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Nonreciprocity and the Optimum Operation
of Ferrite Coupled Lines
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Abstract—The first full-wave normal-mode analysis of ferrite Subsequent experimental results confirmed both the coupled
coupled lines (FCL's) magnetized in the longitudinal direction is  mode and normal mode understanding. However, neither of the
presented in this paper. It is found that the tangential and axial experiments performed as well as might be expected. In Mazur's

components of the guided electric and magnetic fields undergo a . . h
different change in the process of reversing the direction of mag- experiment [4], the measured isolation losses were 15-20 dB,

netization. These changes cause the same input wave to decomposéisertion losses were 2.5-3 dB, and return losses were about
into the eigenmodes of the FCL differently for different directionof 18 dB. Also, the Teolet al. experiment [5] is not any better
magnetization and, consequently, cause the nonreciprocal behavior than Mazur's. A possible reason lies in the optimum condition
of the magnetized FCL. A new optimum nonreciprocal operation ot — 4, — 90°. Numerical calculation of the eigenmodes
condition is obtained, and applications to FCL circulators built on . -
microstrips and striplines are discussed. shows that the p_hase information is difficult to use becatise
and ¢, are functions of space. The valuesd¢f and ¢, also
depend on which components of the electric (magnetic) field
are used in the calculation g@ and¢, cannot be uniquely de-
fined. Consequently, the¢; = ¢ = 90° condition cannot be
I. INTRODUCTION relied upon to provide the optimum operation condition of the
§tructure. The other possible reason lies in the assessment of the

INCE THE experimental discovery of ferrite coupled line :
FCL's) [1], several papers [2]-[5] have discussed the no,q_en‘ormance. Neither the coupled- nor normal-mode approach

reciprocity in FCL's and the search for its optimum OperatioRermns a full assessment of the performance of the magnetized

condition. Although the most promising potential application';CL at either optimum operation conditiofita = Seven OF

— — [ 1 i -
are in distributed circulators for higher microwave frequencies,”* — ¢2 = 90°). Both theories neglect the internal struc

e.g., 60 GHz and above, devices operating at lower frequencﬁlérse of the guided mode and assume perfect power transfer be-

are discussed in this paper to demonstrate the behavior. Ma%ﬁ en lines at the optimum operation point. Itis shown below,

and Mrozowski [2] used the coupled-mode method to show t guever, that this assumption is not true. Thg power transfgr

the even and odd modes of a unmagnetized FCL become cEﬁﬁChes its maximum at ‘h?se optimum operat|on_p0|nts, but it

pled when longitudinal magnetization is applied to the ferrite> not necessarily 100%. Itis hecessary to determme the acFuaI
ue of the power transfer coefficient of magnetized FCL's in

They demonstrated that the behavior of a magnetized FCL w Ser t lect the best struct
due to such coupling. They also found an optimum operati(?ﬁ er to select the best structure.
In this paper, the first full-wave normal-mode theory has been

condition to be equal propagation constants for the unmagnge . .
tized FCL (Boad = foven). HOWEVET, theFoad = Seven CON- developed for the design of the FCL. By studying the energy

dition is not appropriate for a realistic design project becaugtgw Ca”";‘i_ by _each l":e’ ? rgje;/;/] norT]atlr-]mc_Jcie op'g_mumf;)rﬁ)er—
of the weak-coupling assumption intrinsic to all coupled mo lon condition 1S constructed througn the integration ot 2he

theory. In 1995, Teoh and Davis [3] proposed a normal-mo&gmponem of the Poynting vector. Complete descriptions of the

approach. They explained the behavior of the magnetized Fa?des are obtained and all the information is retained within the

as the superposition of right- and left-hand-side elliptically péj—pt'mum operation copdltlon becausg b.Oth the imaginary and
larized normal modes. They found that the phase difference 8‘:’“ parts of the electric and magnetic field enter the calcula-
tween lines for normal mode or@:) and normal mode two tion through the integration. The arbitrariness of the useg;of

(¢2) of the magnetized FCL is frequency dependent. For O@pd@ is, therefore, avoided. The new condition is based on a
timum operation, the normal mode equivalent to tha, = irect calculation of the power exchange ability of the two cou-
3 condition ié(/h — 90°, ¢ — +90°. It is this phase pled lines in the magnetized FCL. Therefore, not only can the
guadrature that is responsible for the nonreciprocal behavior? timum _operaﬂon p0|_nt of agiven F.CL be found, a comparison
the magnetized FCL. of the optimum operation points of different FCL structures can
also be made so that an overall best FCL can be identified.
It is well known that the propagation constant of a guided
Manuscript received December 14, 1998. This work was supported Ef]oge |Of a. m;gn;atlzed FC.:L I.S unchanged WhenhFhe direction
the Engineering and Physical Sciences Research Council, U.K., under G t e_ ongitudina mallgnetlzatlon.reverses [6]. In.t IS paper, We
GR/L26445. describe how the guided mode itself changes in the reversing
The authors are with the Department of Electrical Engineering and Eleﬁrocess_ Due to this change, the same input wave will be decom-
tronics, University of Manchester Institute of Science and Technology, Mah- . . ' . .
chester M60 10D, U.K. posed into the eigenmodes of the magnetized FCL differently
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Fig. 1. Sketch of the proposed three-port distributed circulator.
Fig. 3. Expected behavior of the FCL. The dashed line represents (unwanted)

4 y direct signal transfer.
regipn |
line 1| line2 « the device isl — 2 — 3 — 1. If the magnetized FCL can per-
rTMar M form each of the functions in Fig. 3 with 100% efficiency, the
regipn I proposed device in Fig. 1 will behave as an ideal circulator. The
‘d.f,/z o determination of the length of the FCL, and its efficiency of
power transfer, are the subjects of this paper.
Fig. 2. Cross section of the FCL. As shown in Fig. 1, the ferrite has input and output interfaces

with the isotropic media. Waves encountering these discontinu-

amplitude of the decomposition coefficient keeps constant, bties will be scattered, thus, in reality, transmission and reflection
a phase shift occurs with the reversal of the direction of mageefficients atbothinterfaces needto be determined. Inthis paper,
netization on the FCL. It is this phase shift, plus the change e are mostlyinterestedinthe powertransferbetweenthetwo cou-
the eigenmode itself, that causes the magnetized FCL to behglgsllinesandindeterminingthe planeatwhichtoextractthe power
in a nonreciprocal way. In this paper, we describe a way to iguidedbythelinestogetthebestresult. Tosimplifytheanalysis, we
corporate these changes, and the nonreciprocal behavior ofliage assumed thatthe FCL is of semiinfinite extent, thus, only the

magnetized FCL is finally realized through a simple sign changaerface on the input side (the “firstinterface”) needs to be taken
in an integration. intoaccount. Whenasignalmeetsthisinterface,itdecomposesinto
the eigenmodes of the magnetized FCL. The extraction of guided

