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T. denotes the Chebyshev function of the first kind of

order n

S# = power transferred from port 1 to 2

SI*2 = power transferred from port 1 to 4

where

1 (1—.. cosh — cosh--l /3/h
Cos ’90 n )

(17)

and the pass band extends from 00 to ~ — O.. Another

relationship for the constants P and h can be obtained by

applying the condition that the coupling ripple, in db, is

to be symmetrical about the nominal coupling value.

This condition gives

[

/72 – jz2

10 loglo
~ _f2 1—=2C

l+~’–hz 1 + /3’
(18)

where C is the nominal coupling value in db.

The results of this synthesis for a two-section asYnl-

metric coupler will be repeated here.

b
z—o.q = z oe2 == dzoel.

d+l
(19)

ZO,, and Z.,, are the normalized even-mode impedances

of the two-section coupler shown in Fig. 1 (b). For a

coupler with a specified coupling value and bandwidth,

the values of B and h can be determined from (17) and

(18). The constants b and d are defined in terms of /3

and Jt as follows:

The normalized odd-m ode impedances can be ob-

tained from the relationship

2.,,200, = 20,,2002 = 1. (22)

It has been shown b y several investigators th at (22) rep-

resents the condition for which, independent of fre-

quency, the coupler is matched and has infinite clirec-

tivity. q,’o
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Summary—A synthesis procedure is developed for microwave

band-pass filters with the Chebyshev response using orthogonal
circuit resonators coupled by a ferromagnetic resonator. A stripline

ferromagnetic resonator filter is analyzed in detail. Equations and

graphs are given which allow the selection of ferromagnetic material

and size of the ferromagnetic sample necessary to achieve a desired

bandwidth and insertion loss for a given pass-band response. The

theoretical behavior of these circuits as microwave power limiters is

discussed and it is shown that the ratio of the limiting threshold to

the filter bandwidth is a constant depending only on the pass band

response shape. Experimental confirmation of the design information

is discussed as well as some practical meth ods of varying the limiting

threshold.
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1. INTRODUCTION

T

HE COUPLING of small ferromagnetic ellipsoids

to microwave transmission lines has been dis-

cussed by a number of authors [1 ]-- [3 ]. Jt is found

that when the ferrimagnet is excited in the uniform

precession it behaves like a lumped constant resonator

with, in certain cases, a nonreciprocal phase behavior.

The resonant frequencies of such a resonator CMI be

tuned with a dc magnetic field. Its unloaded Q(QJ de-

pends on the surface polish of the sample and doping

with impurity ions. For example, with highly PO] ished

yttrium iron garnet (YIG) spheres Qa can be as great as

10,000 at C band. It is further observed that the cou-

pling to such a resonator can be tight enough to allow a
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large amount of energy transfer through the resonator,

and with the large unloaded Q’s available, with low in-

sertion 10SS. This paper will extend these results by dis-

cussing the coupling of ferromagnetic resonators not to

transmission lines but rather to a class of resonant

microwave circuits. It is shown that ferromagnetic

resonators can be fitted into the scheme developed by

Dishal [4] and Taub and Bogner [5] for optimizing di-

rect coupled resonator filters using lumped elements.

Also, the use of ferromagnetic filter structures as micro-

wave power limiters will be discussed; in particular, a

detailed analysis of the resonant stripline circuit first

described by De Grasse [1] will be presented.

In order to use the results given by Dishal, and Taub

and Bogner, it is necessary to describe the microwave

resonators by lumped-constant equivalent circuits. This

always can be done providing the results are not ex-

tended to large (> 10 per cent) bandwidths. The

lumped-element equivalent circuit of the ferromagnetic

resonator is also only valid over a small bandwidth

since, in general, the element values are functions of

frequency. In case it is desired to develop devices having

even larger bandwidths, the design procedure devel-

oped by Cohn [6] for wideband direct-coupled resonator

filters can be extended to include ferromagnetic resona-

tors in a similar manner.

