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VII. SUMMARY

As seen from the above discussion there are a wide variety

of military applications for fiber optics and integrated optics

technology. The fiber optics application are certainly furthest

along in terms of practical development. However, future

generations of applications will almost certainly have inte-

grated optical circuits. Only then will the full potential ad-

vantages of this technology be realized.

This technological area is not without problems. There are

serious materials fabrication problems. Radiation sensitivity

of these optical materials is a potentially serious problem area

that has not been discussed.

It is probably fair to conclude that the military-related

applications of this technology are nearer term than those of

the telecommunication industry. Further, the impetus pro-

vided by military needs will lead to successful applications of

fiber optics and integrated optics in the near future.
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Faraday Optical Isolator/Gyrator Design in Planar

Dielectric Waveguide Form

JOHN WARNER

Invited Paper

Absfract—The possibilities of using the magnetic Faraday effect

to provide a planar dielectric waveguide isolator or circulator are
studied. At least two active elements which couple the TE and TM
waveguide modes are required. One of these is magnetooptic. Pre-
liminary design data for a dielectric waveguide isolator in which the
mode-converting media forms the substrate and top layer of a single

waveguide structure are reported. This design should prove more
practical than the optical tandem structures proposed previously.

1. INTRODUCTION

~ SSENTIAL to the proper development of integrated

_-Efoptical systems is the availability of the basic com-

ponents for providing sources, detectors, wa~,eguiding,

modulation, switching, etc. Switching and modulation may

be achieved by using electrooptic [1], acoustooptic [2] (both

bulk and surface wave), and magnetooptic [3] effects to

couple the TE and TM modes of waveguide propagation’ and

provide mode conversion. For example, amplitude modulation
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1 The eigenmodes of an isotropic planar dielectric waveguide structure
are TE, with the electric vector perpendicular to the plane normal, and
TM, with the magnetic vector so oriented.

may be achieved for a TE waveguide mode by applying an ac

field to an electrooptic material that forms part of the wave-

guide structure. There will be induced a variable coupling to

the TM mode, and the TE and TM intensities will fluctuate

in a complementary way. Most mode-conversion schemes are

reciprocal in the sense that the effects produced are not altered

by reversing the propagation. The exception to this is the

longitudinal magnetooptic or Faraday effect [4] (magrletiza-

tion parallel to propagation direction). Faraday rotation de-

vices [5] have been found particularly useful in microwave

waveguiding: they provide nonreciprocal transmission char-

acteristics that have been exploited to make isolators and

circulators invaluable to microwave circuitry.

In this paper we present a study of the problems and pos-

sible solutions for the fabrication of an optical planar-wave-

guide mode converter. It is nonreciprocal in that in the for:

ward direction there is complete mode conversion from TE to

Till and TM to TE, but in the reverse direction a TE, mode

will emerge as a TE mode. The nonreciprocity arises frclm the

Faraday effect. It is well known that a linearly polarized opti-

cal beam propagating along the magnetic-field direction in an

isotropic material finds its plane of polarization rotated as it

proceeds. The effect is largest in ferromagnetic materials.

Linearly polarized light behaves similarly in optically active

materials, but the magnetic effect is uniquely different in one

important respect: the “handedness” of the rotation is oppo-
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site for waves propagating with and against the bias magnetic

field. In an optically active crystal the handedness is unaltered

by a reversal of propagation direction.

Wang et al. [6] have studied the use of such materials iD

providing mode conversion between the TE and TM modes

of a thin-film optical waveguide. They mention the possibility

of using nonreciprocal waveguide mode converters to accom-

plish the circuit functions of a circulator and isolator. We

borrow their terminology and examine in greater detail the

design considerations for optical thin-film isolators, indicating

where possible the bulk-wave analogs of the waveguide de-

vices. In particular we propose a sandwich structure in which

an isotropic guiding film separates two mode-converting

media, one magnetooptic and the other anisotropic or op-

tically active, as a more practical alternative to the tandem

structures considered by Wang et al. [6].