II. THEORY powerintroducesthesecondinterface,andthiswillinevitably per-

. . . ._turb the system. Our theoretical prediction is, therefore, only ap-

= CTLhiéE;;i_?:rég';g;ggt\?v?tﬁ Ig:lfl'lionrci?or:pgzl r;%gvr\;;]ai?] nlgitglgz 'q’icable to the_ experiment_al_ case when tr_lis perturbation is sm_all.
(after Mazur [4]). The direction of the app,Iied static magneii eperturbatloncanbe_m|n|m|zedby(_je5|gn|ngtheoutputsectlon
field Ho is arbitra-\r arallel or antiparallel with respect to th B matched the magnetlz.e(_j FCL sec.tlon so that reflections at_the
1€ 0 y (p P P '%econdinterfaceare negligible. Theeigenmodesofthemagnetized

direction of propagation), but it determines the direction of Cit= | will still be decomposed into eigenmodes of the waveguide

culgtlo_n. Th_e main part of t_he cﬁstnbuted q_rculator is the FC'Uf the output section at the second interface. However, since the
which is u.nlfor;nhm thez-_d|rtla(ct|orr]1 f(;)r a _f|n|t2e Iengtw. The reflectionis negligible, this decomposition will cause no powerto
:-2: ; egltllct)r?eonia?e';acll_altsx)sveet((l;e?ov:/;] ;ISICOIUR?S(;OI?nIe(s”)IIec%_e redistributed among the two coupled lines, and the second in-
be multilayered structure and it can contain ferlraite Lines. la face can, therefore_, effectively be negk_ected. Th_efirstinterface
2 represent the two coupled lines. They can be r.nicrostripsl?] redstobeanaly_zec‘imanycaseto.obtalnmformatlonontheel_g.en—
) Eﬁodes propagating in the magnetized FCL. Such decomposition

striplings. The metall s'idewalls and top walls are present for t &terminesthe behavior ofthe FCL. Foranunmatched FCL,some
gg?\\,/:?éegfsp?fetszerggﬁ}gfr;gg;netmd (FEM), and they al%?nount of power will be reflected backinto the FCL atthe second

) " N interface. Thisreflected powerwill participateinthe complexpro-
th(;,”s]iz ﬁgf’gg:g?sb;;?\f?r: I(zfig;hi Ft(h:le‘ Issitilz(a?it(()::ier? tlr?eFrEéSﬁ\é\:ig% dure happening there, but for simplicity, itis notincluded here.

. : . C . . wever, the inclusion of the discontinuities at both the inputand
FCL is equivalentto Fig. 3(a) plus (b). An even s_|gnal wil come tputinterfacesisnecessaryforacomplete descriptionofan FCL
out of t'he t.WO arms of the FQ‘ and add up to give an.ou.tp.ut ructure, andthiswillbe the subject ofalater paper. Experimental
port 2 |n.F|g. .l' When the signal enter; from port 2, it d'.v'deserificationofthetheorypresented hereisinhand,andwillbe pub-
at the T-junction and enters the magnetized FCL evenly in a ﬁ's'hed at a later date
rection opposite to that df,. The situation resembles Fig. 3(c), '
and an output at port 3in Fig. 1 is expected. When the signal eq- viectorial-Wave Equation
ters port 3, the situation corresponds to Fig. 3(a) minus (b). The
waves entering the T-junction areout of phase and cancel each
other at port 2. The reflection enters the magnetized FCL as an V x E = —jluJpowH 1)
odd mode and a situation like Fig. 3(d) is realized. The final

output will be at port 1. Therefore, the expected circulation of V x H = +j[eleowE + oE (2)

Maxwell's equations for time—harmonic waves are
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where a time variation of the fore{“* is assumed, anH is the Suppose the input wave consistsif of the even mode and

electric field,H is the magnetic field, is the angular frequency, B, of the odd mode, i.eB.[E.,H.| + B,[E,, H,], whereB,

€9 andyug are, respectively, the permittivity and permeability ond B, are the complex amplitudes. The reflection from the

free spacefu] = [i(x,y)] is the relative permeability tensor,FCL is A.[E., —H.]+ A,[E., —H,], plus higher order modes.

and[e] = e(z, y) is the scalar relative permittivity of the mediaThe transmitted wave i3 ; A,[E,,H,]. Boundary condi-

in the coupled waveguides. Assuming uniform magnetizationfions at the interface are the continuity of all the tangential-field

thez-direction,[] is given, to afirst order of approximation, bycomponents. Both guided modes and evanescent modes should
be included in the boundary conditions in principle, but inclu-

w +jr 0 sion of all the guided modes is often enough to give a good an-
1] = _OJ“ /6‘ (1) ) swerin practice. In the current problem, to obtain good nonre-

ciprocal effects, we design the waveguide so that only two ellip-
tically polarized modes can propagate in the magnetized FCL.
Also, we assume that the input waveguide can support only two
modes, the even and odd modes. Imposing the boundary condi-
tions atz = 0 gives

wherep = 1+ (wown /(Wi — w?)), £ = (wwn /(W5 — w?)),
wm = poyM,, andwg = poyHg. v is the gyromagnetic ratio
that has a value of 1.759 10'C/kg, Hy is the bias field, and
M, is the saturation magnetization.