11, THE FERRIMAGNETIC RESONATOR AND

DIPOLAR COUPLING

In this section some properties of the ferromagnetic

resonator along with some information on microwave

circuit coupling to be used in the next section on band-

pass filter synthesis will be discussed.

The important parameters for describing a resonator

are its unloaded Q(QU) and degree of coupling. For a

generalized ellipsoidal ferromagnetic sample excited in

the uniform precession magnetostatic mode the un-

loaded Q is,

Q.=:) (1)

where VO is a loss parameter which in the case of a sphere

is given by p07AH/2 where AH is the resonance line-

width, and UO is the uniform precession resonance fre-

quency = MYHO for spheres, where Ho is the external dc

magnetic field.

In general there are other microwave resonances that

can exist in these samples, e.g., magnetostatic modes and

short wavelength spin waves. While magnetostatic

modes (other than the uniform precession) may be im-

portant in certain applications of ferromagnetic resona-

tors, they will not be discussed further in the theoretical

part of this paper since they have not proven to be of

significance in the experiments to be described (Section

VI). The effects of spin waves on the properties of these

resonators will be discussed in the section on limiting.

It is desired to extend the theory of lumped-element

band-pass transmission type filters consisting of direct-

coupled resonators to include ferromagnetic resonators.

It is necessary to have input and output ports for each

resonator which are uncoupled except by energy transfer

through the resonator. As shown by De Grasse [1], this

can be achieved by coupling normally orthogonal micro-

wave circuits through transverse components of the

dipolar fields of a ferromagnetic sphere excited in the

uniform precession mode [e.g., see Fig. 1 (a)]. These

orthogonal circuits can be crossed wires, loops, striplines,

waveguides, cavity modes, etc.
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Fig. l—Loop (a) and semi-loop coupling (b) by a ferromagnetic
sphere. The equivalent circuit representation (c) for these circuits
derived from (10) and (11) also is shown along with the circuit
equations.

The dipolar coupling between a ferromagnetic sample

and a pair of orthogonal circuits can be calculated by

assuming currents to exist in the two circuits which

create magnetic fields at the position of the dipole. A

vector operator can then be defined,

11
I=

() 12 ‘
(2)

where 11 and 12 are the cun-ents in the two orthogonal

circuits. The resulting external magnetic field at the

sample is then,

()he = ‘lX = C. I

llu ‘
where.

C12 o
c= ()O C23

(3)

(4)
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is a coupling matrix whose elements depend only on the magnetic spheres and ‘(necked-down” stripllines w hose

geometry of the circuit and the position of the sample shapes in the vicinity of the sample are in the form of

[2]. The rectangular coordinates x, y are centered at semi-loops as shown in Fig. 1(v). For this case the

the center of symmetry of the sample. The transverse coupling is approximately half that for the f u1l loop, re-

magnetization in the sample is suiting in

* = ~e.he = ~ec!.l, (.5) VI
Vj 10.* = [1

j.ol.lljtls——
V2 + loop

~ro2 z’ “I. (11)

where X’ is the external susceptibility tensor for the ferro-

magnetic sample, the components of which are, in the An equivalent lumped electrical circuit can be found

case of a sphere, to represent (11), and using (6) the result is shown in

@M@o w‘lfW
x.x’ = x.we ‘= Xzu” = xv.’ = ~ >

W02— ~2 + Zj?oao
.,-.

where w,lr = ~~olf. The voltages

orthogonal circuits are given by

induced in the two

v, =’jw s b.da,
circuit i

where b is the magnetic induction

netic dipolar fields and V1,2 is identified with the i = 1

and i = 2 integrals, respectively. The maximum dipolar

induction is given by

‘i = (1, 2), (7)

arising from the mag-

(8)

where r is the radial distance from the magnetic dipole

and v.= (7r/6) (D.)3 is the volume of the sample. After

combining the above equations it is found that

s ~f’. C.I. da
Vi = ‘z~Te —

73 “
(9)

circuit i

As an example of the use of this result consider the

coupling to two identical orthogonal loops (radius ro) by

a spherical sample in the geometrical center as shown in

Fig. 1 (a). In this case

he. _! I
2?’0

and

11
CM = C2, ==~,; .

When integrated over the area of the loops, (3)

in

results

(lo)

where in this case II and 12 are currents flowing in the

loops and VI and Vz are voltages developed around the

loops. Eq. (9) has been previously derived by De Grasse

[1] and Carter [2]. In the remainder of this paper the

analysis will be restricted to the coupling between ferri-

(6)

