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Nonlinear Intermodulation Coupling
In Ferrite Circulator Junctions

Hoton How, Carmine VittoriaFellow, IEEE,and Ronald Schmidt:ellow, IEEE

Abstract—We have solved the nonlinear intermodulation cou-  Previous theoretical formulation [3] on intermodulation was
pling problem of a planar ferrite junction containing 3 N ports.  derived ad hoc from the equation of motion of the magneti-

The coupling is represented as driving currents within the junc- 0 vector which gives rise to at best an order of estimate
tion, and the induced fields can be solved by using the radiation

and the boundary-value Green’s functions. Maximum coupling of @P0ut this coupling effect. In [3] the equation of motion was
intermodulations occur if the excitation frequencies at the ports iterated to high orders without restricting the magnetization
are close to the circulation frequency of the circulator. Also, we vector to be of constant magnitude. The resultant nonlinear
find that the static demagnetizing field can effectively increase magnetic equation was then solved by assuming the induced
the intermodulation output power. . . L . . .
intermodulation magnetic field to be identically zero. This
Index Terms—Ferrite device, gyromagnetic property, inter- assumption negates the coupling between the magnetization
modulation, junction circulator, nonlinear interaction. vector and other RF-electromagnetic fields via Maxwell equa-
tions. In fact, by setting the intermodulation magnetic field
[. INTRODUCTION to zero, it is not feasible to generate intermodulation power.
gAIso, the theory of Wuet al. excluded a treatment on the
&gmagnetizing field of the ferrite junction. It was pointed out

from instability and deterioration due to reflected power frordY [4] that the static demagnetization is closely related to the
the load. Among many important applications, power circulnicrowave |nst_ab|I|ty occurring at the subsidiary absorption
tors are generally required for cellular phone communicatidfl ferrimagnetic resonance measurements. Also, towl
systems where the maximum emission power can be as high [2] have shown that the static demagnetization can sub-
as 30 W. Under high-power excitations, the motion of thelantially reduce the measured ferrimagnetic echo gain to zero.
magnetization vector can no longer be described by a ik this paper, we will show that the demagnetizing field of the
earized set of equations. Considering next-order (cubic) terfggrite junction can significantly enhance the intermodulation
in the equation of motion echo signals in the time domafPupling in a ferrite circulator junction.
[1], [2] and intermodulation coupling in the frequency domain In this paper we first expand the equation of motion of the
[3] must be included in a nonlinear theory. In the past, HoWagnetization vector to the third power of the excited RF-
et al. have formulated [1], [2] the mechanism for echoindjelds. Cubic intermodulation is identified as inhomogeneous
in a ferrite junction. Prediction from our mechanism was iterms in the magnetic constituent equation relating the RF-
full agreement with experimental data [1], [2]. However, th&agnetization field to the RF-magnetic displacement fields.
intermodulation coupling is less understood, although an initilaxwell equations are then cast in the form of Helmholtz
primitive treatment can be found in [3]. equations with an effective current source appearing on the
Intermodulation signals grow rapidly with power. For inputight-hand side (RHS). Therefore, the intermodulation cou-
power below 1 W, the level of the induced intermodulatiopling is solved as a two-dimensional (2D) radiation problem
is in general-100 dB below the input signals [3]. However,and the induced fields are obtained through the use of Green’s
when signal levels are increased to 30 W, the intermodulatifumctions. Two kinds of Green’s functions are needed. The
noises acquire a power 670 dB below the input signals. first kind of Green’s function gives outgoing waves generated
They are identified as clicking noises in a telephone linrcom a é-function distributed point source in the junction. The
The reduction of nonlinear intermodulation noises in ferriteecond kind of Green’s function is derived from a source-free
junctions is therefore of crucial importance for cellular phonginction; it is required to cancel the tangential RF-fields at the
communications, not only to improve the quality of the teléferrite junction boundary to satisfy the boundary conditions
phone signals, but also to allow fewer radio stations to kgere. The final functional form of the intermodulation field
distributed in the transmission network. is expressed as a double integral over the junction area which
Manuscript received February 2, 1996; revised October 18, 1996. can then be evaluated numerically by using finite-difference
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levels compare very well with measurements reported in [3he lateral dimension of the ferrite is much larger than its
The effect of static demagnetization has also been calculatddckness, the dipolar field becomes