Assuming perfect conductivity of the metal, all the metal sur- BoEoy + Bebeyw + AgEor + AcEer
faces can be treatgd as bpundary conditionSpeisdf[herefore, _ — ALE,, + Ay B, (6)
zero everywhere in the field regions. The following vectorial

wave equation can be derived from (1) and (2):
BOEOy + BeEey + AOEOy + AeEey
2

V x (7'V x H) — i—Q[u]H -0 ) = A1Eyy, + AsE, @)
wherec = 1/,/go/10 is speed of light in vacuum. Since the B,H,,+B.H.. — A, H,, — AcH.,
waveguide is uniform in the-direction, all field components — A Hy, + AsHo, (®)

will have a~ dependence of~7%* where/ is the propagation

constant. Equation (4) can be cast into Konrad's functional [7]

and can be solved using the FEM [8], [9] to obtain the propa- BoHoy + BeHey — AoHoy — AcHey

gation constang and the modal field patteri®(z, v). E(x, v) = A1Hyy + AxHyy. 9)

are obtainable frorH(z, y) by using (2). By multiplying (6) with H?,, and (7) withH?,, and then inte-
The guided modes of the magnetized FCL always contagmating their subtraction over the cross section of the waveguide,

regions of elliptical polarization, and the power transfer effegte get

can be explained in terms of the superposition of these ellipti-

cally polarized modes. To obtain good nonreciprocal behavior,

the number of modes should be limited to two, which are dﬁ/‘herePee, P,., and Py, are integration coefficients defined in

noted by(E; (z, ), Hi (2, )], f1, and[Ex (2, ), Ha(x, )], B2, (5. The orthogonality of modes has been used in deriving (10).
where/; > f3,. The even and odd modes at the input in the,;ither manipulation on the boundary conditions, i.e., (6)~(9),
isotropic region are denoted H¥.(z,y), He(z.y)], Se, and iy 5 similar way generates three more equations for the reflec-
[Eo(x,y), Ho(x,y)], 4., respectively, where even (odd) modgis, coefficientsA, . A,, and the transmission coefficients;

is defined as having the electric field,, an even (odd) func- 54 4, The four equations can then be written in the following
tion with respect to the = 0 plane. The input modes can bey a+rix form [P][4] = [B]:

delivered from any kind of compatible waveguide. From these

PEEBE + PEEAE = PleAl + PQEAQ (10)

modal fields, the integration P Py =D 0 A FooB,
Ple P2€ 0 _Pee AQ _ PeeBe
= = Py 0 Pr P A, | ~ | PB,+PrB
an = d d. (EmTH*’ _ Enrz H* ) 5 11 lo le 0 10?0 lee
A B S B T L S S bl I Vo
(11)

can be computed, where,n = 1,2, ¢, 0. AlsO, Prns (Prunt)
is defined as the integration over the right- (left-)-hand side of

the waveguide cross section. The orthogonality of these modes Power Flow in FCL

implies thatP, = P, = FP., = P,. = 0. However,P, P.1, Any given input will decompose intd; of mode 1 and4, of

P, P, P, P, P, andP,; are not zero, nor aré,,,,.,. and mode 2 of the magnetized FCL, whede and A, are obtained

Pt from [A] = [P]7![B]. The field propagating in the FCL is,
therefore,

B. Decomposition of the Input Mode at the FCL Interface

he f face, where th d h By = AiEige 777 4 A Bype 7%
At the first interface, where the input waveguide meets the _ Bz sz
magnetized FCL (see Fig. 1), the input wave is decomposed into By = AlElyG_,@ 3 T+ AoBye Ciga
the eigenmodes of the FCL. This process can be treated using H, = A1Hy.e J 4+ ArHyze J 2%
the modal analysis method [10]. H, = A Hy ™% 4 AyHy e9P2%,



XIE AND DAVIS: NONRECIPROCITY AND OPTIMUM OPERATION OF FCL'S 565

The » component of the Poynting vector is TABLE |
EFFECTS OFREVERSING HyZ ON THE EIGENMODE
OF A MAGNETIZED FCL

1 N * magnetization Hyz ~Hp3
S, = 9 Re (E“’Hy - EUH%‘) permeability tensor {6 (ul*
1 5 propagation constant Jo] 8
= §|A1| Re(Elmey - Elnym) transverse components (Ez, Ey,Hy, Hy) (E;,E;,H;,H;)e‘-”e
1 longitudinal components || (E,, H,) —(E;, H})e ?
+ 5|42 Re(Bzo H3, — EnyH3,)
+ B Re (AlAg) Re(Ele;‘y - ElyH;‘x) right-hand-side line (the “right line”). The power carried by the
. right line is
- 5 lm (AlAg) Im(Ele;y - ElyH;x)}
dl a/2
X COS [(/31 _ /32)Z:| W,,(z) = / dy/ dx Sz
—da 0

1 1 1

n [5 Re (AIA;) I (ElmH;y . ElyH’Q*w) = 5 [A1f* Re(Pr1,) + 5| 4o Re(Paa,)

1 * *
+ 5 tm(4,43) Re( Br 15, ElyH;fw)} + 5 Re(As A3 Pray + AT s Posy) cos [ (B = 127

x sin[(31 — )] + 5 (AL A Prar — A APy sin | (P = o)z

(14)
1
+ [5 Re (AlAg) Re(Egmey - EQyH;;)
1 The power carried by the left line is obtainable from the above
+ 3 Im (AlAg) Im(EQfoy — EQnyw)} expression by replacingy i,., Pesy, P2, and Py, with Py,
Paoy, Pio;, and Peyy, respectively. It can be seen that power is
X COos [(/31 — [32);:} periodically transferring between the two lines. The periodicity
1 of the power transfer is
- —Re(AlA;) Iln(ngHf - EQyH;;) )
2 ! Zz=_*" (15)
1 . . . 181 — B
- Iln(A1A2) Re(E%Hly - EQyHlx) . o
2 The power reflected back to the isotropic dielectric region can be
% sin [(/31 _ /32)2} (12) calculated by usingt, andA. . For example, the power reflected

back to the right line is

1 1

W(2) = Z|Ao? Re(Poor) + = |Ac)? Re(Pecr)

The waveguide is enclosed in a metal tube, thus, there is no net 2 1 2

power flow in thez- or y-direction. The power passing through + —Re(A, Al Pyer + AL A Poor) cOS [(/30 — /Jﬁ)z}
. . . . 2

any cross sectiof2 of the magnetized FCL at distanees 1

— S (A A Py — AJAP.)sin [(/30 . [ie)z]

(16)

W(z) = // S - dQ Similar expressions hold for the power reflected back to the left
1 ) 1 ) line of the dielectric waveguide.
= §|A1| Re(Pll) + §|A2| RG(PQQ) (13)
D. Bidirectionality and Nonreciprocity

When the direction of the magnetizatidi,z is reversed,
where(1/2)| A1 |? Re(P11) is the power carried by mode 1, andhe propagation constants and 32 will not change accord-
(1/2)]| A2 |* Re(Pa2) is the power carried by mode 2. Mode oringly. This is the well-known bidirectionality theorem [6]. How-
thogonality ensures that no power is carried in between the tweer, the guided modal field patterbl =, v) andE(z, y) will
modes. Since no power can escape from the metal enclosgtegnge. The change in the modal patterns is the origin of the
and no loss is included in the calculatid, is not a function nonreciprocal power transfer effects in the magnetized FCL de-
of z. vice.