Fig. 1 (c). The circuit equations given in the figure are

of the same form as (10) and (11). The nonreciprocal

phase characteristic of the gyromagnetic coupler is in-

dicated by the fact that xZ; = –XVZE and is shown in the

equivalent circuit by the nonreciprocal 90° phase shift.

The nonreciprocal phase shift is demonstrated experi-

mentally in Section VI.

The ferromagnetic sample appears as a resonator in-

ductively coupled to the wire semi-loops. ‘The lumped

constant equivalent circuit for the semi-loop coupled

ferromagnetic resonator can now be usecl in any clf the

available synthesis procedures for band-pass filters. As

an example, the synthesis procedure developed by

Dishal [4] and extended by Taub and 130gner [5] will

be generalized to include these resonators. Dishal’s syn-

thesis procedure provides values of the coupling co-

eficients and Ioaded Q’s of lumped constant direct

coupled resonators which are necessary to achieve a

specified pass-band response. In the case of inductively

coupled resonators the coupling coefficients provided by

Dishal’s procedure are

MI,,
K12,23 = —

~L,,,L, ‘

where LI,3 is the series inductance connected across

terminals au and bb of the circuit in Fig. 1 (c), respec-

tively. By comparing the original parameters fc~r the

ferromagnetic resonator from (11) and the equivalent

circuit parameters from Fig. 1 (c), the coupling co-

efficient for a semiloop results,

pov. (J&f 1
K212,23 = — — — ,

LI,3 WO 8T02
(12)

The inductances LI and La are the inductances of the

series LC equivalent circuits for the microwave resona-

tors coupled to the ferromagnetic resonator. The in-

ductances are calculated for TEM resonators in Section

IV by making the resonant frequencies and reactance

slopes equal for the actual and lumped equivalent cir-

cuits. In the following analysis only symmetrical net-

works will be considered for which KIZ = K23 = K.
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II 1. BAND-PASS FILTER SYNTHESIS

Dishal has analyzed a class of lumped-constant band-

pass circuits which have specified pass-band character-

istics as shown in Fig. 2. This response shape is the well-

lcnown Chebyshev response which reduces to the

maximally flat response in the limit of vanishing pass-

band ripple amplitude. 1 Dishal’s analysis allows the

specification of response shape for a filter but does not

allow for a specification of the minimum insertion loss

(l~i.). Taub and Bogner have analyzed three resonator

band-pass filters of the type considered by Dishal and

using his equations have imposed the additional con-

straint of minimum insertion loss in the pass band.

Their results will be used in what follows and the

analysis is restricted to three resonator structures.

The circuits considered by Dishal consist of shunt

(series) resonators coupled by series (shunt) lumped

elements. Schematically the three resonator filter ap-

pears as shown in Fig. 3. The results of the synthesis

procedure developed in [4] and [5] for band-pass filters

are indicated briefly in this section with the circuit

parameters defined as follows:

d = l/Q= total resonant circuit decrement.

8 = d/(Aj/jo) = normalized decrement.

Aj/fo = total 3-db fractional bandw-idth.

fO = resonant frequency of each resonant circuit.

CJO= 2mf0= angular resonant frequency.

Kij = resultant coefficient of coupling between

resonant circuits.

k%j= Kt,/Af/f, = normalized coefficient of coupling

= K,JQL.

l= midband insertion loss in db.

Pa= available input power.

Pouti = output power,

Q,= Q of first resonant circuit loaded only by the

input.

Q,= Q.= unloaded Q of resonators (assumed equal).

Q,= Q of third resonant circuit loaded only by the

output.