II. REFLECTION AND MODE CONVERSION AT

FILM/SUBSTRATE BOUNDARY

The mode-converting waveguide structures will consist of

an isotropic film with an anisotropic substrate and/or top

layers. The basic structure with coordinate axes is shown in

Fig. 1. The optical dielectric constant of the film is a scalar

(nf’), but the substrate (and top layer) have a dielectric per-

mittivity tensor of the general form [7]

We assume lossless media; [e, ] is therefore Hermitian with

real diagonal elements. The off-diagonal elements provide

coupling between x, y, and z components of the electric field

in the substrate and give rise to mode conversion. Not all of

the off-diagonal elements of [CS] are nonzero. For an aniso-

tropic crystal the off-diagonal elf’ are real and can all be made

zero by orienting the principal vibration directions [8] along

w Y+ and Z. A s~lbsequent rotation about x, for example, will

make only CZ8and the diagonal elements en, CZ2, and ex~ non-

zero. Lossless gyrotropic crystals (i. e., those exhibiting mag-

netooptic and optically active properties) have imaginary off-

diagonal C,JS [4]. The normal situation here is that (]2’ is the

only nonzero off-diagonal element.

Wang et al. [6] have calculated the coupling matrix relat-

ing the reflected TE and TM complex field amplitudes to those

of the incident waves (see Fig. 1). The coupling equation is

where

1 GIJ~*

(

G,J1*
YEE=— ————

F L1 Lg )
(3a)

(3b)

(3C)

TOP LAYER ●T ~=w

q’,p’#@:,M ~ ~z

SUBSTRATE <s Y

The light-guiding structure, showing the E-field components
and the angle of incidence (after Wang et al. [6]).

2i(pl – pg)nf cos e

(f’JfE)L =
F&lz*

(3d)

2(FI – p,)f’zf Cos e
(~ME) P =

F@3
(3f)

The parameters used in (3) are given below, where $, and

P, are the decay constants of the evanescent wa~-es in the

substrate. The suffixes L and P refer to longitudinal (e]z#O)

and polar (6ZS#O) configurations.

F = (Gl~2/L1) – (G2J1/L2) (4a)

(Gl,~)L = c33 cos 19– i~l,z~f (4b)

(G,,2)P = fll,xl, COS8 – i(~2 – ql)?z, (4C)

J1,2 = nf COSO – ipl,j (4d)

L1,2 = @2e33 — clle33 — @21,z (4e)

(t’l,~)L = (1/2611){ A + 61@*

f [B’ + ,,,,,,*(2C + ,12,12*)] 1/’} (4f)

(p’l,2)P = (1/2eH) {A * [B2- 4elle,3e23*(62- e,,)]l’z} (4g)

where

A = pz(ell + e33) – ql(m + E33) (4h)

B = /32(q1 – CBS)– q1(c22 – 633) (4i)

c = pz(cll + 633) – Cll(ezz – ,33). (4j)

Notice that in (3a) and (3b) FYEE and Fr~l~ are complex con-

jugates. We may therefore write I rEEl = I r~lIl =rll, giving

YEE = rueidEE and rivI,II =?’11et4MJ~. If we write F= I F/ ei~, then

+EE +4MM = 24.

We also assume that ~lz (or e,a) is either real or imaginary

(Iossless media): FrEA~ and F,ME are then either real and equal

but opposite (FrE,JI = – FrME), or imaginary and equal. The

scattering matrix [r] in (2) will therefore take one of the fol-

lowing forms:

Equation (5) gives us the scattering matrix for a single

reflection at the film/substrate boundary. A similar matrix

exists for the film/top-layer boundary. For proper waveguide
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modes (at the angle 0) the phase difference of the TE (and

TM) waves between points 2 and 4 in Fig. 1 must be an

integral multiple of 21r. This condition gives the familiar

waveguide mode equations

4EES+-4EET – 2WkOnfcos O=2mn (6a)

4MMS+4MMT– 2WkOrzfcosO=2~m’ (6b)

where mand m’ are integers (mode orders) and 2WkOnf cos O

is the phase shift experienced by a wave of free space wave

number ko traversing from the substrate to the top layer and

back. If (6a) and (6b) are not simultaneously satisfied, then

the normal modes will propagate with slightly different values

of O and the mode conversion will not accumulate with succes-

sive reflections. Wang et al. [6] point out that for isotropic

substances, @MM >@IEE and, therefore, (6a) and (6b) can only

be simultaneously satisfied if at least one of the waveguide

materials is optically anisotropic. We discuss the problem of

achieving degenerate modes in Section V.

