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A Microwave Ferrite Frequency Separator*
HAROILD RAPAPORTT

Summary—When multiple filter groups are interconnected for
operation out of a single source, interaction effects between filters
can occur. Frequently, unless special precautions are taken, the
filters may interact to such an extent that severe deterioration in
performance may result. Introduction of the gyrator by Tellegen and
the subsequent microwave realization of the circulator by Hogan,
Rowen, and others provide new possibilities for design of channel-
branching circuits and frequency-spectrum partition arrays.

The nature of the frequency separation problem is reviewed, and
the application of the ferrite circulator to effect channel branching is
considered in detail. Several specific multichannel systems com-
prising various circulator filter and one-way line filter arrays are pre-
sented and their relative merits examined.

A 4-port (3-channel) experimental prototype separator system
consisting of a Faraday rotation type of circulator and maximally
flat band-pass waveguide filters is described. A quantitative theory of
operation of the prototype is developed. Experimental data and per-
formance curves are given, These data show close agreement with
results predicted by the theory.

GENERAL CONSIDERATIONS IN APPLYING
FREQUENCY PARTITION FILTERS

Nature of The Frequency Separation Problem

T is well known that when multiple filter groups are
I[ interconnected for operation out of a single source,
interaction effects will occur between the individual
filters.! In general, unless special precautions are taken,
the filters may interfere with each other to such an ex-
tent that severe deterioration in performance through-
out the entire frequency region of interest may result.
In the past, various techniques have been evolved in
efforts to eliminate or at least minimize flter interac-
tion. The general approach to the solution of the inter-
action problem lies in the design and synthesis of
complementary pairs of filters, by techniques based on
the methods developed by Zobel,? Norton,* and Bode.?
In the low-frequency region, where line lengths are non-
existent and lumped elements are available, these
techniques offer a reasonable solution to most “channel-
branching” problems, provided the required number of
channels is not too large. However, as the frequency is
increased and the transmission-line nature of the prob-
lem must be considered, the utility of these techniques
is substantially diminished.
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reported here was supported by the Electronic Warfare Laboratory,
Rome Air Dev. Ctr. Contract No. AF-30(602)-981, and was carried
out at the Microwave Research Institute, Polytechnic Institute of
Brooklyn, when the author was a member of the staff.
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TO SECOND CIRCULATOR

Fig. 1— Diagrammatic representation of frequency separation
by mcans o a et culator

An investigation into the general properties of gyra-
tor networks at the Microwave Research Institute by
Rudner® and Carlin® indicated the potential application
of the circulator principle to frequency separation prob-
lems. Consider the idealized 4-port circulator configura-
tion as represented in Fig. 1.

Recalling the basic defining characteristic of the cir-
culator; all energy incident on port 1 will be coupled to
port 2, all energy incident on port 2 will couple to 3,
energy into 3 will couple to 4, and energy into 4 will
couple to 1—for the port designations used in the figure.
In the ideal case, no reverse coupling or cross-coupling
will exist. 1f, for the present, ideal behavior is assumed,
the application of the circulator to the {requency separa-
tion problem is immediately apparent. As indicated in
the figure, if a number of frequencies fi, fa, - - -, f. are
considered incident on port 1, they will all be transmit-
ted to port 2 by virtue of the circulator action described
above. Consider a filter located at port 2, with a fre-
quency characteristic such that only fi (or a small band
about fi) will be passed.

It is clear that fi will be removed at port 2, but all
other frequencies will be reflected and will proceed to
port 3. If a second filter permitting passage only of f, is
located at port 3, then only f» will be removed while
oy fi, « + , fn will be reflected to port 4. If provision is
made at port 4 for the transmission of all of the remain-
ing frequencies, they may be passed on to a second cir-
culator in which further separation can be accomplished.
Other arrangements of circulators and filters may be
used, and several special cases will be considered later.

Quantitative 4spect

Some of the fundamental quantitative relationships
concerning the operation of a 4-port circulator filter fre-
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PIB-301; February, 1954.