QL =fo/Af.

Dishal has shown that for a specified over-all band-

width the required minimum unloaded Q (or maximum

value of &, & ~.X) for the resonators (assumed to be the

samez) is specified completely by the ripple level (peak

to valley ratio of the transmission coefficient) in the

pass band; for example, with O db and 0.5 db pass-band

ripple the value of & ~.X = QL/Qo ~,~ is 0.5 and 0.271 re-
spectively [5]. Taub and Bogner have shown that the

minimum insertion loss in the pass band which, along

with the ripple level, describes the pass band can be

specified approximately for any ripple level by a

1 These pass-band responses are optimum in the sense of having
the sharpest cutoff in the stop band for a given pass-band ripple.

2 As shown in [4j this is not a serious limitation if all resonators
exceed the minimum Qu specified in [4],

h Po. OUTPUT POWER

Pa= AVAILABLE POWER
—

i
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Fig. 2—Specification of band-pass filter characteristic.

Fig. 3—Block diagram of three resonator filter.

specification of 62/82 ~.X. For Jmi. <2 db, their results

show

&
1

lof (1
m in =10—= 7

62 m..

(13)
AjQu& ~..

where l~i. is expressed in db. In the limit of vanishing in-

sertion loss the coupling coefficient klz = k2,3= k and

~1= & depend only on the pass-band ripple; for example,

with O db and 0.5 db pass-band ripple the normalized

coupling coefficients are k = 0.7 and 0.65 and the nor-

malized resonator decrements are & = 1.0 and 0.55,

respectively. Extensive curves of k and & for various

values of 82~.. vs tiz/tiz ~.x and hence ripple level are. .
given in [5].

No consideration has been given so far to the shape

of the filter characteristic outside the pass band. For an

n resonator filter the skirt selectivity (sharpness of the

filter cutoff) increases rapidly as n increases.3 In case the

selectivity resulting from a 3 resonator (3 pole) filter is

inadequate for the requirements at hand it will be neces-

sary to extend these results for n >3.

IV. CROSSED STRIPLINE FILTER

The information given in Section II on ferromagnetic

resonators and in Section III on band-pass filters will

now be combined to show how a 3-resonator filter using

a ferromagnetic resonator as the center resonator can

be synthesized. First, a choice must be made as to what

type of resonator will be used as the first and last resona-

tor. The resonators which will be discussed here are

resonant sections of strip transmission line with a semi-

loop located in the center (Fig. 4) as first described by

3 See, for example, “Reference Data for Radio Engineers, ” 4th
Ed., International Telephone and Telegraph Corp.; 1956.
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De Grasse [1]. The resonators can have 1./2= n(A/2)

(n=l,2, ~ . , ) in which case the ternirnals must all be

short circuited and coupling to external transmission

lines supplied by, say, loops placed in the vicinity of the

short circuits. It is also possible for 1,/2 = n(A/4) (n odd) in

which case the terminals would needl to be open circuited

and coupling supplied by, say, series capacitance or

quarter wavelength transmission lines. Note that

coupling to external transmission lines is only necessary

at the terminals marked “ 17’ and ‘(2,, ” as shown in Fig. 4.

The lumped constant equivalent circuit for one strip-

line resonator coupled to a ferromagnetic resonator

(located in the semi-loop as shown in Fig. 4) is shown in

Fig. 5. The end couplings have been represented by

coupled coils with mutual inductance IM0.S.4 This rep-

resentation of the end couplings can be shown to be

quite general and will be used exclusively in what fol-

lows. The lumped element equivalent circuit for the

stripline resonator can be found in a number of ways

[7], one of which is to equate the slopes of the two re-

actance functions at resonance, ~,e.,

dl”(wo) I

dw Iequ iw.lent lump ed consta,nt resonator

(ix(oJo).—
dw strip line rcso. ator

In case 1,/2= n(k/2) (short circuit ends) this condition

results in [7]

1
~02 = —— ,

LICI

where 201 is the characteristic impedance of the strip-

line resonators. If 1,/2= nh/4(n odd for open circuit

ends) the lumped elements are [7]