It will be shown that by decreasing the axial demagnetizing

factor of the ferrite junction from one to one-third the output hy = —4rN-M - ¢.¢.. (4)

intermodulation power can be correspondingly reduced Fwis is the situation that is normally assumed for a ferrite
about 5-6 dB. Finally, different phases of the excitatiogircylator junction [6][8]. In (4) N. denotes the (axial)
signals have been incorporated in the calculations, revealij@magnetizing factor. The damping field can be effectively
the interference nature of the intermodulation coupling. Thigcounted for if one replaces the external figid by H, —
paper is organized as follows. In Section Il the theoreticg)) /~),, or, equivalently [8]
formulation of the equation of motion is developed. When .
coupled with Maxwell equations, the modulation field is H,— H, - AH f (5)
then described by Helmholtz equations which are solved by 2 Jr

using Green’s functions. Section Il includes results of thghere AH is the ferromagnetic resonance (FMR) linewidth
calculations considering a power circulator design reported iffeasured at frequency,. The magnetoelastic field can be
[3]. Conclusions follow in Section IV. derived from the following electroelastic energy density using

[5, eq. (2):

Il. FORMULATION 2 2 2.2
ws = by (g €ze + ey + azes,)

Within a ferrimagnetic substance the magnetization vector

. . . . . 2b L T i Z-Yyz 2Tz 6
M satisfies the following equation of motion: + 2a(ay oy + aya6ys + Q20 6) (©)
oM where «;'s are the direction cosines of the magnetization
8_7 =—vH g x M 1) vector M ¢;,;’s are the strain fields, anbl andb, are mag-

o ] ) netoelastic coupling constants. For the current calculations
where the effective field can be derived from a given energy, nonlinear intermodulation we omit the influence from ex-
distribution w(M,0M /9z;) as [5] change, anisotropy, and magnetoelastic interactions. However,

3 their roles in junction circulator performance will be discussed
(H. ) Ow +> 0 Ow (2) in a future paper
Hog)i = —F7 Y VTR .
OM; j=1 Ox;j 9(9M;/dx;) For a large excursion of the magnetization vector we write
Herew can depend not only on magnetization vecidr but m, =M, — M. ~ m-m 7)
also on the magnetic straidg /0x;. The most generall 2M,
includes the following components: upon which (1) becomes
Hg=He +h+hy+hg+h +hy+h, (3) %%zgzx[ﬂmm_m@ﬂhz
where , + 47 N.m.)m + m.h). @)
H, external field;
h RF field; In (8) m and h denote transverse components of the RF-
hq dipolar field; magnetization and magnetic fields, and the internal fiélgl
hs  magnetoelastic field; is given as
hs = (2K/M2)M - e. = anisotropy field; o B
he = (24/M2)V?M = exchange field; Hi, = (Ho = dnN-M; Je.. ©)
hy = (=A/v7M,)0M /ot =Gilbert damping field; The z-component of (1) can be shown to be equivalent to the

and K, A, v, A\, M, are, respectively, (uniaxial) anisotropytransverse components (8). Note that in (7) we have imposed
constant, exchange stiffness, Gilbert damping constant, gythe constant magnitude condition on the magnetization vector
magnetic ratiq(= 1.76 x 107 rad (sec-Oe)~!), and saturation M| = M (10)
magnetization. In (3)e, denotes the unit vector along- =
direction, which is not to be confused with a latter symbol afhich gives rise to cubic interaction in (8) represented directly
e, denoting thez-component of the RF-electric field. Underpy the following two terms:

magnetostatic approximation the dipolar or demagnetizing

field h, satisfies the following equations: m-mm and m-mbh. (11)
V -hg=—47V-M This is in contrast to the equation of motion assumed by
YV x h, =0 Wu et al. who derived intermodulation coupling from an
i, =Y.

iteration scheme, involving second-order excitation rir
The evaluation of demagnetizing fields for an arbitrary excitand then third-order excitation imy [3]. The magnitude of
tion is a fairly complicated problem. It was shown in [1] andhe magnetization vector is not conserved in the theory of
[2] that the dipolar field is of crucial importance in correlating3], as required by (10). The other difference of our model
nonlocal excitations to create echo signals in a single-crystaith respect to [3] is that we have included demagnetizing
yttrium iron garnet (YIG) sample. However, if we assuméelds in our formulation. It was pointed out in [4] that the
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static demagnetization is closely related to the spin-waeguation and hence there is no sufficient reason to make such
instability occurring in the subsidiary absorption at microwavan assumption. Also, Wit al. calculated the output inter-
resonance measurements. For ferrimagnetic echo experimentsiulation power in terms df;.|?. However, discontinuity
it was generally known that magnetic demagnetization caémes, can occur at the circulator-port junctions and evanescent
significantly reduce the induced echo-gain amplification in thmodes will be present to make up this difference. Further
generated echo signals [1], [2]. We will show later in this pape&liscussion on this point will appear later in Section II.
that this same effect can produce higher intermodulation levels=or theexp(—:wst) time dependence (13) gives the follow-
and hence its magnitude should be minimized if a noise-fréey magnetic constituent equation:
circulator design is desired.

