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(ABSTRACT) 

Narrowband spectral filters find important applications in optical fiber communi- 

cation systems, particularly in wavelength demultiplexers and single-frequency semi- 

conductor lasers. Conventional Fabry-Perot resonators provide a narrow spectral 

width but lack the capability of mode discrimination. A new coupled-waveguide 

Fabry-Perot resonator made of two parallel waveguides with reflecting mirrors at the 

ends is proposed for application as narrowband tuned spectral filter in single-mode 

diode lasers and wavelength demultiplexers. 

The interference of counter propagating waves from reflection by end mirrors and 

the coupling of waves between the two parallel guides contribute to the operation of 

this resonator structure. Thus, the device exhibits the attributes of both Fabry-Perot 

resonator and directional coupler. The coupled-mode theory of parallel waveguides 

is employed to analyze the proposed structure. Spectral characteristics are derived 

from the governing coupled-mode equations and related boundary conditions.



Two geometries consisting of identical waveguides as well as nonidentical wave- 

guides are examined. The spectral characteristics of the proposed resonator demon- 

strate that significant improvement in mode discrimination capability and longitudi- 

nal mode spacing over the conventional Fabry-Perot resonator is achieved. Numerical 

results for several example cases are presented and the influence of various parameters 

on spectral properties are investigated.
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Chapter 1 

Introduction 

Narrowband optical filters are of considerable interest in fiber-optic communi- 

cation systems. These filters find applications in wavelength division multiplexing, 

single-mode semiconductor lasers, optical spectrum analyzers, Raman light ampli- 

fiers, etc. Several types of such filters are more widely used in lightwave systems, 

including Fabry-Perot resonator, interference filter, grating reflector, and wavelength 

selective directional coupler. Here, attention is focused on Fabry-Perot resonator and 

its role in semiconductor diode lasers. 

In conventional Fabry-Perot resonators, feedback is provided by facet reflections 

resulting in longitudinal modes of equal magnitude. Supporting many longitudinal 

modes, the Fabry-Perot resonator has a limited use as a wavelength selective filter. 

When used as a cavity resonator in diode lasers, the longitudinal-mode discrimina- 

tion is provided only by the gain spectrum of the active region. However, since the 

gain spectrum is usually much wider than the mode spacing, the resulting mode dis- 

crimination is poor. Therefore, a single cavity Fabry-Perot diode laser is, strictly 

speaking, a multimode laser, unless the cavity length is sufficiently short such that 
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the mode spacing is wider than the gain spectrum. Such short cavity are generally 

not practical. 

To improve the mode selectivity of laser diodes, several types of optical resonators 

have been developed. The multiple cavity Fabry-Perot resonator, formed by connect- 

ing two or more single cavities in tandem or by adding one or more mirrors to a 

conventional two-mirror cavity, significantly enhances the filtering capability in terms 

of linewidth and tuning range. In the distributed-feedback (DFB) lasers [1], the opti- 

cal feedback, instead of being localized at the end mirrors, is distributed throughout 

the cavity by using Bragg grating reflectors. Mode selectivity in DFB lasers results 

from the Bragg condition. Both multiple cavity and DFB grating can be used to 

realize single-frequency diode lasers with a high degree of side-mode suppression and 

wavelength stability. 

In this thesis, a coupled-waveguide Fabry-Perot resonator is proposed. This res- 

onator structure consists of two parallel lightguides with partially reflecting mirrors 

at the ends. Each guide in isolation can be regarded as a single cavity Fabry-Perot 

etalon. When the two guides are placed close to each other, the lightwave in each 

guide not only travels back and forth but also interacts with the lightwave in the 

other guide. Thus, this device incorporates the features of both Fabry-Perot etalon 

and directional coupler. The proposed resonator offers a better mode discrimination 

capability and a narrower spectral width than the conventional Fabry-Perot resonator. 