The FCL contains two coupled lines. In the problem under 1) Effects of Reversingl, on the Decomposition Coeffi-
consideration, the cross section of the FCL is always symmetcdients: As shown in the Appendix A, the guided modal fields
aboutz = 0, as shown in Fig. 2. It is, therefore, sensible t&#1(x,y) andE(«x, ) change according to Table | when the di-
associate all power in the < 0 region with the left-hand-side rection of the magnetizatioH,Z is reversed. If the waveguide
line (the “left line”), and all power in the > 0 region with the does not contain ferrite, i.ex, = 0 everywhere, the change in
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Hyz makes no difference to the waveguide and the eigenmode TABLE I

of a dielectric waveguide, therefore, has the following property: EFFECTS OFREVERSING H, 5(:?)';;:55525”'0“ AND TRANSMISSION

[Bu, ), Bo,9), Hal, ), Ha(,)] e B e S
= [Bi o), — B2 ), HY (o), —HE (5, )] e 7, 4 R
(17) 4, A;e](2wa—6’o+€e)
even input || 4; A el(20e=8e 48]
Ay AL el e —0e7T3)
Applying (17) and Table | to (5), the relationships of (18), A, Al —b48)
shown at the bottom of this page, can be established for the pro- A. ArTT

cedureH, = —Hy wheref., 6,, 81, andf, are the phase shifts
associated with the even and odd modes of the input, and % e : .

! - . . that the following changes occur for either a pure even or a pure
first and second elliptically polarized modes of the magnetlz%Jolol inout:

FCL, respectivelyP..., Peot, Pyer, andP,.; do not change in put:

2 2 p* 2 2 D%
the procedureP.., P,, can also be proved to be real by the use | A1|2P11" = |4 |2 Pilr | Az | QPQQ" = |A2|2P12,,
of (17) since | A" Pia = AL Pl | A2|* Pror = |A2|“ Piy

A1A§P12T = AIAQP{E, ATAQPQIT = AIAEP;h
A1A§P121 = AIAQPfQI ATAQPQU = AIAEP;U

Pee = / dy/ dx(EeacH:y - EeyH:x) . . . . (20)
Using (20) in (14), it can be found that the first two terms and the

_ / dy/ e (E* 3% H, ot — B e—jOFHexejOF) term containing:os[(31 — 32)#] are invariable, while the term
e”” ' v ' containingsin[(31 — 32)z] changes sign, which is responsible
rr. (19) for the nonreciprocal behavior of the FCL.

For symmetrically placed coupled stripRe(F:1,-) and
Similarly, it can be shown thaf,, = P7. On the other Re(Ppy) are generally not equal Be(Pr1) gnd RE(P?Q’_)' i
hand, P.,. = PX c=i%+i% P, = P* =itetite unless, as shqwn in Appendm B, t.he FCL is symmetrical in

' o both z- andy-directions, and its ferrites in regions | and Il are
@? same material, but magnetized in the opposite direction [see
the same input wave will be decomposed differently fay? (39)]. For this special dually magnetized FCL, it can also be

and —Hy2 magnetization. This change is reflected in thBrOVeN that in (14), the coefiicient in front 06§[(/31 _/32)f]
reflection and transmission coefficieitl]. For a pure odd Is zero [see (46)] so that (14) reduces, #52 and —Ho?,

input, B, = 0, B, = |B,|c’¥*, whereq, is the phase oB,. 'eSPectively, to

Poer = P} ci%73% andP, = P* e?% 9% are complex.
Since the eigenmodes of the magnetized FCL are chang

From (11) and (18), one can see thatdf = [A;, A2, A,, Ac]* WH — 4y 4w, sin [(B) — Bo)z
are the decomposition coefficients (transmission and reflection u -
coefficients) for magnetizatiof, 2, where the superscript™ W = w —w, sin | (8L — f2)2 (21)
denotes transpose, théAte/(2ve—0ot+01) - A% 0i(2bo—0o+62) ) )
Arei?be  A*ei2be—0o+0]T will be the decomposition W Ho =y — w, sin | (By — Ba)z
coefficients for a—Hyz magnetization. It is interesting to - 2
note that the change is a pure phase shift. The amplitudes of W, = w4 w,sin | (B — B2)z (22)

the transmission and reflection coefficients are unchangedhere
Similarly, for a pure even inputB, = 0, B, = |B.|e/%* 12 12
' ° 1 oe e ' 2w = —|A1]* Re(P —| Az|* Re(P:

[A] changes from[A;, Ay, A,, A]T to [Alel(Z¥e—bct+01) W 2| 1P Re(P) + 2| 2| Re(P2z)
A;Cg’(we—eewz), Azemw’efﬂd@o), A*ei?¥<]T when the Is the total power flowing in the magnetized FCL, and
direction of magnetization is reversed. These changes are 1 N N
summarized in Table II. Ws =35 Im(AlAQPlQ” - AlAQPQl”)'

2) Effects of Reversing, on the Power Flow: The power Nonreciprocity is clearly demonstrated. It should be noted that
flow associated with the right line is given in (14). When théhe orthogonality conditioP o, = —Pio; and Pay,. = —Poyy
magnetization is reversed, it can be seen from (18) and Tabldds been used in obtaining the power flow expressions of the

P11_>P1*1 P22_>P2*2 Pee_>Pee Poo_>Poo
Pio = PR Py — ProfCm?) Py Prel®em) Py, — Pyei(®omt) (18)
P — Py, Py — P35, P — Pfy Poxy — F3y,

(83 —6 w5 (61 —6. v _j(02—0 + (6, —8
Piyp — Phe?®==00 Py — Py 0?1702 Py — Pei®e=00 Py Py ed®1=02)
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left line. The required length of the dually magnetized FCL ttheory, and the old normal-mode theory, where perfect opera-

obtain the largest nonreciprocal effect is tion is predicted once the conditighyen, = Boaq OF —¢p1 =
1 ¢$2 = 90° is achieved.
_r_ - (23)
2 (B = f
L . I1l. NUMERICAL RESULTS—COMPARISONS WITHLITERATURE
Similar analysis reveals that the reflected power also has nonre-
ciprocal behavior. In order to compare our numerical results with those experi-