In the following we will discard the term proportional by =hs + m; :’:‘3@3_@ (15)
to h. in (8) since, as it will be discussed below, does ﬂ:(l_p’_l)g (16)
not couple to the other major fields, h, and ¢, through - - =3
Maxwell equations, and it does not contribute to any nend p_is the regular Polder permeability tensor given by
power flow at the intermodulation frequency at the circulat§6]—[8]
junction ports. We must emphasize here that all of the above

derivations are valid only for real (physical) quantities. The N 8 a7
commonly used phasor representation of complex fields is B, = _i)ﬁ?’ ’“63 1
meaningless under nonlinear consideration. Nevertheless, (8)
can be converted into an effective complex form at the singl¢here ;13 and x5 are
intermodulation frequency. That is, let the ferrite junction be wow wWaw

. . . ow'm 3Wm
excited by two monochromatic signals of angular frequency pe=1+4 55 3= o 5 (18)
wy and w,. Intermodulation coupling through (11) contains °o 73 °o 73
the following term: andw,, andw, are defined as
[mlp COS(wlt + 91)][777,2/; COS(th + 92)][777,1/; COS(wlt + 91)] Wm = 47r’7M5

= (m%pmgp/8) COS[(2wl - CUQ)t + 292 - 91] Wo :,VHin-
+ (terms at other frequencies Maxwell equations are

andf, andéd, denote arbitrary phases. Other terms in (11) can Y x B — —tews Vb= 0
be decomposed in a similar fashion. Therefore, as long as we s =" "% ==
are considering terms relating to intermodulation excitation at w3

angular frequencyws(= 2w; — w9) in (8), complex phasor VX ==bs, Ve =0 (19)

notations can be resumed provided that the longitudinal REnich  after assuming
magnetizationm, in (7) is now replaced by ’

o T (12) hs: =0=es, = 39 (20)
o 16M, one derives
As such, thf ;quatlon of motion (8) becomes (V2 4+ 2 Yes. = —'LCdguge(v < ). (21)
—- amgs . .
————=¢_ X [Hpym,— M;(h, — « 13 —4 L .
Y dt ¢, X [Hinmg (hs — a)] (13) hy = ic F des m_gaeg } v 5, 22)
. L wapize Lp d¢  pz dp
where the inhomogeneous temmis given as P .
ic [ —tr3 10e3, Jes,
m, - m hagy = . 3 + 8y (23)
a= TR (dnNomy +by). (14) waptze | s p 09 Op
s where 3. is the Voigt permeability given by
In (12)—(14) subscripts, », ands refer to quantities at angular y y
frequenciesv;, ws, andws, respectively. The use of complex pze = (p3 — K3)/ i3 (24)

fields in (13) can largely simplify the following derivations.
In [3] it is assumedh; = 0 upon whichm, was nonlinearly

expressed in terms o, h,, m,, andh,. However,h, does kse = wa(psee)’? /e (25)

not vanish, which together witie, must be determined from . ) ) ]

Maxwell equations. Actually, as we will point out later, the! "€ complex dielectric constaatin (19) and (22) is

out'put intermodulation power .Wi|| be propprtional t@3¢|.2, ¢ = ¢(1 +itan ) (26)

which would then lead to zero intermodulation coupling in Wu

etal’s calculations. In [3] Wiet al. related the intermodulation and¢; andtan ¢ are the dielectric constant and dielectric loss

power at circulator ports by using the Faraday’s law. Thapngent of the ferrite material, respectively. In (22), (23), and

assumeds, to vanish at the ferrite disk center as the other tw{25) ¢ denotes the speed of light in a vacuum.