The next three chapters present a literature review and basic concepts upon which 

the proposed device is based. In Chapter 2, the formulation of coupled-mode theory 

with application to parallel-waveguide structures is reviewed. Chapter 3 explores the 

solutions of the coupled-mode equations with particular emphasis on the operation 
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of directional couplers. The characteristics of conventional two-mirror Fabry-Perot 

etalons are discussed in Chapter 4. Improvements resulting from the two-cavity 

Fabry-Perot structure are also discussed in this chapter. In Chapter 5, the pro- 

posed couple-waveguide Fabry-Perot resonator is analyzed using the coupled-mode 

theory of parallel guides. The spectral characteristic of the device is derived from the 

coupled-mode equations and related boundary conditions. Spectral properties of the 

proposed device are compared with those of the single cavity Fabry-Perot etalon and 

the directional coupler. Numerical results are presented in Chapter 6. The effects 

of parameters on the spectral characteristics of the proposed device are investigated. 

Concluding remarks and suggestions for future work are summarized in Chapter 7. 
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Chapter 2 

Coupled-Mode Theory 

Mode coupling phenomena occur in many physics and engineering problems. Ex- 

amples of mode coupling can be found in nonlinear optical interactions, acoustooptic 

and electrooptic switching and modulation, and optical filtering and reflection by 

periodic structures [3]. The theory of mode coupling was first developed by Pierce 

[2] to analyze the energy exchange between electron beams and slow-wave structures 

in electron-beam tubes. Later, a coupled-mode formalism was established for the 

analysis of optical waveguides [6,9]. In the following sections, we will first briefly 

review the general coupled-mode formalism [8] which is applicable to the analysis of 

a large variety of coupled-wave phenomena. This formalism is then used to analyze 

mode coupling between two parallel waveguides which has long been a subject of 

considerable interest in the fields of integrated optics and fiber optics. 

2.1 General Coupled-Mode Formalism 

The Lorentz reciprocity relation derived from Maxwell’s equations can be shown 

to have the integral form [8] 
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IJ dady-—-(éy x Ht + Bs x H,), = —jw f | dadyP, - Ex, (2.1) 
Ss Oz s 

where (E,, H,) and (E, Hz) are two sets of electromagnetic fields, P, is a polariza- 

tion vector corresponding to field 1, and S is a z = constant plane. In waveguide 

structures, field 1 may be considered as an unknown field of interest whose transverse 

components can be expanded in terms of the normal modes (generally, eigenfunctions 

in boundary value problems) determined by the waveguide structure and its boundary 

conditions as [8] 

Ey = > [am(z) + a_m(z z)] é, emt = => [Am eIbmz 4 A fms! Emt (2.2) 

Au = SY [am(z) — a—m(z)] Rit = >; | Am eIimz _ A, ems] Pant (2.3) 

where the © notation indicates summation over the discrete and finite set of guided 

modes and integration over the continuous spectrum of radiation modes. If interest 

is primarily in perturbations which cause coupling only between guided modes, the 

radiation modes can be dropped from the expansions. The coefficients A, and A_m 

in general vary along the waveguide and are functions of z. Substituting equations 

(2.2) and (2.3) into equation (2.1) and considering field 2 as an n-th forward traveling 

mode, with the help of orthogonality relations for guided modes we obtain [8] 

da,,(z) ) tM + jBnan(2) = —jw ff dedyP - B3, (2.4) 

or in terms of Ay, 

dA,(z) i -jwf f dxdyP, - Ej exp(j Buz). (2.5) 

The polarization P, represents perturbations in a canonical structure and is consid- 

ered to be a distribution of excitation source. Equation (2.5) can be used to treat 

various mode interactions. Each physical effect brings about, in general, a different 
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perturbation polarization but leads to the same set of coupled first-order differential 

equations called coupled-wave or coupled-mode equations of the form given in equa- 

tions (2.7) and (2.8). Yariv [3] has studied several coupled-wave phenomena occurring 

in integrated optics using this formulation. A well known example of the perturbation 

polarization is that resulting from a scalar deformation of waveguides 

= 

P = Ac(z,y,z) E, (2.6) 

where Ac(z, y, z) represents a purterbation in the refractive index of the waveguide. 