III. THE MULTIPLE SCATTERING MATRIX FOR

DEGENERATE MODE COUPLING

The complex electric-field amplitudes of the emerging TE

and TM modes after q double reflections and traverses

through the film may be found by successively multiplying

the mode-coupling matrices for the film/substrate and film

/top-layer boundaries together with a matrix describing the

phase shift A = – nfk W cos O introduced by a passage across

the isotropic film; i.e.,

[xl’ “’[x]
where

“[e::.1[::::])q ‘7)

Wang et al. [6] have worked out (7) for cases where the

film/top-layer boundary introduces no mode conversion

(rB~IT = r~ET = 0) and find that [R] is of two types, depending

upon whether the film/substrate matrix (5) corresponds to

real or imaginary FYEM and FYME. Frmv and FYMB are real if

cl~ is imaginary or if 6w, is real, as would be the case for an

optically active substrate, one exhibiting the Faraday effect

(magnetic field parallel to propagation direction z), or an

,anisotropic crystal with only x corresponding to a principal

vibration direction. The two multiple-scattering matrices are

given by

1[R’] = [_;# ‘~ ~ FYE$l real (8a)

or

. .

1[~”1 =[iB:_ia ‘;’” , FYEM imaginary (8b)

where

A = cos (~1 @Ml), B = Sin (g\ ?’EMI)

a = 1/2 (@EEs + @MMs) + I#EET + 2A.

Complete mode conversion from TE to TM or from TM

to TE will occur after g reflections if g I ~E~ I = 7r/2, which is

the condition for A = O.

IV. NONRECIPROCAL WAVEGUIDE MODE CONVERTIiRS

An ideal nonreciprocal mode converter is one in which the

mode conversion is complete in one propagation direction

(+z) and zero in the reverse direction ( –z). Wang et al. [6]

have studied several configurations where mode converters

and (sometimes) phase shifters are arranged in optical tan-

dem. The scattering matrix for light passing right through the

tandem structure is given by the product of the [R] matrices

(and phase-shift matrices if applicable), the order of multipli-

cation depending upon the direction of propagation—forward

or reverse. A change of propagation direction may alter the

sign of B in the multiple scattering matrices of (8). l~et us

maintain a right-handed set of coordinates for both propaga-

tion directions (we choose two sets of axes so that ~ is positive

in both cases). Since x is in the direction of the decay of the

evanescent fields, it is best to choose an axis transformation

equivalent to a 180° rotation about x. The Wang et al. [6]

analysis is then formally the same for both sets of axes If the

axes in the reverse direction are x’, y’, and z’, then

G)=t ; _;]@7yz). (,,

The dielectric permittivity tensors [eUs ] and [~v~ ] have to

be referred to the x’-, y’-, and z’-axes when considering propa-

gation in the reverse direction. We find from (9) that

[; :1=[3‘! ‘: (lo)

Thus we see that, in general, B will only change sign upon

propagation re~,ersal if the mode-coupling tensor elerr ent is

.az. The exception to this is the case of optical activity where

the expression for C12itself contains the propagation direction,

and for this case a propagation direction reversal lea ves c]!

unchanged.z

The combinations of mode converters with and without

phase shifters that lead to nonreciprocal behavior are listed

in Table I. Notice that they all require a magnetooptic ele-

ment. The last two configurations introduce a sandwich

rather than a tandem structure. Before dealing with these,

however, which result from allowing the top layer to provide

mode coupling, it is instructive to see how one of the tandem

structures works. Take case 4 (Table I) as an example. For a

polar dielectric mode converter, cZS and FrE.tI are real (3e);

z It is this constancy of the sign of 61*that ensures that the har~dedness
of optical rotation is unaltered by a propagation direction ]reversal
(see [4]).
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TABLE I

LIST OF PLANAR DIELECTRIC WAVEGUIDE CONFIGURATIONS

WHICH COULD EXHIBIT NONRECIPROCAL MODE CONVERSION

I I I I

“’up”:’“’’THN‘~=+~F’=“L’a.neto- Opfdcally Diel<. tric b1z8net.- Dielectric skl TTrR

~12 iw ~12 img C12 red CZ3 inms C23 IYXll

A - Tandem Structures

1 1 /

2 d

3 ,!