primary RF-electric components de;. and es.. However, We note that all of the above formulas derived for the

as revealed from (21)¢3. satisfies a different differential induced cubic intermodulation fields at angular frequengy

and the effective propagation constadnt is
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can be equally applied to the primary excitation fields alere J,(x) and J,(z) denote Bessel functions of the first
w1 and wy provided that the driving terms described by kind of ordern and its derivative, respectivelyZs, is the
or 3 are set to zero. That is, sources have been addedwave impedance of the ferrite materialwa and

the forced oscillation at intermodulation frequengy such

that the Helmholtz equation is now modified to include an Zsj = H3e
inhomogeneous term to generate radiatiowatFurthermore, €

the boundary c_ond|t|ons at the per|'phery of the ferrite dIS(lﬁreen’s function appropriate to the second-part solutions sat-
must also be reinforced by the solution. From (21) the forcqgﬁes the inhomogeneous Helmholtz equation

oscillation for cubic intermodulation results in an effective

current distribution on the ferrite junction (V2 + /f:)?,e)Gg(),lz)(p, b0, ¢)

i, = i(v x f)- 27) = —drb(p— p)6(¢p— ¢)/p (32)

which generates outgoing electromagnetic waves propag#&ndering the outgoing boundary condition at infinity. From
ing toward the boundary of the ferrite disk. Meanwhile[]9] we have

the imposed magnetic-wall boundary conditions on the disk W .

boundary not adjacent to the circulator ports are effective to G3./(p, 930", 9")

reflect the incident electromagnetic waves such as to cancel the = in HS (kse /0% + p2 — 2pp/ cos(p— ¢/))  (33)
tangential components of the RF-magnetic fields there; only at

the circulator ports the magnetic-wall boundary conditions avd1ereHél)(a:) is the Hankel function of the first kind of order

relaxed zero. Note thaIHél)(a:) vanishes logarithmically as goes to
hag(R,¢) # &0, if ¢ —0; < ¢ < i + 6, Z€ero
forl <i <3N H((Jl)(a:) = (2t/7) In(x), ifz<l. (34)
= 0, otherwise (28)

Therefore, solutions for the second part can be obtained as
Here we have assumed the circulator to possd¥spdrts R on
which are located ap = ¢; with half-port suspension angle 6(1)(p ) = —W3l3e / p dp’/ ¢’
8;. The ferrite disk is of radiusk. The three through-ports 32 M 4c 0 0
are numbered as 1,4+ N, and1 + 2N, which are connected ABs(p)  19B,(p")
with matched loads and the other ports are connected with ’ [ oy - ; ¢/ }
open-circuited stubs of finite length. For circulation action to 1) 3 ; ;
occur we must assume three-fold symmetry on the circulator CHy (kse /02 + p? = 20/ cos(¢ — ¢))
ports [7], [8]. (35)
Solutions to the intermodulation fields are therefore com- ) A L L
W) =35 [ [ ae

posed of two parts. The first-part solutions satisfy the ho-
mogeneous Helmholtz equation giving rise to the boundary

conditions of (28), and the second-part solutions describe _ [8%(3’) 3 18/3,,(3’)}
outgoing electromagnetic fields generated from the current ap’ o O
distribution of (27). We refer to the first-part solutions by 10 im0 )
superscript? and the second-part solutions by supersdfipt : [;37) Ea_p} 0

C3z(£) :C:(),Z)(B) + Cg?(ﬁ) . (k.ge\/pQ T p2 — 2pp/ cos(p — ¢/))}
hsp(0) = hsy) (o) + 1) ()

has(p) =hi) (p) + h52 (p). (29) +B,(p) (36)

. R 27
Green'’s function appropriate to the first-part solutions satisfies héﬁ?(p, P) = {__L/ P dp’/ ¢’
the homogeneous Helmholtz equation 4 Jo 0

AP (p B, (p
(V2 + 130G (o, 65 o ) = 0 (30) . { Pld) 1 /5;,3 )}
p p
whose boundary condition is that the tangentfatoémponent) —iksl O 9 )
magnetic field vanishes at the disk periphery except for a delta- : { _3_</> 8_} Hé )
function excitation ap = R and¢ = ¢'. From the Appendix Ha P P
we ?;Ve + (ke /p? + p? = 2pp/ cos(¢p — d)’))}
G3z (p7 d); R7 d)/)
_ —iZsy i I (ke p)eim#=) 1) +Bs(p)- (37)
e J (kseR) + ti3 I (kseR) ° In order to satisfy the boundary conditions of (28) for the

kse R overall intermodulation field the peripheral field-source needs
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to be specified as the following: Here we have assumed that pgris a through port under-
0, if i — 60; < ¢ < i + 6, matched load and no RF—intermoduIat?on field can _be reflected
Sa(h) = for 1 <i < 3N, (38) back frqm porty_‘. As such, the output intermodulation power
—hg;)(@, otherwise. at portj is derived as
This results in homogeneous-field excitation within the ferrite Py =2 w2|h3¢(R, ¢i)|22d_ (45)
disk as
—iZ; > ApJp(ksep)ei™® A similar expression shall apply to the primary fields excited