In many coupled-mode interactions of interests, there are only two guided modes that 

have sufficient phase synchronism to allow for a significant exchange of energy. In 

such cases, one can neglect all other modes and equation (2.4) can be reduced to a 

set of coupled-mode equations relating the amplitudes A (=A,) and B (=A?) of the 

two significant modes with the following results 

dA(z) 

  

7. ~OU —jk12B(z) exp(2j6z) (2.7) 

ce = —jkn A(z) exp(—2762), (2.8) 

where ky, and ko; are the coupling coefficients and 6 is the phase mismatch between 

the two modes. We will discuss, in more details, these coupled-mode equations in the 

following section. 

2.2 Coupled-Mode Theory for Parallel Waveguides 

Interaction between parallel waveguides is an important phenomenon which arises 

in integrated optics, fiber optics, and semiconductor laser devices. This interaction 

can of course be studied by solving Maxwell’s equations and related boundary con- 

ditions for the normal modes of the compound waveguide structure. However, many 
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structures of interest cannot be easily solved using such a direct approach. Although 

the coupled-mode theory is approximate it has proven to be a very useful tool for 

studying the behavior of coupled waveguides. The accuracy of the approximate solu- 

tion is fairly good as will be seen later. 

Consider two parallel waveguides each supporting only one mode. When they are 

separated far enough, the two modes are independent of each other and their fields 

can be written as 

E,(«,y,z) = Aexp(—jf1z)éi(z, y), 

E,(z,y,z) = Bexp(—jf2z)&(z,y), 

where A and B are constant amplitude coefficients which are generally complex. 

When brought into close proximity of each other, the two guides interact and mode 

coupling occurs. The presence of one waveguide in the neighborhood of the other can 

be regarded as a uniform deformation of the other guide. In this case the amplitude 

coefficients A and B are no longer constant and are not independent of each other 

any more. They vary along the waveguides, become functions of z, and are governed 

by a set of coupled-wave equations. 

2.2.1 Coupled-Mode Formulations 

Several approaches have been used to formulate coupled-mode equations for par- 

allel waveguides. These approaches are based on perturbation analysis [4], reciprocity 

theorem [9,14], or variational principles [11,14] and all lead to couple-mode equations 

given in (2.7) and (2.8) or 

  

AE) = jaz) — jhuabl2), (2.9) 
oe = ~—Jjy2b(z) — jkoa(z). (2.10) 
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The two sets of coupled-mode equations can be shown to be equivalent by substituting 

a(z) = A(z)exp(—jyz) (2.11) 

b(z) = B(z)exp(—jy22) (2.12) 

into equations (2.9) and (2.10) and noting that the phase mismatch 6 in equations 

(2.7) and (2.8) is 

1 
6= a(n —_ 2). 

These formulations of coupled-mode theory differ in how the modal amplitudes ,a(z) 

and b(z) (or A(z) and B(z)), are defined and how the propagation constants 7, and 

‘vo and the coupling coefficients k,2 and kq, are calculated. Here we introduce a 

formulation derived by Yariv [4] based on the perturbation analysis mentioned in the 

previous section. 

Conventional theory 

Consider the case of two parallel single-mode slab guides with composite refractive 

index distribution n,(z) as illustrated in Figure 2.1. The transverse electric field of this 

compound waveguide structure can be approximated by the sum of the unperturbed 

fields; i.e., the fields of individual waveguides in isolation, 

E,(x, y, z) = A(z) &,P)(2) e7* + B(z) &,P (2) e*, (2.13) 

where é,0 and é,? are the transverse electric field associated with normal modes 

of waveguides 1 and 2 in isolation, respectively. The subscript ‘1’ in the transverse 

normal modes indicates that they are the first mode of the guides. The perturbation 

polarization vector in this configuration can then be calculated as 
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Figure 2.1: Refractive index profiles n,(z) and n2(x) for guides 1 and 2 in isolation 
and n.(x) for the composite structure. 
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Prert = €0 { A(z) &,)(z) e-9? [n?2(x) — n2(x)] + 

B(z) &,P (x) e~ 92? [n2(x) — n3(x)] }, 
(2.14) 

where n;(x) and n(x) , as shown in Figure 2.1, are the refractive index profiles of 

waveguides 1 and 2 in the absence of perturbations; i.e., in isolation. 