For FCL structures other than this special type, (14) takegregental results that exist in the literature, it is necessary to con-
more complicated form. The power carried on the right line fofert the power transfer factdu, /w) into the experimentally
Hpz, e.g., is measurable quantities insertion loss and isolation, assuming the

e ) losses in the magnetized FCL and T-junction are negligible. For
W = wtw, sin [(ﬁl _/32)4 +Aw+tw, cos [(/31 _/32)4 asignal entering from port 2, an even input mode will be excited,
(24) with power(1/2)|B.|* Re(P..) ~ 2w. The power emerging

from ports 1 and 3 is given by (21) and (22). These outputs cor-

where
1 1 ) respond to
Aw = Z|A1*Re(Pi1r — Piy) + = | Az > Re( Py, — P 1 1 Y,
4| 1 Re(P 1) 4| 2| Re(Fs 221) insertion loss= 10log | = + = i sin( == (26)
£0 22 w 2L
1
w, = —Re(A A% Ppo, + At Ay P ) 1 ,
2 PR isolation= 101og| + — 1%l g (T £ @7)
# 0. 2 2w 2L

Since neitherAw nor w. changes sign when the direction ofVhere¢ is the actual length of the magnetized FCL ahd=
magnetization is reversed, the magnetized FCL is not coffe/2)(1/61—/2|) is the required length. It should be noted that
pletely nonreciprocals, represents a reciprocal power transfef IS function of frequency, whilé is a constant. The situation
behavior, whileAw causes no power to switch, but reduce\é‘"th signal entermg from ports 1 or 3 is more complicated, but
the maximum power the two lines can exchange. Since, B Performance is expected to be at the same level.
definition, both#W,. and W are positive quantities, it follows 1€ return loss can be estimated from (16). For
that /w2 + w2 < w — |Awl. an even input, it is found that the reflection coeffi-
In this paper, we concentrate on FCL's whose two coupl&fnt ©Of the even mode is much bigger than that of
lines are of equal width and zero thickness and symmetricalf§¢ °dd mode, |.e.,|A€|(b) > |4o|. The 2ref|ected power
placed in the structure, as shown in Fig. 2. For such an FdEYS!S are, therezore,W,, = (1/2)|Ae]* Re(Feer) and
(Aw/w) and(w, /w) are very close to zero. In all the following W; o (1/2)|Ae|2 Re(Leer), which add up at port 2 to give
numerical calculationg\w andw, are less than 1% ab. Such 2w = (1/2)|Ac|* Re(P..). The return loss is, therefore,

an FCL can basically be regarded as a nonreciprocal device, and w® | A |
(21), (22), and (23) are good descriptions of its behavior. return loss= 1010g<7> = 2010g<|B '| ) . (28)
3) Optimum Operation ConditionFor optimum nonrecip- ¢
rocal operation of a magnetized FCL, the ratio As expected, the return loss is directly related to the (normal-
. . ized) reflection coefficient.
w, 2Im(A1A2P12,, - A1A2P211*) (25) The coupled slotline structure analyzed by Mazur for its
w o “basis guide” even and odd modes (see [4, Fig. 3]) has been
REOAIPPH + |A2|2P22) reexamined. Using Fig. 2 to represent Mazur's structure,

has to be tuned to its maximum value. This is the nethen region | is air and region Il consists of three layers: the
normal-mode equivalent to the¢; = ¢, = 90° condition of first layer beneath the coupled slotlines is a 0.127-mm-thick
[3]. Compared with the old normal-mode condition, the nedielectric film withe; = 2.22, the second layer is a 0.5-mm
normal-mode condition gives a better prediction of the perfoferrite slab withe; = 13.5, and the third layer is again air.
mance of the magnetized FCL because it allows a variation©fher dimensions in our notation alg = d> = 3.6 mm,
the phase with position. Both the real and imaginary parts ofthe= 1.7 mm, andg = s = 0.5 mm. The ferrite is just
E andH field entered the calculation through (5), while in thesaturated Ho = 0) with M, = 340 kA/m. Mazur found that
old normal-mode optimum condition, the phases are assum&d., = S.aq at a frequency of 27.5 GHz. We have solved
to be constants on the two coupled lines and jump abrupflyr both the magnetized and unmagnetized normal modes of
from one value of line 1 to the other value of line 2. It is alsthe structure, using ai/-field formulation of the FEM [8],
better than theél.,.., = F.qq condition of [2] in the sense that [9]. The unmagnetized modes are used as input modes in the
no weak coupling assumption is made in its derivation. It caoalculation of the nonreciprocal power transfer. Mazur had
therefore, be applied to any structure with strong magnetizatidasigned his FCL to be 14.3 mm in length. Our numerical
or strong coupling. results for/ = 14.3 mm are shown in Fig. 4. Agreement with
The ratio{w, /w) is usually close to, butless than, one at max4, Fig. 7] is good in terms of insertion loss, but less so for
imum. This means that a particularly magnetized FCL may nisblation. Our normal-mode theory shows that the optimum
perform well even if we find the maximum value @6, /w) for  operation point is ajf ~ 23.25 GHz, which is significantly
the structure. This is contrary to the result of the coupled moddferent from 27.5 GHz predicted by the coupled-mode theory.
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0 The maximum value of|(w,/w)| for both even- and
odd-mode input occurs af = 6.75 GHz, quite close to

-2 /—‘—\- 6.98 GHz, the value obtained in [3] by inspecting the phases
¢1 and ¢>. This means that at the optimum operation point,

-4} ] phase does approximately obey the rule¢af, = =+£90°

\// (¢1,2 = £109.7° in [5]). The length of the FCL found by the
old normal-mode theory = 60.53 mm (modified to 62 mm
-6} . X ) X
by consideration of impedance) is also close te 57.6 mm
predicted by the new normal-mode theory. However, as with
the coupled-mode theory, this old normal-mode theory does
20 25 30 not have an assessment for the performance of the FCL at its
frequency in GHz optimum operation point, and perfect power transfer (equiv-
alent to|(ws/w)| = 1) is assumed. It is revealed in the new
Fig. 4. Computed insertion loss and isolation of the FCL used in Mazut®ormal-mode calculation that the maximum power transfer

insertion/isolation losses [dB]