0
S (p,d) = i (o3 F) at w; and w,. We note that in Wuet al’s derivation [3]

27
they assumed the output intermodulation power was related to

n=—c0 Jj (ks R) +

pa hack (39) les=( $;)|*. However, the tangential electric field may expe-
e rience discontinuity in passing across the junction boundary.
hg?,)( ¢) = —t Z A, For example, the tangential electric field drops to zero across
2m = a magnetic wall and the resultant discontinuity is compensated
ndn(ksep) K3 -, by fringing fields surrounding the wall boundary (that is, by
" haep + E‘Jn(/ﬂ%p) ino inducing magnetic currents on the wall boundary).
K3 ndy (k3. R) € In this paper we are only concerned with the calculations of
Jy(kseR) + o kR the output intermodulation power as a function of the primary
Hs s (40) excitations applied at angular frequencies and w» (45).
1 & As such, we are only required to calculdi%?(R, $;), since
hgg(p, ¢) =— Z A, the homogeneous solution, (41), does not contribute to this
2 = RF-field as specified by the boundary condition (38)
, k3 ndp(ksep)
Jn(k?)ep) " H3 k'?)ep einqb h:(),(;) (R7 d)J) =0.
, k3 nJp (ks R)
Jr(kseR) + EW Therefore, the only task to perform is the evaluation of
' (41) the double integral appearing in (37) for the calculation of
) - o hg;)(R, ¢;). This can be accomplished by applying an equally-
and the expansion coefficient,, is given as spaced grid over a 2D rectangular area defined by ¢ <
27 y 27,0 < p < R; differentiation and integration can then be
Ap I/O d¢' =" S3(¢"). (42)  performed by using finite difference methods. However, in

) ) o order to avoid self-field singularity associated with Hankel
Therefore, provided _that the flrst-order_ excitation le_m(iiSi_nd function at the origin (34), a closed-type integration scheme
h, are known, the third-order coupled intermodulation field \\hich includes direct evaluation of the integrandgat R,
can now be completely calculated. The output intermodulatiQfo,id not be used. Instead. we have used Newton—Cotes
power at portj, j = 1, 1+ 1V, and1+2N, can be estimated asormy|as of open type in calculatin’gg;)(R, ¢;) in (37). The

Py = |i3j|2Zd/2 (43) grid points employed were 4& 40, and the convergence is
. . ~ quite good (more than five significant digits).

whereis; denotes the RF-current ag at portj, andZy is T complete the formulation of the paper, we summarize in

the wave impedance of thgth port the following the expressions for the primary fields excited at
1 w1 andws [6]-[ 8]. Similar notations will be used as before and
Zq = P subscripts will be dropped hereafter. The interport impedance

. . ) . for a 3NV-port circulator is
Here ¢, denotes the dielectric constant of the dielectric-sleeve

material surrounding the ferrite junction to match the circulator 0o 1

performance at circulation conditions [6]—[8]. Occasionally, Gy =—iZ; <9_J> Z {ﬁ <1 + E) _ M}

the same piece of ferrite material is used both for the junction ’ T) oo LT H In()

and for the matching sleeve, and only the junction area is <Sin ”9i> <Sin n9j> in(dimds)
. e o J

locally biased by a vertical magnetic field. In this cage= ;. (46)
The port currents; in (43) can be related to the transverse
magnetic (TM) field surrounding the (stripline) ports,,

through Ampere’s law

where z is defined as

igj%2wh3j x:]{;eﬂR

andw denotes the width of the port. Howevér;; needs to

be continuous across the junction boundary such that andk.g can be obtained by a similar expression of (25). Let the

primary field be excited at port 1 with an incident amplitude
hs; = has(R, ¢5). (44) in hy as(hy)in. We denote the amplitude @éf; in port j as
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aj, 1 < 57 < 3N. We have then