Substituting equation (2.14) into equation (2.4) and integrating over x gives 

wa) = —jhy e(:-2)* B(z) — jy A(z) (2.15) 

dB 4 o~d(1—Ba)2 , a) = —jhyz e7HO1-P2)* A(z) — jkygB(2), (2.16) 

where 

kay = 2 f fnd(x) — nia] P-2,P az, u,v = 1,2. (2.17) 

The terms ky. and kz, represent a small modification to propagation constants 

and 2, respectively, caused by the presence of the second guide. If the total field is 

rewritten as 

E,(x,y,z) = A(z)&(x)e™* + B(z)EP (xe, (2.18) 

equations (2.15) and (2.16) reduce to the coupled-mode equations (2.7) and (2.8), 

with phase mismatch 6 defined as 

1 
6 = 5(n—%) (2.19) 

mn = Athy (2.20) 

Y2 = Bot koe. (2.21) 

The coefficients kj, and k22 are one order of magnitude smaller than ky2 and kz, and 

minute as compared to (; and $2. Therefore, they are usually ignored and 7, and 

‘2 are well approximated by §, and $2. A coupled-mode formulation with exactly 
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the same definitions of coupling coefficients was also developed in [7]. Snyder [9] 

derived a set of coupled-mode equations with the definitions of coupling coefficients 

ky2 and kz, being the opposite of those given by Yariv and Marcuse [4,7]. This yields 

different results in the nonidentical waveguide case. Before further investigating this 

discrepancy, we define the following integrals for the convenience of later discussions 

Cu, = sti. a, (é,” x hy?) dedy, u,v = 1,2. (2.22) 

The individual guided modes are normalized such that 

Cy, = Cy = 1. 

The Ci2 and C2; coefficients are overlap integrals that describe the individual 

waveguide mode overlap and are a measure of the proximity of the guides. The overlap 

integrals are key quantities which can be used to resolve the differences between 

various formulations. 

The coupled-mode formulations in [4,7,9] can be referred to as the conventional 

theory [13]. The common feature of these theories is that the overlap integrals are 

neglected in their formulations. For coupling between identical waveguides, the con- 

ventional coupled-mode theories work fine because the modes of identical guides are 

in fact power orthogonal and thus the overlap integrals for C12 and C2; are exactly 

zero. The coupling coefficient k,2 in this case is identical to k2,, which is in agreement 

with the following relationship derived from the power conservation in lossless 

guides [7] 

kia = Rh. (2.23) 

However, for the case of nonidentical waveguides, several problems arise when the 

conventional formulations are used. First, the results are not very accurate for the 
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case of strong coupling between the waveguides. Secondly, the complex conjugate 

relationship in (2.23) does not hold any more, which means the principle of energy 

conservation is violated. Finally , the different results given in [4],{7] and [9] amount 

to exactly reversed definitions for k,2 and k2,. All these problems are due to ignoring 

the overlap integrals;that is, assuming mode orthogonality in order to simplify the 

problem. Whereas, as is well known, the guided modes of the nonidentical guides 

are not exactly orthogonal and the overlap integrals not only do not vanish but also 

could be large compared to coupling coefficients in strong coupling cases. Therefore, 

neglecting the overlap integrals certainly causes inaccuracy. 

For power to be conserved the conventional theories demand k,2 = k3,. However, 

as is evident from the expressions in equation (2.17), ky2 is not in general the complex 

conjugate of k2;. The reason for this inconsistency is that the relation kj. = k}, is 

incorrect because it is derived by differentiating a power flow expression which does 

not include the overlap integrals. It should be noted that the total power is not equal 

to the sum of the squared moduli of the individual mode amplitude if the modes are 

not power orthogonal. 

Improved theory 

The problem of reversed definitions for ky. and k2; is an intriguing one. To resolve 

this seemingly contradictory situation and to reestablish the condition for power con- 

servation, several improved coupled-mode formulations which take into account the 

overlap integrals have been proposed [11]-[15]. Hardy and Streifer [12] were the first to 

improve the conventional theory by including the overlap integrals. In their analysis, 

the radiation modes, which are usually ignored in conventional theories, are retained 

in the derivation and discarded only after their influence is determined. As a result, 
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significantly increased accuracy is achieved for the strongly-coupled nonidentical slab 

guides. Coupled-mode formulations in [13,14] give exactly the same definitions for 

the four parameters in the coupled-mode equations (2.9) and (2.10); namely modified 

propagation constants 7, and 72 and coupling coefficients kz and k2,. These results 

differ from Hardy and Streifer’s only in that formulations in [13,14] take the average 

values of C2 and C2; for the overlap integral. The four parameters are given as [14] 

m1 = Bit [kr + (A: — B2)C? — ky2E] /(1 — C) (2.24) 