Zljlnir
Ll=—

4W0

In arriving at the lumped constant equivalent circuit

the resonator losses have been neglected. The losses will

be represented by the unloaded resonator Q’s. The re-

sults of Section II and the lumped element equivalent

for the stripline resonators can be used to evaluate the

coupling coefficient, K = Kl,z = K2,3

4 The coupling-parameters Mo,~, can be calculated for a given
microwave structure as shown in VOI. 8 of the radiation Laboratory
Series (Principles of Microwave Circuits). It has not been found
necessary to carry out such a calcu Iation since the end couplings are
invariably adjusted experimentally. One convenient way to adjust
the external Q’s ( QI, s) experimentally is to observe the signal re-
flected from th: filter when the dc magnetic held for the ferromag-
netic resdnator 1sadjusted far from resona rice.

Ferromagnetic Resonators

END
COUPLING
.— —-.

603

i

STRIP LINE
RESONATOR TERMINALS
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LINE (Zo)

GRouND PLANES NOT SHOWN

Fig. 4—Crossed strip-line filter with ferromagnetic resonator.
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(a)

MI,2

(b)

Fig. 5—Lumped equivalent circuit of strip-line resonator coupled
to ferromagnetic resonator.
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)
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4

The complete equivalent circuit for the crossed stri pline

ferrimagnetically coupled filter is shown in Fig. 6.

The experiments to be described in Section IV have

been restricted to open circuit resonators and the design

procedure will also be restricted to this case. Using the

value for K given in (8) it is now possible to combine the

results of this section with those of Section I I I resulting

in a design procedure for these filters as follows:

1)

2)

3)

Choose bandwidth, ripple level and maximum

pass-band insertion loss.

From curves of & ~~x vs pass-band ripple given in

[5] and (7), evaluate the required minimum value

for Qu.

Evaluate the coupling coefficient and loaded

resonator decrements from curves in [5].
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4) From (8), evaluate the ratio (ti~/ZO)DS3/r02.

These parameters can then be used in a trade-

off in any convenient way.

To illustrate the above design considerations the fol-

lowing case is considered

~,. = 0.5 db1

rippIe = 0.5 db

201= 100 Q
?’0=0.150”

47rM= 1750, 3640 gauss.

The first value of 4mM is appropriate to yttrium iron

garnet, and the second to lithium ferrite. From [5] (see

Section III), the value of k is 0.65, and from (7), the

minimum value for Q. is found to be 7.38/ (A~/~0). Using

the normalized value of k given along with (8) it is

possible to solve for the value of the required sphere

diameter as a function of the 3-db bandwidth. The re-

sults of this calculation are shown in Fig. 7 for the two

values of 40JM. It is seen from the value of Q. given

above that extremely narrow lindwidths are not needed

for low insertion loss filters with moderate bandwidths;

for example, for 10 per cent bandwidth at S-band (3

Gc), Q.> 74 or AH< 14.5 oe. The loaded resonator Q’s

are then adjusted by adjusting the external coupling.

From the equivalent circuit given in Fig. 6, it is

possible to relate the coupling coefficient to the easily

measured mormal mode resonances of the three ele-

ment filter under conditions that the input and the out-

put of the filter are Ioosel y coupled (Q,>> 1). That is, K

M. Ml M2 M3

Fig. 6—Lumped constant equivalent circuit for strip-line
ferromagnetic resonator filter.

YIG

/

(47TM -1750 GAUSS)

I 1 I 1 I 11
1

Al

LITHIUM FERRITE
[4TTM = 3G40 GAUSS)

—

Fig. 7—Required diameter of YIG or lithium ferrite sphere for
specified filter bandwidth for 0.5-db uass-band rirmle.

can be related to the frequencies (co*) for which the input

impedance vanishes when the output is open circuited.