¢ H. J. Carlin, “Theory and Applications of Gyrator Networks,”
Microwave Res. Inst., Polytech. Inst. of Brooklyn, Final Rep. R-355-
53, PIB-289; March, 1954.
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quency separator will be developed. The scattering
formulation of the network problem? 3 will be used. Port
1 of the circulator is taken as input.

In terms of the voltage scattering parameters, the net-
work equations for a 4-port are

t1 = Suvs + Sivee + S19: + S14v.
tre = So¥a + Saavie + Seavis + Saavi
U3 = S310.1 + Szavi2 + Ssates + Saav,4
Prs = Sgva + Swve + Sivs + Suvi

in which the v,, represent the reflected voltages (energy
flow polarized out of the network), the v,, represent the
incident voltages (energy flow polarized info the net-
work), and the S,, are the complex voltage transfer
coefficients of the scattering matrix (reflection coeffi-
cients if m=#n). The S,., have the form, S,, = | Son Ie”””‘.

If structures defined by input reflection coefficients
K,, K;, and K4 terminate circulator ports 2, 3, and 4,
respectively, then

\ : (1)
|

Vi = Kov,g
Vg = K3vr3 N (2)
24 = Kavy4)

Substituting the set of (2) into (1) and solving for the
voltage ratios v,,/vi

~Su Sk S13K g S14Ky
—Sa1 (822Ko — 1) S2K; S K,
—S531 Ss2 K (Sg:K3— 1) S Ky
Up1 —Su S19K s Si13Ks (SwuKy—1)
o D] o
-1 =8 S1:K35 SuK;
0 —Sa1  SuK; S2uKy
0 —Su (SssKs— 1)  SukK,
Upo 0 -S4, SisK ;3 (SuuKy, — 1|
. D ' (4
—~1 Sk, ~Sun  Suk,
0 (S2Ks— 1) —Sg Saa Ky
0 S5k —Ss1 S34K 4
B4 0 SuKy  —Su (SeKs— 1)
— = ) (5
v | D]
-1 Sk, S1K3 —S1
0 (SsK2— 1) SesK; —San
0 SpKy (SpuK;—1) —Su
Vra 0 Sk S13K3 —Su
o D] ’ (6)
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where
—1 S12K g S13K; S1Ky
0 (SeeK:—1) S93K5 SukKy
|D| = - (D
0 S32K 5 (S3: K5 — 1) S34K 4 |
0 S42K2 S43K3 (S44K4 - 1)'

The voltage ratios of (4)—(6) may be defined as circula-
tor coefficients Cpi= V,/v4, associated with the loaded
circulator and referred to the voltage incident on the
input terminals of the terminating structures.

In the case under discussion, since terminations as-
sociated with the various ports are filters (2-port struc-
tures), the quantities of primary interest are the in-
sertion loss from port 1 to the output terminals of the
mth filter and, in certain instances, the input vswr
measured at port 1. Since each filter is a 2-port structure,
the scattering equations for the mth filter will have the
form

v = [Tll]m’vill + [T12]mv12'} )

[Tm]m'l'u' + [T22]m7)12/

Z'r2l =

in which the numerical subscripts 1 and 2 define the in-
put and output terminals respectively of the terminaling
structure, and [T],.’s are the scattering coefficients of the
filter.

Filter performance is generally defined in terms of the
insertion loss (or gain) of the filter when operating be-
tween matched terminations. Under these conditions,
the value of 915’ is zero, so that

'Ur1/ = [Tn]mvul

02 = [To]mvit’

(9a)
(9b)

Now, from (9a) the coefficient 77; is seen to be the
input reflection coefficient of the terminating structure
associated with the mth circulator port. Further, the
voltage incident on the input terminals of the mth filter
is that reflected out of the circulator. Thus,

Km = [Tll]m (103)
Vpm = Uyt (10b)

where the v," is understood to refer to the mth port

terminating structure as implied by K and ,,,.

The voltage measured at the filter output terminals
may now be expressed in terms of the input voltage at
port 1 and the circulator filter coefficients. Using the
Cmi of (4), (3), and (6), and combining (9b) and (10b)

1)

Assuming the same normalizing impedance for both
port 1 and the termination of the mth filter, the insertion
loss from port 1 to the mth output terminals may be
written as

U = [Torlmtm = [To1]mCrivs1.