3N

Z(ZZ(SU + Gij)aj = 2Zd(h¢)in6il (47)
j=1

where Z; denote the wave impedance of pgrand

Scattering Parameters (dB)

Z:{Zd, if j=1,1+N,1+2N,
J iZq cot(xjw\/€q)/c, otherwise.
(48) B
0.12 0.13 0.14 0.15 0.16
Herez; is the length of the open-circuited poit After a;’s Frequency (GHz)

have been §0|Ved from (47), the mOdall expansion Coeﬁi?ijemFig. 1. Calculated scattering parameters of the VHF circulator reported in
expressed in (A4)—(A6) of the Appendix can then be derived a%

—i K ndn(z)] "
n=—Zy | J; -
Cn = — f|:‘]n($)+u " }

N g, sin né;
. Z {g exp(—ind)j)} . (49)
j=1

n

Thereforeh, andh, can be obtained. The magnetization fields
are then

(12 W, = BOW, W, = 05 W [
@)Wy = 75 W, W, = 0.75 W
B W, = 100W, W, =1W
0.

Intermodulation Power (dBm)

m = (u— Dh (50)

13 0.14 0.15 0.18
f, (GHZ)

which, together withh, andh,, are used in (14) and (16) to 012

obtain the cubic intermodulation excitation terms (35)—(37).
The input signal power at; andws can be calculated from Fig. 2. Calculated intermodulation power output ffir = 2f. — f1 and
(45) with h3,(R, ¢;) being replaced byhy)in- N =1

lll. RESULTS output power as a function of, using fo» = 2f. — f1. The

We consider the three-port very high frequency (VHF3Xial demagnetizing factor consideredVs = 1. Three power
circulator design reported in [3]. In [3] the circulator wadevels have been consideredl; = 50 W and W, = 0.5
given the following parametersir M, = 600 G, H, = 800 W, Wi = 75 W and W; = 0.75 W, and W, = 100
Oe, ¢; = 16. We assume the same ferrite was used d¥ and W, = 1 W. From Fig. 2 it is seen that maximum
the matching sleeve material such that = ¢; = 16. In intermodulation occurs whey; and f, are located close to
order to approximately give the center transmission frequenig center frequency, which exhibits the following values:
around 140 MHz, we further assumB = 8 cm. Also, —47.8 dBm forW; = 50 W and W, = 0.5 W, —42.6 dBm
we have assumedH = 60 Oe at f, = 10 GHz, and for Wi = 75 W and W, = 0.75 W, and —38.9 dBm for
tand = 0.0001. Circulation condition [8] can then be solved?1 = 100 W and W, = 1 W. These numbers compare very
which requires a half-port suspension angle= 0.112 rd, Wwell with measurements [3}:-44 dBm whenW; = 50 W
and the center transmission frequenfy occurs at 0.1414 and W> = 0.5 W, and —42 dBm whenW; = 75 W and
GHz. The calculated scattering parameters of the circulatdrz = 0.75 W. However, exact comparison between theory
are shown in Fig. 1. The insertion loss fatwas calculated to and experiments is not possible, since the exact parameters of
be —0.139 dB due to the imposed material losses. We note tfiae circulator are not known (the center transmission frequency
the circulator exhibits narrow-band transmission, since it isugsed in this calculational model is 144.4 MHz, whereas the
three-port circulator biased above ferrimagnetic resonance cgnter transmission frequency measured in [3] was 124 MHz).
high-power circulator needs to be biased above resonancélif note that in Fig. 2 intermodulation levels drop off when
order to remove magnetic domain walls. Wide-band circulatgi, and hencef,, deviate fromf.. This is due to the fact
biased above FMR resonance can be obtained by usinghat the amplitudes of the primary fields,, m,, h,, andm,,
six-port design [7]-[8]. decrease as a consequence of the frequency shift away from

In the following calculations we consider the two primargirculation conditions.
signals to be applied at port 1 and the generated cubicFig. 3 shows the calculated intermodulation output power
intermodulation signals are measured at the transmission pasta function off; using f» = f.. Again, we have assumed
2. Port 3 is the isolation port, which is terminated by &_. = 1 and have used the same three power levéls:= 50
matched load. Fig. 2 shows the calculated intermodulaticd and W, = 0.5 W, W, = 75 W and W, = 0.75 W, and
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-60
(1): W, =50 W, W, = 0.5 W