In the lossless case, this condition results in

(a*)’ = mz(l + ti2 K), or

~ = (@+)2 – (u-)2

24? Wc? “
(15)

In Section VI measurements will be described of co+ for

various sphere diameters using yttrium iron garnet in a

representative crossed stripline filter. These measure-

ments can then be used to determine experimentally the

coupling constant.

V. LIMITING

As has been discussed by Shul [8] the resonance

susceptibility of a ferrimagnet can be expected to de-

crease above some critical value of transverse magneti-

zation due to the parametric excitation of spin waves.

In what follows only the first order spin wave instabil-

ity [8] will be considered since it has resulted [9]– [12]

in limiting characteristics which are superior to second

order process limiters [13 ].

In the first order process, the resonance susceptibility

has a constant value x8” for RF fields less than a critical

value, hC~it but declines as

f! _
Xo”

x –—
h/korit

(16)

for h > hc.it. The threshold field depends on the uniform

precession and spin wave linewidths as discussed in [8].

The decline in the susceptibility leads to power limit-

ing in filters of the type under consideration. This can

be seen by rewriting (4) in terms of RF fields, with the

assumption that all susceptibility components decline

with magnetic field as given by (16),

jbpov.
VI = (Vl)crit = —

21r sC!Ir.llit~[(xzzO’’)e(”’i~
da

+ (X.vo”) ‘(ku) d] >

+ (X..0’’(~().rit]t] s- (1’7)

The voltages are limited since they are constants and no

longer depend on the circuit currents.

The threshold output power for a limiter can be

calculated once hcrit is known and such a calculation for

the crossed stripline circuit described in Section IV is

given below.

From Fig. 6 the impedance coupled

resonator is

ZL = (@o~3)’

20 ‘

into the output



J 964 Comsfock: Filfer-Limifers with Ferrimagnefic Resonators 605

and if the internal damping of the resonator is negl-

ected, which is a satisfactory approximation for wide-

band operation, the loaded resonator Q is

7T.Z03Z0
Q,= .

4(qM3)2

The output power from the limiter at the threshold is,

again neglecting internal resonator losses,

and with

k.~i~ = lo~i~/4?’0,

JL2.~i~Zlj34V027f

(~0).ri* = ~, —

The loaded resonators Q can be related

bandwidth of the filter by

~, = fdAf
Qs ‘

.

to the over-all

which & is determined from information on the insertion

loss and ripple level (see [5]). Thus

(PO) .ritfo/Af = h’CritZ3i4r02~8S. (18)

From this expression it is seen that for a given kxit$

fixed circuit geometry (YO, ZOI), pass-band ripple, and

insertion loss the ratio of threshold power to fractional

bandwith is a constant. This result is reminiscent of the

familiar (gain) X (bandwidth) limitation of amplifiers

and indicates that an increase in the bandwidth of the

filter (e.g., by using a larger sample) will raise the thresh-

old of the limiter. Limiting thresholds as low as — 35

dbm have been observed in narrow-band limiters using

narrow linewidth single crystal yttrium iron garnet [9]

while wide-band limiters (Af/fo>10 per cent) have been

made which have thresholds in the milliwatt range as

described in Section VI. The ‘(dynamic range”5 of

these limiters is typically 25–30 db and is prevented

from obtaining larger values by leakage represented in

Fig. 1 by the capacitor Ct. The leakage capacitance can

be minimized by making the mutual area of the crossed

strip lines as small as possible commensurate with main-

taining the minimum value of the unloaded resonator

Q’s. Capacitive shields between the strip lines have

been used also.

VI. EXPERIMENTAL RESULTS

First of all it is necessary to establish the validity of

the equation for dipolar coupling given in Section IV.

As mentioned in that section, it is possible to relate the

coupling constant K to the normal mode resonances

of the three-element filter. This relationship was

EDynamic range denotes the range of input power above the
threshold over which the output power remains constant, say to
within one db.

checked experimentally by measuring these frequencies

for various diameters of YIG spheres in an air d ielec-

tric stripline structure at 5 Gc.