2 1 d

2 VJ
..—

3 /

3 1 {

2 /

k ,1 r’

2 4

5 1 4

2 d

B - Layered Structures

~

Note: The check marks (/) indicate the element type in the structure,

from (8a) we write

Bleia,

[R1+]=[R1-l =[_;:_ial J“ (11)

The longitudinal magnetic mode converter also has a real

value of FYEM because cl~ is imaginary, but cIS and conse-

quently change sign upon apropagation direction reversal.

Therefore,

sion in the forward direction yet no mode conversion in the

reverse direction. The dimensions required to achieve

A=l/~~,e tc.,ared iscussedbyWangeta L [6].

If the top layer of the waveguide structure provides mode

conversion in addition to the substrate, then the multiple

scattering matrix [R] given by (6) may change between the

symmetric and antisymmetric forms given by (12) for forward

and reverse propagation directions if one of the substrates or

top layers is magnetooptic. This situation, listed in the second

part of Table I, will now be considered.

We retain the assumption of an isotropic film. All of the

boundaries listed in Table I for the layered structures result

in the products FYEM and FTME, (3) being real. We may there-

fore write ?’E~T = ‘rM~T = r12Te~@zMT, and note that I rEET I

= lr~~Tl =?’IIT and@w~T+~~MT=@~~T,wher eY~E=?’lIe’@EET,

etc. Similar expressions hold for the film/substrate coupling

matrix elements. The inner part of (6) may be multiplied out

to give [R] = [R’] g where

R1l’ = ~11T711sei{2A+@EET+@EEsJ

— ~12Tr12se~(2 A+4EMT+4EMS ) (14a)

R1.3’ = ~11Ty1#eic2A+~EETf~EMsj

+ ~11s~12Tei(jA+$MMs+@EMT) (14b)

R21’ = — r11Tr12seic2A+4~MT+@EMs)

— r11Tr12Te{<2A+@flEs+~E~Tj (14C)

R22’ = rllTrllse~ @+wzMT+@MMs)

_ ~12Tr12Sei (2A+4EMT+c$EMS). (14d)

The required solution to our problem will have real diago-

nal elements in [R]. If we assume that r12Tr12s <<1, then R1l’

and Rzz’ will be real if the TE and TM mode equations (6) are

both satisfied for the chosen value of O (and therefore A). Let

us examine the phase angles of the off-diagonal elements of

[R’]; that for the term in r11Tr12s is 2A+@E~r+@E~s in RI;

and 2A+@MMT+~EMs in Rz1’. The sum of these angles is

4A +#E.ET +Z#WIT + %JEMs, which is just the sum of the mode

equations (5), and is therefore equal to an integral multiple of

27r. We may therefore write ec(2A+~EET+’$fiA-fsj = eia and

e i(2&t4.MM2’Y@m@ as e–~a. Similar expressions hold for the termS

in rsrT, and since we have assumed degenerate modes, we

have the same phase angles for these terms also. [R] is there-

fore reduced to

?#rlls (rllTr12s + r~~stk2T)e’a q1 (15)
‘R] = [-(rllT’r,,s + r@r~2T)e-ia rllTrlls

If we make the magnetic and dielectric mode converters com- Sylvester’s theorem [9] may be used to multiply out (15).

elementary, i.e., A1=BI=A2=B2= l/~~ andal=a2=a, then Since we are assuming Iossless media, we find from energy

in the forward direction conservation considerations that the elements of [R] are

‘R1+][R2+] = [-:-i. 3 “3a) RII = R22 =
sin (q — l)z#z — A sin @

–(B+C)
(16a)

and in the reverse direction
Rlz = (B + C) sin (@)ei” (16b)

[1
Rzl = (B + C) sin (tp$)e-iu (16c)