9

db. (12)

Vi1

Lny = 10 log
7)72"
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Using (11) in (12)

1
—— db (13)

Lml = 10 IOg m;;i le

where the C,. are obtained from (4)-(6) using the K,
as defined by (10a). Since the insertion loss of the mth
filter alone, Lru, is by definition

1
Lim = 101log 7~ db. (14)

' Tthm“

Eq. (13) may be written as

1 1
Ly = 10log ———— 4+ 10 log Te s db,  (15)

2
21

m | mll

= LFm + Lcm db;

where the L, is understood to refer to port 1 as input.

Expressing the total loss in the form of (15) shows
that the insertion loss for the interconnected circulator
filter combination is a simple sum, and that the entire
problem of interaction may be discussed in terms of the
variation of the function L.

The input vswr as measured at port 1 is quickly de-
termined since by definition

1+ | K| U1
N 5 K =—.
1— K| vi1

VSWI =

(16)

Toillustrate the use of the equations developed above;
the case of a 4-port circulator-filter combination will be
discussed. The circulator is assumed to be matched but
lossy, and to couple in a 1—2—3—4—1 pattern.

As may be shown,?® the voltage scattering matrix for
a perfect circulator of the Faraday rotation type with a
1—2—3—4—1 coupling pattern is

0 0 0 —1

Sv = ¢if 00 9 = a-+ 48 an
o 1 o o ' ’
0 0 1 0

Using the .S values as defined by (17) in (4)—(6) and tak-
ing the absolute values of the resulting voltage ratios

Ur1
|—— = IKz ‘K:{ ‘K;;' 64a, (18)
11
C' _ |7)12! _
2] = ’*41 = g (19)
Va1t
Ur3
C31 = |—| = ‘Kz 620', (20)
U1
Urq
C41: — = |K2HK3|630‘. (21)
[ 231

These results show that the energy input into port 1 is
not equally available to all terminations. Clearly, from
(19) all energy except that dissipated in the ferrite is
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available to the structure terminating port 2. But (20)
shows that energy at port 3 will depend on the input re-
flection factor of the port 2 structure. In the same way,
(21) indicates energy available at port 4 will be a func-
tion of the reflections of both the port 2 and the port 3
structures. However, it should be stressed that the
energy availability does 1ot depend on the relative phases
of the reflections. Only the magnitudes of the filter re-
flection factors enter into the interaction.

Using (19)—(21) in (15), the loss quantities, L., are
seen to be

Les = 10 log e, (22)
L 16 1 ! 101 ! + log e* (23)
c3 = og ~——— = 0g — og e*%,
’ i | K, lrale
1
Ly = 10 log 7——
1 Ko |2 K,z
1 1
= 10 log ———— 4+ 10 log — 10 log e®=. (24)

[T11]22 [T11]32

These results demonstrate that in the case of the
perfect circulator, the wvariation in insertion loss as
measured at the output terminals of a given filter will
depend only on the magnitudes of the reflection co-
efficients of the filters preceding it in the circulator
coupling pattern. For example, (22) indicates that re-
gardless of the terminations on all succeeding ports, the
variation in insertion loss will be zero. Thus, the total
insertion loss, La, will equal the original filter loss char-
acteristic, Lps, plus the circulator dissipative loss.

Egs. (23) and (24) indicate that if the interaction
effects are to be further evaluated, magnitudes of the
input reflection factors of the various filters must be
specified. For any lossless 2-port structure it may be
shown?-® that

| Tufr=1~—

T21 |.z (25)

so that if the filters are lossless, (23) and (24) become

Ly = 10 log B + 10 log e?e, (26)
1— 21]22
L,y = 10 log + 10 log L
1 — [T21]22 1 — [Tﬂl]sz
+ 10 log ebe. 27

These equations allow calculation of the interaction
effects from knowledge of the insertion loss character-
istics of the filters (if lossless), rather than knowledge of
the input vswr as required in (23) and (24).