The results of this investigation are shown in Fig. 8

which is a plot of the measured values of K2 [calculated

from (15) ] vs the diameter of the spheres used. Using

(14b) with the relevant parameter values (70== O. 1.s

inch, 47rill= 1750 gauss, ZOI = 100 Q) the theoretical

curve is also plotted in Fig. 8. Agreement is seen to be

good except at the largest values of coupling where the

observed coupling is reduced from the theor-etical value.

The disagreement is believed to be caused by the failure

of dipolar fields to adequately describe the coupling

when the sample diameter approaches the loop di-

ameter.

Using the design procedure outlined in Section IV,

a filter was designed using 0.003 inch copper stripli oe in

irradiated polyethylene dielectric with quarter wave

sections of high impedance transmission line for the end

sections. The impedance of the quarter wavelength

lines was varied in order to vary the end coupling and

hence the external Q(Ql,s). The ferromagnetic material

was yttrium iron garnet with a line width of 0,5 oe

which corresponds to an unloaded Q of 2800 at C-l:jand.

The sphere diameter was 0.105 inch. The response char-

acteristics are shown in Fig. 9. With an external Q of

17.6 it is seen that the system has two well defined

normal modes (the microwave circuit resonators had

the same resonant frequency which reduces the nulmber

of normal modes from three to two) as discussed in [12].

The value of K(K = 0.54) calculated from these two fre-

quencies using (15) agrees closely with the value given

in Fig. 8 (measured curve). For tighter coupling the

loaded Q’s of the normal modes are lowered resulting

in the band-pass filter characteristic shown for Q, ❑ ==9.80

and 3.52. In the latter case, the bandwidth was observed

to be over 1 Gc. The observed bandwidth with Q,==: 3.52

(25 per cent) is smaller than predicted by the curve in

Fig. 7 (45 per cent) since K is observedl tcl be reduced

from the theoretical result for large samples as shown in

Fig. 8, For larger input microwave powers the response

of the filter is limited as shown in Fig. 10 for the case

Q.= 9.8. The threshold power for limiting is in the milli-

watt range in contrast with previously reported experi-

ments using narrow bandwidth filters [9]. The thew-eti-

cal limiting threshold calculated from (18) and Suhl’s

theory [8] for ho.,t agrees in order of magnitude with the

experimental values. The uncertainty in the theoretical

result is partly due to uncertainties in the value of the

spin wave linewidth for the particular spin waves ex-

cited in the first order instability. The limiting curves

were taken with a fixed dc magnetic field. The dynamic

limiting range of this limiter was typically 25 db. For

frequencies outside of the band shown in Fig. lIDthe

dynamic range becomes significantly degraded,, The

bandwidth over which limiting is observed is indicated

e Manufactured by Tellite Corp., Orange, N. J.
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Fig. 8—Measured value of coupling coefficient vs diameter of yttrium
iron garnet sphere. The calculated value corresponds to Z“l
(resonator) = 100$2, ro = 0.150 inch.
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Fig. 9—(After Comstock and Dean [1 1]) Measured response of C-
band ferromagnetic filter for 3 values of filter end coupling. The
yttrium iron garnet sphere diameter was 0.105 inch.
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Fig. 10—(After Comstock and Dean [1 1]) Limiting characteristic
taken with filter having characteristics given in Fig. 9. The ex-
ternal Q was 9.8. For frequencies outside the band shown the
dynamic range is degraded.

on Fig. 9 which illustrates the conclusion made in [11]

that first order process limiting for w > (2/3) cu. should be

observed only in the vicinity of the higher frequency

normal mode.

In order to raise the threshold power level with a fixed

bandwidth and dynamic range for this class of limiters,

it has been found feasible to use ferromagnetic materials

with wider linewidths. As shown in [8] the threshold

field is directly proportional to the ferromagnetic reso-

nance linewidth for the first order process. For example,

a limiter using terbium doped yttrium iron garnet [14]

(AH = 2.3 oe), has been constructed with the character-

istics shown in Table I. The characteristics obtained

with undoped YIG are also shown in this table. With a

0.5 db increase in insertion loss the threshold is seen to

increase by 9 db using the wider linewidth material

with a 3 db decrease in dynamic range. Another ap-

proach to increasing the threshold is to use samples with

unpolished surfaces since then the contribution to the

linewidth from surface scattering can dominate the loss

mechanism [15 ]. Wide-band crossed stripline filter-

limiters have also been made with polycrystal YIG

(AH =30 oe) in which case the limiting thresholds are

typically a watt or more.