experiment? = 14.3 mm. Structural details are in the text. factor is 0.72. This modest power transfer factor at the optimum
operation point may be responsible for the poor performance
0 of Teohet al's experiment [5]. Also, there is an uncertainty in
o the old normal-mode theory. As mentioned before, the value
% 2 /' ] of phase depends not only the position of the reference points,
2 but also on the type of fields used in the calculation. Tebdl.
ﬁ -4 used the phase of the vertical-component offihiéeld vectors
-.;'3 in the region immediately beneath each strip to get the result.
3 -6 Such uncertainty is avoided in the new theory.
E The new normal-mode approach requires us to specify an
§ -8 input mode (odd or even) so that an isotropic input section for
£ the magnetized FCL is needed. In the above numerical exam-
-1, 5 8 10 12 14 ples, we used the unmagnetized FCL as the input section, but
frequency in GHz it should be borne in mind that other waveguides can also be

used as input sections. The need for an isotropic input section
Fig. 5. Computed insertion loss and isolation of the FCL used in the &ohjncreases the computing time because eigenmodes of both the
al. experiment. Structural detalls are in the text. input and magnetized FCL sections need to be calculated. How-
ever, the magnetized FCL is found to perform quite differently
Consequently, the recommended lengte= 27.9 mm of the Wwhen itis joined to different input sections. This fact suggests
FCL is different from that used in Mazur's experiment. Alsdghat the inclusion of a properly matched input section is essen-
it should be noted that the maximum value(af, /) is only tial. It seems that analyzing the magnetized FCL alone is not
0.6862, significantly smaller than the desired value of one. sufficient for the study of distributed circulators.
The return loss estimated from (28) is lower than that mea-
sured by Mazur. The calculations on both the return and isola- IV. NUMERICAL RESULTS—NEW STRUCTURES
tion losses may be improved if.th(_a reflecti.ons at the T-_junction A good FCL should have largéw, /w)| e broad bandwidth
and at other interfaces of the distributed circulator are include d short total length. It should also be compatible with the net-

The second numerical experiment s on the comparison of WSrk in which it is embedded. Since stripline and microstrip

giw no;n;al—rgodegpgm};;r] ?:pz:e[atlon (t:ond_moE to thg c'>:ld Cg'ﬂhe are the two most commonly used planar transmission lines,
ition of [3], [5], and [8]. The SIUCIUre IS SNROwWn I 9. 20 g using these lines will be the focus for the remainder of

where region Il has a thickness of 1.5748 mm and dielectric Cqis paper

stant (.)fgd N .10'2’ region | consists of two _Ia)_/ers, with the first After some computer experiments it was found that the fol-
"'?‘yer |m_med|ately above.the coupleq st.r|p||nes a 1.5-mm fqgwing microstrip FCL gave a satisfactory performance. This is
rite, which has a saturation magnetizatidfy = 111 kA/m,

. . by no means the most optimal structure, but it is one that gives
Hy = 0 A/m, and dielectric constant; = 11.7. The re- Y P g

. AP . L a reasonably goof{w;/w)|max and a sufficiently short total
gion above the ferrite is air. Other dimensions in millimeters afgngthf With the cross section of the microstrip FCL, as shown
q=s5=0.75d; = 6.4252, d; = 1.5748, anda = & (data fol- i X

. . . in Fig. 2, the structure hagy = d> = 1.5 mm, ¢ = 0.75 mm,
lows that of Teoh and Davis [5], [8]). Again, the eigenmodes %?: 1.125 mm, anda = 2(q + ). Region | is air and region

. qnmagnetized FCL areused as input. The results on inserﬁ@g ferrite with saturation magnetizatidd, = 239 kA/m and
and isolation losses for an even input fox 62 mm are shown dielectric constant; = 16.1 The isotropic input section has

n F'g' S T_he Teoet gl.experlmental result [5] contains SOM&he same structure and dimensions as the FCL section, except
spurious signals, which may be due to unwanted reflect|onstﬁ1

! A . ) . , Lt the ferrite medium is replaced by a material with dielectric
discontinuities in their device. If we ignore these and consider
the general behavior, the overall envelope of [5, Fig. 12] l00KSit,ans-Tech TT72-3005 Lithium ferrite, Trans-Tech SMAT-10 dielectric,

rather like Fig. 5. Trans-Tech Inc., Adamstown, MD.
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x(m) x 107
constanty = 10.* Solving for theH field, with 440 edge el-
ements, the power transfer factow, /w)| and required length (b) imag(A.H.)
L are calculated. The maximum value|6b, /w)| is 0.918 at a x107° v

frequency of 10.7 GHz, with required lengthbf= 24.45 mm. ]

This is a larger value of{w,/w)| than was achievable by the LT
structures suggested by [4] and [5]. Assuming the T-junction is R
completely matched with the magnetized FCL, and uging ’ L
L = 24.45 mm in (26) and (27), the power transfer factor was
converted into insertion loss and isolation and the results over
a frequency range of 9.0 to 12.0 GHz are shown in Fig. 6. An
insertion loss of about 0.18 dB and isolation of about 13.87 dB
is achieved at the frequency of 10.7 GHz. The insertion loss is
less than 0.5 dB, and the isolation is greater than 10 dB, at the
band edges.

For confirmation, thek field has also been computed with
the same number of elements. The calculated power transfer x (m) x 107
factor |(w;/w)| is about 0.914 at 10.7 GHz, and the required
length L at this frequency is 24.11 mm; both are close to whatg. 9. Field plots ofd; H, for H,Z magnetization.
was obtained from théf-field calculation. These differences
reduce when the number of elements used in the field calculatime reminiscent of Fig. 3 (and demonstrate that the performance
increases. The-component of the power flow densif§, = of the magnetized FCL is indeed nonreciprocal). It is controlled
J S-dy at 10.7 GHz is plotted in Figs. 7 and 8 for an everby the input condition (even or odd) and by the direction of
and an odd-input, respectively, undellaz magnetization. The magnetization. The imperfect behavior of this FCL is clearly
power flow plots for a— Hy? magnetization showed that theevident because it can be seen that there is a small amount of
direction of power transfer is reversed, but otherwise, they goewer that is not transferred at the end of the coupled lines, as
mirror images of Figs. 7 and 8 are not shown here. These plptedicted.

y (m)
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Fig. 10. Field plots o4 H for Ho* magnetization. Fig. 11. Plots of J'9. Definition details are in the text.