[R,-] [R,-] = : : . (13b) where

A = rllTr#’ (17a)

Equation (13b) tells us that we have complete mode conver- B = r12Tr11s (17b)
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(17C)

(17d)@= arctan [(B+ C)/A].
Let us suppose that the substrate is magnetooptic. rlzs and,

therefore, C [of (17)] will change sign upon propagation

direction reversal [see text immediately following (9)]. r12T,

however, does not change sign (the top layer is either polar

anisotropic or optically active). It is clear from (16) that we

have complete nonreciprocal mode conversion as described

by (12) if \Bl = \ cI, q4=7/2, and Ael. It may be shown

that I B [ = I Cl for lossless media if rlzs = rlt~. If the top layer

is an optically contacted anisotropic crystal, then rIZT is ad-

justable by crystal orientation. A physical picture of this type

of layered structure is that in the forward direction the mode

conversion at the top and bottom layers are additive and,

therefore, the total mode conversion is cumulative, whereas

in the reverse direction the top- and bottom-layer mode con-

versions mutually cancel each other and there is no net mode

conversion.

V. PRACTICAL EXAMPLE OF A LAYERED

WAVEGUIDE ISOLATOR

The first concern is to devise a structure which will propa-

gate TE and TM modes degenerately. If we assume that the

TE and TM modes will have the same mode number, then (5)

reduces to

(18)

For small values of Ci)(i #~) the phase angle&E and o~~ ap-

pearing in the waveguide mode equations (6) are given to

good approximation by [6]

(B2 – 6,,)’/’
~EE = 2 arctan

nj cos 0
(19a)

where /3= nf sin is the effective waveguide refractive index.