TABLE I

OPERATING CHARACTERISTICS OF STRIP-LINE FILTER-LIMITER

0.02 per cent Tb
YIG (All=O.5 oe) doDed YIG

(AH=2.3 oe)
—.

Operating Frequency 2.43 Gc 2:88 Gc

Bandwidth 90 Mc 60 hIC

Threshold (P.,,t) – 6 dbm + 3 dbm

Dynamic Range 25 db 22 db

Insertion Loss (P <P.,,J 0.5 db 1 db

Recently first order process power limiting was re-

ported at X-band using lithium ferrite [12]. A photo-

graph of the X-band filter-limiter is shown in Fig. 11.

~h~ stripline resonators are shown crossed over i; the

center of the ground plane (the top ground plane is re-

moved). The high impedance lines are quarter wave-

length coupling sections. The spherical sample is placed

between the two resonators and biased with a dc mag-

netic field normal to the ground planes. The limiting

characteristics are shown in Fig, 12. The filter band-

width of this limiter was 320 Mc and limiting with a

reasonably flat slope was observed over approximately

100 Mc. The dynamic range using low average power to

avoid heating effects exceeded 25 db. The preliminary

design of this limiter based on the results shown in Fig. 7

for a diameter of 0.024 inch predicted a bandwidth of

approximately 10 per cent while the observed was closer

to 4 per cent. However, the coupling constant was dif-

ficult- to estimate since the coupling ioops were far from

circular in this case.



1964 Comstock: Filfer-Limifers with Ferrimagnefic Resonators 607

Fig. 1 l—Photograph of X-band crossed strip line filter-limiter. The
lithium ferrite sample is placed between the two half-wave reso-
nators (shown necked down in the center).
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Fig. 12—(After Comstock and Loewy [12]) Limiting characteristics
taken at X-band with lithium ferrite filter-limiter Fig. 11.
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Fig. 13—Nonreciprocal phase characteristic of 4-Gc filter using YIG
showing gyrator action.

The nonreciprocal phase shift of two of the stripline

filters has been measured. For the 1ithiurn ferrite X-band

filter the differential phase shift was measured with a

microwave bridge which included a precision phase

shifter and was found to be + (90° t 2°) over a 170-NIc

bandwidth [16 ]. Similar measurements were made on a

4-Gc ferromagnetic filter using Y] G and the results are

shown in Fig. 13, which is a plot of one-half the meas-

ured differential phase shift vs frequency. The gyrator

element formed from the ferrimalgnetic filter has been

found useful in corktructing hybrid-gyrator four-port

circulators [16 ].

VII. CONCLUSIONS

The theory of dipolar coupling presented in this paper

has been found useful in preliminary design of ferri-

rnagnetically coupled filter-limiters. The ferromagnetic

sample, when excited in the uniform precession mode,

behaves in much the same way as a microwave cavity

and can thus be incorporated into microwave filter

structures. In particular, ferromagnetic resc}nators have

been found to be useful in conjunction with stripline

circuitry in building wide- or narrow-bancl micrclwave

filters. The first order spin wave instability has been

found to result in excellent limiting characteristics in

these filters. Limiting occurs over the entire filter l:Jand-

width only if u < (2/3)uz. For frequencies not satisfying

this condition limiting occurs near the upper band edge

of the filter response. By varying the linewidth of the

uniform precession, by either varying the sample polish

or by adding impurities such as the rare earths to n:wrow

linewidth yttrium iron garnet, the limiting threshold can

be changed with only a small variation in insertion loss.

The nonreciprocal phase shift of these filters has been

demonstrated and shown to be useful in constructing

gyrators.
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