To see how the nonreciprocal behavior is achieved for tpattern at> = L is given byHo(» = L) = H0e i1,
magnetized FCL, we reexamined the decomposition coeffithere
cientsA;, As, and the eigenmoddd; andH- to obtain

Re (Hfﬂ) = +Im(A;H,) + Re( Ay Hy)
H(z) = AjH e 7%% 4 A Hye 9727, (29) Im(HfO) = —Re(A;H;) + Im(AHy). (30)

The resulted fields have a big peak in the- 0 side and a small

Figs. 9 and 10 showd; H, = A, [H1,& + H1,§ + Hy.%] and peakir_lthez: < Osid_e, as_shown in Fig._ll. C_onseque_ntly, most
AsHy = As[Hz, @ + Hayij + H». 2] for an odd input when the of the input povyer is switched to the nght line. Manipulations
FCL is magnetized in the-direction (Hy2). The field vector on the eIectrlc_—ﬂqu componenEl, Ff? give the same Answer.
arrow used in these plots is defined as follows: direction andelen the dlrect|0n of mggnet|zat|on is changed fibige to
total length represents the transverse component of the fieldo? for thAe sameAlnput, 't can be seerAl from 'I:ables IAand I
Hyt = H,% + Hyj, while the position of the tip of the ar- thatAl[Hl“’erHlyytHlfzj andeA[HQ“’iJCEQ(gytghz]’
rowhead is determined by the ratiél. /| H,|). The field pat- fefpef“)’e'yv bfgomAlEH}wgf ijiléJy_ Hl/]‘?.];o_eo and
tern atz = 0 for this HyoZ magnetization id1%(z = 0) = Aj[H3,2 + H3,0 — H'Q'Zz]cfl( Wo .o), wherec/(2¥.—8.) is a
AH, + A,H,, which can be obtained by directly adding ugg®mmon phase factor.that is arpltra}ry qnd can be set to zero.
Figs. 9 and 10. It is seen that an approximately evelistribu- | "€ field atz = 0 for this magnetization is
tion of power occurs. HHo(y = 0) = A* [Hikﬂ? +HEi - Hik/g} 01 (26—05)

Atz = L = (n/2)(1/|p1 — 2|), an extra phase of(7/2) is wDrre o . . v 1 i —
added to the fi(rs{r‘rzgd/(l relativ<|a)to the second modEe;/thl role of +43 [H%x + Hs, 4 — H?zz} o/ Bote)
its real and imaginary parts is, therefore, exchanged. The field (31)
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Fig. 14. Cross section of the dually magnetized symmetrical FCL.
Fig. 12. Plots offf ;7% Definition details are in the text.

which still produces an even power distribution between the twge |eft-hand side (right-hand side) half of the structure for
coupled lines. Howe\lger, at= L, the magnetic field becomes g5 (—Hy2) magnetization. This incomplete cancellation
H™Ho(z = L) = H "o e/ Le(ve=%) where of the eigenmodes is not special for magnetized FCL. It is
Re (HZHO) - —Im(Al[Hlxa? + Hyyi— leé;]) an intrinsic characteristic of any coupled lines. Only in an
idealized situation will this ratio become one [11].
+Re(A2[H2w§: + Hoyf) — HQZ;”E]) (32) A better result can be obtained from an FCL built using
a stripline-type structure rather than microstrip. The cross
Im(HZHO) — —Re(Al[Hlma?JrHlyz}—leﬁ]) section of this stripline FCL is as shown in Fig. 2, with
di =dy =05 mm, g =s=0.5mm, anda = 2(g + s).
—IIH(AQ[HQJZ—FHQZJQ—HQZ%]). (33) Region | has a dielectric constang = 10.2. Region Il is
The resulted fields have a big peak in the: 0 side, as shown ferrite with a saturation magnetizatiald; = 111 kA/m and
in Fig. 12. This means most of the input power is switched to thikelectric constant; = 11.7. The unmagnetized “stripline”
left line in this — Hy 2 magnetization, i.e., opposite to the casECL is used as the input section. The power transfer factor
of Hy2 magnetization. |(ws/w)| and the required lengtl for an even input are
Itis clearly seen that when the direction of the magnetizatiamalculated and the results are converted into insertion loss
on the FCL is reversed, the effects on the decompositiand isolation for a¢ = 101.2 mm stripline FCL over the
coefficients 4; A; and the effects on the eigenmode$requency range of 10-30 GHz, as shown in Fig. 13. An
[Ei(z,y), Hi(z,y)], [E2(z, y), Ha(z, y)] worked together and insertion loss of 0.12 dB and isolation of 155 dB are
produced the nonreciprocal performance of the FCL. It alsxhieved at 23 GHz, and the insertion loss and isolation are
becomes apparent that the incomplete power transfer betwéetter than 0.17 and 14 dB, respectively, at the band edges.
the two coupled lines is due to the differenty dependence It is noted that both the performance and bandwidth of this
of the eigenmodes, so that any component, elgH,, and stripline FCL are better than those of the microstrip FCL.
Ao Hs,, do not completely cancel each other everywhere dinfortunately, the length¥ of the resulted FCL is larger.
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One way to reducd is to use two ferrites: replacing the di-The transverse componeris and H; are related tdv. andH .
electric material (region I) with the same ferrite as region Ithrough

then magnetizing them in opposite directions. The outcome w2 w2

is a special type of “dual” FCL, as shown in Fig. 14. Such <—2€u —/32> Hyo —J’;EW? X 0Hy + 3BV H,

an FCL has also other advantages. For exampleuitgw)

j :x ViE, =0 37

and (Aw/w) are exactly zero for any frequency. T weeoZ X Ve 37)
w? ) LWt . . .

V. CONCLUSION ZEh B ) By — Jgeni X WEy + jOVE, — jwihpio?

X ViH, +wpokViH, = 0. (38)

A rigorous full-wave normal-mode treatment of the magne- ] ] )
tized FCL has been presented for use in the design of novel &auations (35)~(38) can be used to describe the behavior of
culators. The eigenmode solution of an FCL magnetized lofie fields in the entire waveguide structure, provided that
gitudinally in the >-direction was found to bear a simple rela#» @nds are treated as functions efandy. The effect of re-
tionship to the eigenmode solution of the same FCL when mag\(f-rs'ng the magnetizatialiyZ is to change the sign af. Taking
netized in the opposite direction. By reversing the direction #€ cOmplex conjugate of (35)~(38), reversing the signs:of
magnetization, the change in the decomposition coefficients@td then comparing the result with (35)—(38), we find that if
the same input wave into the eigenmodes ofthemagnetized aNd[E:(x, ), E.(x,y), Hi(x,y), H.(z,y)] are the eigenvalue
FCL is studied. The nonreciprocal effect demonstrated by tR8d €igenvector of an FCL with a magneﬂzaﬂonf%j‘z,_then
magnetized FCL is explained in terms of the changes in tHNdIET (2, v), —EZ (2, ), Hi (¢, y), —HI(x,y)]e™"” willbe
eigenmodes and in the decomposation coefficients. the elgenval_ue gnd elgeAnvector of the same FCL with the oppo-