At this point it is necessary to define explicitly either
the ]Kl s of (23) and (24) or, if lossless, the lTﬂl ’s of
(26) and (27). For purposes of further discussion, the
IK[ ’s will be assumed to be related in the following
sense. When the frequency is such that the filter located
at port 2 is in the pass band (I Kz! ={), then the filters at
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\éiﬁ'? 2 g?ﬂﬁ? 4

ports 3 and 4 will be assumed to be completely rejecting
(| Ks| = | K4 =1). Similarly when | K3l =0, then | K,|
= }K41 =1. Finally when IK4| =0, then |K2| = |K3| =1.
This situation is characteristic of the design of most
channel branching systems in that a given branching
filter will present a high rejection to frequencies which
lie in the pass bands of neighboring filters. Thus, for the
4-port 3-filter system being considered, under these re-
strictions (23) and (24) show that

i
L= 10log —v =

| K2

10 log e*o,

L.y = 10 log = 10 log b=, (28)

| Ko |?| Ku ]
Thus, in the pass bands of the various filters, no inter-
action effects will occur, and the total insertion loss to
the filter output terminals will be that produced by the
filter alone plus circulator dissipation.

The reflections at port 1 will be zero since some
]Kkl =0. Thus, the vswr measured at port 1 will be
unity and the system will appear matched. It should
also be observed that if a matched load is placed at one
of the ports, say port 4, rather than a filter, the system
will appear matched at all frequencies—not only in the
pass bands. This property may be quite desirable in
certain systems applications in which the mismatch
seen by the generator is of concern.

The interaction effects in those frequency regions in
which the }Kl restrictions given above no longer apply
cannot be summarized so simply. As (26) and (27) in-
dicate, the extent of the interaction will depend on the
explicit form and relationship of the filter functions
considered. The interaction effects in these “crossover
frequency” regions can be analytically treated but space
does not permit further consideration of these effects
here.

EXPERIMENTAL PROTOTYPE FREQUENCY SEPARATOR

In order to experimentally verify the preceding
analysis, an experimental prototype separator was de-
signed and constructed in the 9.0 kme frequency region.
The separator was of the Faraday rotation type de-
scribed by Hogan® and others.!® The filters were band-
pass with a maximally-flat characteristic and realized in
rectangular waveguide. The filters were 100 mc wide
at the 3 db points and had center frequencies of 8800,
8900, and 9000 mc. These elements of the prototype
separator are shown in Fig. 2.

Briefly, the experimental characteristics pertinent to
the present discussion are that the circulator exhibited a
loss of 0.6 db and the filters a loss of 0.8 db in their pass
bands.

® C. L. Hogan, “The ferromagnetic effect at microwave frequen-
cies and its applications-the microwave gyrator,” Bell Sys. Tech. J.,
vol. 31; January, 1952.

10 7. H. Rowen,” “Ferrites in microwave applications,” Bell Sys.
Tech. J., vol. 32; November, 1953.
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Fig. 2—Frequency separator components.
(a) Circulator, (b) filter.

The characteristics of the associated filters alone are
shown in Fig. 3. Here the experimentally measured in-
sertion loss values have been superimposed on a fre-
quency scale to show the crossover points. The midband
losses are 0.8 db. It is seen that the filters are essentially
identical.

In Fig. 4 the insertion losses to the outputs of these
same filters, now located at circulator ports 2, 3, and 4
respectively, are shown again superimposed. This port-
filter arrangement was chosen so that the increase in
insertion-loss level produced by multiple transits of the
ferrite would appear as “step-wise increasing” with in-
creasing frequency in the data display. This increase in
level was exhibited by the e of the preceding analysis.
Note that the leading edge of the insertion loss curves
of the filters located at ports 3 and 4 are distorted.

This is an example of the interaction effect previously
mentioned. The experimental results and analytical pre-
dictions agree fairly well for these distortions.

Shown in Table I is a tabulation of the pass band
losses predicted by (15) and those measured experi-
mentally. As the table shows, the agreement here is
quite good.

SOME GENERAL FREQUENCY PARTITION SYSTEMS

The present model of the prototype frequency separa-
tor has been shown to function adequately in a 3-channel
branching application, and the experimental results in-
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Fig. 4—Prototype frequency separator experimental results.

