcLUSIONS

Microwave complementary component filters, based
on exact design procedures, have been shown to fulfill
the requirement for the design of diplexing and multi-
channel filters with theoretically perfect match at all
frequencies. By allowing the input to be slightly mis-
matched, steeper skirt characteristics, and conse-
quently, narrower crossover regions, can be obtained
for a given number of sections. In general, there are
five factors of major importance in a multiplexing net-
work—input VSWR, crossover width, isolation, loss,
and network complexity. An optimum network might
be defined in different ways depending on which of these
five factors is of most importance. If an extremely good
input match is required, the filters should be made com-
plementary. Losses in multichannel filters of this type
will tend to be minimal due to the good match and
absence of internal reflections. If slight input-port mis-
match can be tolerated, use of Chebyshev character-
tistics provides better isolation and narrower crossover
width for a given filter complexity. In multichannel
applications requiring a large number of cascaded filter
pairs, the use of Chebyshev characteristics with large
ripple values may result in a high overall input VSWR
due to an accumulation of the relatively small VSWRs
of each component filter pair. The overall loss of a
structure of this type will increase due to the input mis-
match and dissipation loss caused by internal reflec-
tions. The designer must consider which of the per-
formance factors are of greatest importance, and then
must select the network characteristics to obtain the
best results.

The procedure given for designing networks with in-
put mismatch leads to networks with good performance
characteristics and, in general, is quite simple to apply.
In verification of the theory presented, the measured
performance of two experimental diplexing networks
closely followed the predicted performance over an
extremely wide frequency range. The computed char-
acteristics of a five-section filter pair designed from 1-dB
ripple Chebyshev transfer admittance prototypes dem-
onstrated that, for moderate ripple values, the result-
ing maximum input VSWR is approximately that
which would be caused by a resistive mismatch of
antilogie (@/10), where « is the prototype ripple in dB.

APPENDIX

Given the characteristics
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Use of (2) shows that the only factors that need be con-
sidered are
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Substitution of (2) shows the slopes to be equal and
opposite.
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Operation of the Ferrite Junction Circulator

C. E. FAY rerrow, 1EEE, AND R. L. COMSTOCK MEMBER, IEEE

Abstract=—=The operation of symmetrical circulators is described
in terms of the counter-rotating normal modes (fields varying as exp
né) of the ferrite-loaded circuits. The rotating modes, which are
split by the applied magnetic field, form a stationary pattern which
can be rotated in space to isolate one of the ports of the circulator. A
detailed field theory of the strip-line ¥Y-junction circulator operating
with n=1 is presented. Experiments designed to confirm the valid-
ity of the rotating normal mode description of circulator action in the
Y-junction circulator also are presented; these include measure-
ments of mode frequencies and electric field patterns. The results of
the field theory are used in a design procedure for quarter-wave
coupled strip-line circulators. The results of the design procedure
are shown to compare adequately with experimental circulators.
Higher mode operation of strip-line circulators is described. The
operation of waveguide cavity circulators is shown to depend on the
rotating ferrite-loaded cavity modes.

INTRODUCTION

VERSATILE MICROWAVE DEVICE which
A is becoming one of the most widely used is the

ferrite junction circulator. Its versatility is indi-
cated by the fact that in addition to its use as a circu-
lator, it also can be used as an isolator or as a switch.
The three-port version of the ferrite junction circu-
lator, usually called the Y-junction circulator, is most
commonly used. It can be constructed in either rec-
tangular waveguide or strip line. The waveguide version
is usually an H-plane junction, although E-plane junc-
tion circulators also can be made. The strip-line ferrite
junction circulator is usually made with coaxial con-
nectors and is principally applicable to the UHF and
low-microwave frequencies,
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The ferrite junction circulator was in use for a num-
ber of vears before its theory of operation received
much attention in the literature. Early experimenters
found that waveguide 7" junctions having a transversely
magnetized ferrite slab suitably placed in the junction
could, with proper matching and adjustment of the
magnetic field, be changed into circulators. The band-
width of such devices was very narrow. Refinements
producing greater symmetry were found to increase
bandwidth so that useful devices were obtained [1]-[4].

More recently a number of papers have appeared in
the literature which bear on the theory of operation of
the ferrite junction circulator. Auld [5] has considered
the theory of symmetrical junction circulators in terms
of the scattering matrix of the device. He has shown the
necessary relations of the eigenvectors of the matrix, and
has indicated how these relations may be obtained.
Milano, Saunders, and Davis [6] have applied these
concepts in the design of a Y-junction strip-line circu-
lator. Bosma [7], [8], has made an analysis of the strip-
line ¥Y-junction circulator in terms of the normal modes
of the center disk structure. In his second paper, he
shows that the circulation condition is near a degener-
acy of a pair of resonances of the disk structure. Butter-
weck [9] has considered the case of the waveguide
junction circulator and has given the waveguide equiva-
lent of Bosma's explanation. Others have attempted ex-
planations based on field displacement, scattering from
a post, or surface waves. All of these, if used with pro-
per boundary conditions, conceivably could lead to the
same conclusions.

This treatment will consist of an extension of Bosma's
approach to the problem. First, we shall present a
phenomenological description of the operation of the