For isotropic materials c1l = EM= CJ3= c and nfz > c; therefore

~~~ >@EE and (16) is not satisfied. We must choose an aniso-

tropic top layer in such a way that ~EET >r/MIMT to theextent
that (18) is satisfied. One solution is a positive uniaxial crystal

[8, ch. 13] oriented with its optic axis in the z direction.

cII = c,2 = no2 and c33 = n~. @EET –r#J~MT is therefore >0 for

values of nf between no and ~nOn.. This is illustrated in Fig. 2

where (@~ET —@~MT) is plotted against nf for various values

of /3. Also plotted on the graph is @MMs —@EEs versus nf for an

isotropic substrate layer. The marked intersections are the

points of degeneracy. Just which refractive index combina-

tions produce degenerate mode propagation is best seen by

plotting graphs such as Fig. 3 where curves of nf versus @ for

given n~ are plotted—all for a given positively uniaxial top

layer (HgS in this example). Wang et al. [6] show that per-

formance characteristics that are more tolerant of waveguide

dimensions, etc., result from a choice of materials giving the

larger I ?&JA4[ . Large values of I ~E~ I will be obtained by mak-

ing the TE- and TM-mode evanescent waves penetrate the

substrate and top layer by large and, if possible, equal

amounts. We would therefore like to operate our mode con-

verter with @ close to the cutoff value (larger than ??J’or w). If

we write ~ =~EEs +~EET —~MMs —@MMT then, in general,

---
FILM TOP LAYER BOUNDARY
MINUS FILM I SUBSTRATE
BOUNDARY

r..- POINTS OF DEGENERATE

FILM INDEX rlf

Fig. 2. Plot of @ET- ~~~~ (solid curves) and rp~@– I#I~@ (dotted
curves) versus film refractive index for given positive uuiaxial top
layer and isotropic substrate. The effective guide index /3 characterizes
each graph and has a value equal to the smaller intercept on the nf
axis.

2.8

2.78 —

270
/

/

/
2.76 —

nf 26

274 —

2.?2 —

2.7 I I I
2.7 272 274 276 78

Fig. 3. Family of curves indicating the possible combinations of %f,
% and & which will give degenerate mode propagation when associ-
ated with a positive uniaxial top layer (HgS in this example, m,= 2.704
and n.=2.992 at 1.1S2 Mm).
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dr$/d6increasesas /3approachescutoff. Alargevalueofdg5/dO

implies that the film thickness for degenerate modes becomes

critical again despite the large value of lr~~] obtained by

operating near cutoff. This is not always the case, however;

Fig. 4 shows that if the substrate refractive index is larger

than a certain amount, then d~/dOactually decreases as/3 ap-

preaches cutoff. Other factors remain, however, which get

worse closer to cutoff; optical scattering from surface imper-

fections increases dramatically [IO]. In fact, structures which

use the positive birefringence scheme (which we have just

outlined) to achieve degenerate mode operation will always

be close to cutoff, merely because the refractive indices have

to be within the range no~ and ~noTn.T, and optical birefringes

are never very large.

An alternative way to satisfy (16) is to use a negative

uniaxial crystal, oriented with itsoptic axis along (or near) the

y direction. cj.2=n.2is now smaller than ell=no2, and (132-tll)

<((32-622). nfcannow gotolarger values before &ET-@m~

<O, which in turn may permit degenerate mode propagation

at /3 sufficiently far from cutoff for optimum performance.

As an example of a possible practical waveguide isolator

we consider a structure formed by sputtering an isotropic film

of As2S3 onto a YIG substrate and optically contacting an

LiNb03 crystal to form the top layer. The latter is oriented

with its optic axis in the plane of the film close to the y direc-

tion. The amount of offset is adjustable to provide a mecha-

nism for adjusting rlJT to match rlzs, which is itself set by the

optical rotation coefficient of YIG. The design parameters are

summarized in Table II.

The major weakness of this design is the close tolerance

placed on the film thickness. This is due mainly to the weak-

ness of the magnetooptic coupling in the substrate. Since the

coupling per reflection is so weak, many reflections are re-

quired to achieve complete mode conversion. Mode degener-

acy has to be maintained over greater distances and, therefore,

the film thickness should be kept very constant. Unfortu-

nately, the Faraday effect cannot be made much larger than

that for YIG at 1.152 pm without also increasing absorption

losses to an intolerable degree. The magnetooptic layer is

essential to the nonreciprocal nature of the device. A possible

solution to the dilemma of providing stronger magnetooptic

mode coupling would be to make the waveguide film mag-

netooptic rather than the substrate. Except for very weakly

guiding structures (small differences in refractive indices),

most of the electromagnetic field is in the film and not in the

substrate. We are currently studying this problem.

The anisotropic top-layer coupling is, however, very

strong. Notice that an orientation offset of only one-half de-

gree should be sufficient to match the magnetooptic mode

conversion. A convenient way to provide an experimentally

adjustable coupling would be to rotate the top-layer crystal

well beyond the required amount and to press the crystal onto

the film/substrate assembly with an adjustable force in the

same manner as for prism couplers; a variable air gap will

produce a variable amount of mode coupling.

W. SUMMARY

We have used and extended the analysis of Wang et al. [6]

for mode-converting optical waveguide structures to study the