TABLE I
FREQUENCY SEPARATOR Pass BAND LossEs

* Port ; Lindb i Londb  La(pred.) dbj Lo (meas ) db
2 08 | 06 1.4 } 1.5-1.6
3 0.8 1.2 2.0 1.9-2.0
i ‘ 0.8 1.8 2.6 2.7-2.8

{
1
Lml_ —4Fm+Lcm ‘

dicate the validity of the approximate theory developed
However, it should not be construed that this fype of
circulator-filter arrangement is unique and must neces-
sarily be used for channel-branching. The predictive
aspects of the theory developed above should be capable
of extension to other types of possible circulator-filter
channel-branching arrays. As an illustration, the pass-
band behavior of three possible arrays for a p-channel
system will be considered. For simplicity any intercon-
necting lines or filters will be considered perfect, i.e.
dissipationless and reflectionless in the pass band re-
gions. The three svstems are shown schematically in
Fig. 5
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Fig. 5—Three possible branching arrays for frequency separation.

“Series” Connection

The first branching array, shown in Fig. 5(a), is simi-
lar to the system used in the prototype separator in that
separation is realized by a set of sequentially arranged
band-pass filters. Port 1 of circulator I is taken as input,
and the arrows indicate the path of energy transmission
between preferred ports. This array may be considered
to be a “series” connection in the sense that prior to
arrival at the proper filter, any energy input into the
system must traverse al/ preceding circulators and be
available to all preceding filters.

“Parallel” Conneclion

The branching array shown in Fig, 5(b) may be
viewed as a “parallel” connection in that it is not neces-
sary for input energy to traverse each circulator in its
entirety before arrival at the proper filter.

It should be clear that the particular filter configura-
tion used, i.e. high-pass and band-pass, is not the onlv
possible arrangement for this type of service.

“Geometric” Connection

From its similarity to a geometric progression, the
third branching array shown in Fig. 5(c) may be viewed
as a “geometric” interconnection. The circulators may
be considered to be grouped into a series of “banks”.

Space does not permit a complete exposition of the
performance of each of these systems. The pertinent
characteristics are summarized in Table II. The per-
formance can be compared in terms of the circulator
loss function U,14 ; where 4 is the dissipative loss in the
ferrite and Uy, is as shown in the table.

It is to be noted that while the required number of
circulators is independent of the type of interconnec-
tion, the table shows that the ferrite loss function, U,
is extremely sensttive to the form of the array. From the
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TABLE II
Pass BAND LossES OF THREE FREQUENCY SEPARATOR SYSTEMS

Parallel

Series Geometric
-2 4
ﬂ'%— m even m;— m even b to 3b
Ut
-1 m—+3
3—”—!2——~ m odd ﬁ;‘ m odd lb+1 to 3(6+1)
~/2)— p even l( % P even —‘g— peven
Cp
»—1 p—1 p—1
S p odd d, —— podd
3 po 7 p odd 5 po
Lyy=Lpn~+Lom
where L., = U,14

point of view of minimum ferrite loss (especially for
large p), the geometric type of branching array is
superior.

As may be seen from the table, for any given p the
required number of circulators, C,, is always the same,
i.e. independent of the type of connection. This result
may be viewed as a practical expression of the following
gyrator network theorem recently established by H. J.
Carlin of the Microwave Research Institute.

Theorem: The minimum number of gyrators neces-
sary for the realization of an n-port (n-terminal-
pair) circulator is given by

R
3(n —2)

n odd,

n even,

Januvary

where Gy, is the minimum number of necessary gyrators
and # is the number of terminal pairs. It may be further
stated that the minimum number realization can always
be effected for any # by the interconnection of only
3-port and 4-port circulators, each type of which re-
quires only one gyrator.

From the point of view of the theorem, each of the
three systems previously described is equivalent to an
n-port “minimum-number” type of interconnection in
which #n=p+1. Thus, since each circulator provides one
gyrator, it immediately follows from the theorem that
the minimum number of necessary circulators will be as
shown below.

n odd, p even,

s
S
—
N’
It
YRS

7 even, p odd.

A~
=
||
(3]
~
i
=
o ||
o

The results for C, tabulated in Table II represent
special cases of this general result and there is no other
possible connection which can use a smaller number of
components.
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