A new optimum operation condition was constructed fromite magnetizatioti—Hoz), whered, independent of, y, and
the Poynting vector. This new condition takes into account il IS &N arbitrary phase shift. The propagation consfastnot
available information such as the propagation constants, the &f{an9€d in this process, which confirms the bidirectionality the-
plitude, and the phase of the guided waves, including foth °T€™M- The change in the modal_ profile will enaAb_Ie us to predict
andH components. The new condition not only gives a mOIIE'e performance of the magnetized FCL whgge is reversed.

accurate description of a given FCL versus frequency than the

old conditions, it also enables the performance of different FCL APPENDIX B

structures to be assessed so that an overall best FCL can be idERWER FLOW IN DUALLY MAGNETIZED SYMMETRICAL FCL

tified. Unlike a symmetrical dielectric waveguide, in an FCL mag-

Detailed theoretical comparisons have been made with expgétized in the:-direction, the power flow on the right-hand side

imental circulator results in the literature, and new microstrigf the waveguide is generally not equal to the power flow on the

and stripline structures have been described with promising prgft-hand side of the waveguide. A specially magnetized FCL

dicted performance. is shown in Fig. 14(a), in which both media above and below
the coupled lines are identical ferrites with the same thickness
and width, but magnetized in opposftez)-directions. The two

APPENDIX A lines,r andl, are also the same and are placeg at0 and sym-
CHANGES IN THE GUIDED MODAL FIELD PATTERNSWHEN THE  metrical aboutr = 0 (see Fig. 2 for the coordinate system). For
DIRECTION OF THEMAGNETIZATION Hy? IS REVERSED such a dually magnetized symmetrical FCL, we have
H andE can be separated into transverse and longitudinal Re(Fjir) = Re(Bin), =12 (39)
components The proof of (39) is the following. If we assume
H=(H/o+ H.2)e™7% B =(Ed+E.2)e%  (34) Re(Piir)a > Re(Piit)a (40)

where is the unit vector in the longitudinal direction, aad for the FCL structure shown in Fig. 14(a), then, by reversing the

and# are unit vectors in the direction of the transverse compfirection of the magnetization in both ferrites, we get a structure

nents ofE andH. Since thez dependence of the fields is al-that 10oks like Fig. 14(b). Using (18), we get

ready made explicit by factoring out?##, V can also be split (Pir)o = (Ph)e (Pus = (Pha- (42)

into a transverse componewt and a longitudinal component

(8/92)%2 = —jB%. Substituting (34) into (1) and (2), we get[12]

for the longitudinal components Re(Pir)s > Re(Piit)o- (42)
w2 If the FCL in Fig. 14(b) is now rotated by 18Caround the

<Nvt2 + e /32> H. + jweeorBE. =0  r-axis, we get to Fig. 14(c), and

Equation (40), therefore, becomes

(35) (Piir)e = (Pir)o (Piit)e = (Piat)p- (43)
The resulted configuration Fig. 14(c) is exactly the same as
w2 . w2 Fig. 14(a), except that/” and “I” are defined in an opposite
<th2 + gs/f — u[32> E. — jwporfBH, — gsrfEZ =0 way, i.e.,

(36) (Rw)c = (Bil)a (Bil)c = (Bir)a' (44)
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Using (44) and (43) in (42), we get launched into the coupled lines. It should be noted that the above
Re(Pi)a > Re(Piir)a (45) proof is valid only for pure even or pure odd input. If the input is
_ ) ) _amixture of even and odd modes, the relationships in (20) do not
which violates (40). The opposite of (40) cannot be true eithelist and we then cannot prove or disprove (48). Launching all

we have, therefore, provéRe(F;;,.) = Re(F,y).
In such a dually magnetized symmetrical FCL, it can bg

or most of the power into one of the lines is a common practice

; reality.
proven that, for a pure even or pure odd input, that
Wep = Wer =0 (46) REFERENCES
where [1] L. E. Davis and D. B. Sillars, “Millimetric nonreciprocal coupled-slot
1 finline components,”IEEE Trans. Microwave Theory Techvol.
Wer = — Re (A1A§P12,, + A’{AQPQI,,) MTT-34, pp. 804-808, July 1986.
% [2] J. Mazur and M. Mrozowski, “On the mode coupling in longitudinally
_ = * * magnetized wave-guiding structuretfEE Trans. Microwave Theory
Wel =5 Re(A1A2P12l + A1A2P211)' (47 Tech, vol. 37, pp. 159-165, Jan. 1989.
. [3] C.S. Teoh and L. E. Davis, “Normal-mode analysis of ferrite-coupled-
If we start by assuming lines using microstrips or slotlines|EEE Trans. Microwave Theory
W w A8 Tech, vol. 43, pp. 2991-2998, Dec. 1995.
erla > wetla (48) [4] J. Mazur, “Millimeter-wave three-port finline circulator using dis-

for the structure of Fig. 14(a), and reversing the direction of
magnetization Ho2 — —Hy2), we come to Fig. 14(b), and [5]
it follows from the relationships in (20) that,..|, = w..|, and

wer|y = werlq. Fig. 14(b) is then rotatet: — 1,1 — r), and [6]
the structure becomes Fig. 14(c). Since Fig. 14(a) is the same aﬁ]
Fig. 14(c), we have

(49)

wcl|b = wcl|c > wc1’|c = wc1‘|b

(8]

therefore, ]

wcl|a > wc1‘|a (50)

(10]
which disagrees with the initial assumption (48). It can also be
proven that the opposite of (48) is not true either, thus, = [11
wer. HOWEVerwe, +we = (1/2) RG(A1A§P12+ATA2P21) =
0, according to the orthogonality of the guided modes. Therel2]
fore, w., = wy = 0 is the only possible answer for an FCL of
this special type.

It follows from (14) thatW,.(» = 0) = wp, + w.. and
Wi(z = 0) = wo; + we, Where

A2 Asl?

Wor = Q Re(PllT) + | 22| RE(PQQT) tion.
A2 Asl?

wop = | 21| Re(Pr) + [As| Re(Pay). (51)
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