problems of designing a nonreciprocal mode converter. A

magnetooptical material is required, but at least one other

complementary element is also needed. We propose a layered

structure in which the magnetic and anisotropic materials are

“s
25 26 27 28

-1oo ~

/3=2,74

T

.2
-0-
+ -200

*e:

1 ~
-. .. .
-e-
+ -300 —

.:
9 TOP LAYER HgSCL
v

n: = 29923

Fig. 4. Graphs of d(@E@ +q4EJzTX 4MMS X #MMT) /d(3 versus n, (assumed
isotropic) plotted for degenerate mode propagation with various
values of ~ (HgS top layer, z“ = 2.704 and n.= 2.992 at 1.152 #m).

TABLE II

NUMERICAL DATA SUMMARY FOR A PROPOSED LAYERED-STRUCTURE

FARAnAY ISOLATOR/GYRATOR USING Y,FE90M, AGLS3, AND LINBO.,
OPERATING AT 1.152 ~m

I I
l’.? LiXtOs = 2..?2sno

Ref. ~j n, = 2.151

w
I

Su5. trate y3Fe5q2 ; n. = 2.228

‘“”N ‘ “

PER~fITTIVITY
I

CIX>fENTS

I
I

=

SII = CZ? = 4.963 OPtxc axis set about

I
F.lm thickness to be

0.90 ~ .002 for first

order mode degenerate

:11 “ ‘2 = ~33 Magnetized along prcJpa-
= 4.363 Eation direction z.

:12 = i3.4x10-4 Faraciay rotation given
in Ref. ~~ as 2S0°/cm

W.veg. ~de effect.ve zefract.ve .ndex 6 = 2.292 (e = 69.1 deg).
Cr. t.cal angle at filmls.bstrate boundary 8= = 64.9 deg.

Irj}il = lr~li = 0.00055

3
Estinaced .“ceractlon pathlength = 6.6 T-S.

separated by an isotropic film. Reorientation of the aniso-

tropic film permits experimental control of matching the

mode-conversion coefficients, and we suggest that such a

3 This estimate is based on multiplying the distance down the guide
per double reflection by the number of reflections required to give com-
plete mode conversion. In some cases the Goos–Haenchen shift will cause
this dktance to be somewhat larger. (See H. Kogelnik, T. P. Sosnowski,
and H. P. Weber, paper presented at the Spring 1973 Meeting Opt.
Sot. Amer., TUG 18; also in IEEE J. @.6mztzLm,?Hako?z., vol. QE-9, pp.
795–800, Aug. 1973.)



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-21, NO. 12, DECEMBER 1973 775

structure lends itself more readily to practical implementation

than do the tandem structures proposed by Wang et al. [6].

Preliminary design data are presented for a YIG-As2S3–

LiNbOs structure. Finally, we note that it might be more

practical to provide a magnetic film rather than a magnetic

substrate [3]. Studies of such a layered structure are under-

way, and we believe that this, too, could lead to a useful non-

reciprocal isolator device.
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Periodic Structures and Their Application in

lnte~rated Optics

WILLIAM S. C. CHANG, SENIOR MEMBER, IEEE

Invited Paper

Ab.stracf-Periodic structures are used widely in integrated
optics for input-output couplers, bandstop filters, modulators, direc-
tional couplers, and distributed feedback lasers. An analytical dis-
cussion and review of these devices is given based upon the coupled-
mode transmission-line analysis. Experimental results and per-
formance characteristics are presented to illustrate the special fea-
tures of each type of device. Finally, the usefulness of transmission-
line analysis to the understanding and the design of these devices
is pointed out.

I. INTRODUCTION

I

NTEGRATED optics is an ambitious attempt to apply

thin-film and integrated electronics technology to optical

circuits and devices [1 ]– [8 ]. One of its goals is to achieve

sophisticated thin-film and fiber optical communication and

data processing systems. We may envision that such systems

will eventually be comparable to present microwave systems,

complete with thin-film sources, detectors, waveguides, filters,

directional couplers, modulators, etc. [7], [8]. Naturally,

there is a great deal of similarity between microwave and in-

tegrated optical components. However, because of the shorter
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part h y the NSF i.mder Grant GK3 1854 to Washington University.

The author is with the Department of Electrical Engineering and the
Laboratory for Applied Electronic Sciences, Washington University,
St. Louis, Mo. 63130.

optical wavelength, many microwave techniques utilizing the

matching of the transverse field variations for the fabrication

of devices such as E–H tuners, magic T’s, etc., are not ap-

plicable. Instead, techniques using periodic structures play a

dominant role in integrated optical device fabrication. There

are two major advantages in the use of periodic structures:

a) although the individual interactions from each element in

the periodic structure are small, their phase synchronized

cumulative effects can be very large; and b) small amounts

of random defects created in the fabrication process will not

affect the characteristics of the device significantly. Applica-

tions of periodic structures in integrated optics have already

led to the achie~,ement of a number of devices such as the

input–output grating coupler [9]– [12], the bandstop filter

[13], distributed feedback lasers [14]- [16], modulator,- [17]-

[22], and directional couplers [23].

Despite the fact that both the properties and the fabrica-

tion techniques of different devices using periodic structures

vary a great deal, there is a considerable amount of similarity

in their analyses. It is informative to re~-iew the properties of

the various applications of periodic structures in integrated

optics, one by one, from a unified coupled-mode transmission-

line analysis point of view. Design data, experimentally

measured properties, and performance characteristics will

then be discussed to point out the special features of each