(@)W, =75 W, W, = 0.75 W

(3): Wy = 100 W, Wy = TW

013 0.14 0.16
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Intermodulation Power (dBm)
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> |
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0.12 0.16

Fig. 3. Calculated intermodulation power output for= f. and N. = 1.
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Fig. 7. Calculated intermodulation power output considering interference
between input signalsfa = f..

sion frequency which exhibits the following values54.2
dBm for W7 = 50 W and W, = 0.5 W, —49.8 dBm for

Wi =75 W andW, = 0.75 W, and—45.2 dBm fori¥; = 100

W andW, = 1 W. These values are about 5—-6 dBm smaller
than those previous values calculated f&r = 1. Therefore,

we conclude that the static demagnetization of the ferrite disk
has an adverse effect in generating cubic intermodulation for
channel coupling. A quiet circulator can be obtained if the
demagnetizing field is minimized. In the past, Schloemann
and Blight have applied two polycrystalline YIG domes in the
shape of semispheres covering the ferrite circuit from above
and below to produce a uniform internal bias field within the
ferrite disk [10]. As suchV, = 1/3, and ultra-wide bandwidth
was obtained for circulator transmission [10]. For nonlinear
applications, we conclude that the static demagnetization is

Wy = 100 W and W, = 1 W. Maximum intermodulation responsible for spin-wave instabilities near subsidiary absorp-
occurs at the same frequencies and levels as in Fig. 2, sitied during ferrimagnetic resonance [4], reduction of echo-gain
the power maxima are identically the same for these two casasmiplification for ferrimagnetic echoing in the time-domain [1],
fi = f» = f.. However, intermodulation power levels off[2], and generation of higher intermodulation coupling among
more rapidly in the former case whefa = 2f. — fi, since channels in the frequency domain. The demagnetizing fields
for this caseh, andm, presume smaller values than the latteshould therefore be avoided in all of these applications.

case whenf, = f..

In the above calculations we have assumed the two primary

Figs. 4 and 5, respectively, show the same results as Figdields are applied at the same phases. If the input phases are
and 3 except that the axial demagnetizing fadtgrhas been not equal, intermodulation level will differ accordingly. This
lowered to a smaller valueV, = 1/3. For these calculations is shown in Figs. 6 and 7 where the intermodulation power is
maximum intermodulation still occurs at the center transmiglotted as a function of; using fo = 2f. — f1 and f> = f.,
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respectively. The input powers a¥é; = 50 W andW, = 0.5 andZ; is similar toZs; defined as before. Let us now assume
W, and the axial demagnetizing factor considered/js= 1. the boundary condition fof to be

From Figs. 6 and 7 it is seen that the generated intermodulation

power decreases for increasing phase difference between the ho(R, §) = 8(6 = ). (A7)

two input signals. From in-phase couplidg) = 0° to out-of-  Thjs solvese, from (A6) as
phase couplingA¢ = 180° the output intermodulation power

has been decreased in an amount equal to 0.55 dBm, indicating o = —iZy T (ketR) + gan(keﬂR) - (A8)
the interference nature of the cubic intermodulation interaction. nAftefl o (kg R)
The difference between Figs. 6 and 7 can be understood frgm, | .. o the RE-electric field is
the same basis applied to Figs. 2 and 3. - ‘ ,
. ) = Iullap)e )
IV. CONCLUSION s 2r (heaR) + iy (ke R)
We have formulated the nonlinear intermodulation problem po ket (A9)

for a ferrite junction circulator. The equation of motion of

the magnetization vector has been approximated up to ffiich is used in the text as the Green's function
third order in the RF-excited fields and the coupled Maxwet")(, 4: R, 4')

. . 3z » ’ .
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where k. and u.g are effective propagation constant and
effective permeability of the ferrite material given by similar
expressions of (18), (24), and (25). Solutions to the above

. . . Hoton How, photograph and biography not available at the time of publi-
equations regular at the disk center can be written as cation. phofograp grapny P

oo

ex(r, ) = Z cndn(kr)e™® (A4)
e Carmine Vittoria (F'90), photograph and biography not available at the time

K of publication.

Bt =5 Y etk + 22D v a)

o>
B ndo(kr) K , ind
hp(77 ¢) - Zf Z n { Ly + ﬁ‘]n(lw) € (A6) Ronald_Schmidt (F'84), photograph and biography not available at the time
of publication.