2 = Bat [hoo + (B2 — br)C? — kerC| /(1 - C?) (2.25) 

ki2 = [kor + (81 — Ba — kaa)O| /(1 — C?) (2.26) 

key = [hye + (82 — Bi — kex)C] /(1 - C), (2.27) 

where 

C= (Cnt Ca) (2.28) 

. 2 
kup = wa ff (n2 —n? Je 0.2, — ert | dxdy u,v=1,2. (2.29) 

c 

The conservation of power is maintained by including the overlap term C and requir- 

ing that 

kia — ko = C(m — 72); (2.30) 

or equivalently, 

kya — kay = C(Bi — Ba). (2.31) 

From the equations (2.30) and (2.31) we can easily see the problem of power conserva- 

tion with the conventional theories. The exclusion of the overlap integral (i.e.,C = 0) 

inevitably demands that kz = ko, no matter whether the guides are in synchronism 

or not, which is not true for nonidentical guides as was already indicated. Only when 
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the guides are close to synchronism (e.g., identical guides) or are far apart from each 

other (i., C ~ 0) the relation kj2 = kg is reasonably satisfied. If we apply the 

condition of power conservation of equation (2.31) to equations (2.24)-(2.27), we will 

obtain another set of four parameters as follows 

m1 = Br + (ku — kC)/(1 — C?) (2.32) 

Yo = Bot (kez — ki€)/(1 — C?) (2.33) 

ki2 = (ki2 — ke2C)/(1 — C?) (2.34) 

ko = (ko — kyy€)/(1 — C?). (2.35) 

To see the conflict about the definitions of kjz2 and kz, we should compare the two 

sets of expressions in (2.24)-(2.27) and (2.32)-(2.35). If we neglect the overlap C in 

equations (2.26) and (2.27), we have 

kya = hoy (2.36) 

key = hyp. (2.37) 

However, if we use equations (2.34) and (2.35) instead, we have 

ko = ky (2.38) 

ko = kay. (2.39) 

As shown above, the definitions of kz and ko, are reversed if a different set of ex- 

pressions is chosen. This, of course, is caused by neglecting the overlap integral. If 

the overlap term C is included, the two sets of definitions are equivalent since one is 

derived from the other after the power conservation condition is applied. 

The problem of reversal of k,2 and ka is addressed very clearly by Chang [13]. He 

identifies two formulations for coupled-mode theory in the literature, according to how 
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the modal amplitudes in the coupled-mode equations are defined. In one formulation, 

the unknown total fields of the compound waveguide structure are assumed as linear 

combinations of the individual waveguide modes and the coefficients in the linear 

combinations are chosen as the modal amplitudes in the coupled-mode equations. 

The total fields are thus partitioned into components corresponding to the individual 

waveguide modes. The modal amplitudes in this formulation are called partition 

modal amplitudes [13]. In the other formulations, the modal amplitudes are those 

coefficients from the representation of the total fields as a superposition of the modes 

of one guide only. These modes include the guided and radiation modes and form a 

complete set. From a vector point of view, these modal amplitudes are the projections 

of the total fields onto the bases in the complete set and therefore are called the 

projection modal amplitudes [13]. The conventional formulations in [4,5,7] belong to 

the first category, while the formulations in [9,10] belong to the second. 

The transverse component of the total electric field can take one of the following 

forms 

E(x, y, 2) = a(z )é,P (a, y) + o(z )e,? (x,y) (2.40) 

= 0 4,(z)er'(#, 9) (2.41) 

= 0 b(z)eP (2,9), (2.42) 

where >> indicates summation of all guided and radiation modes. Amplitudes a(z) 

and b(z) in (2.40) are the partition modal amplitudes, while @,(z) and 6,{z) in (2.41) 

- and (2.42) are the projection modal amplitudes. The partition and projection modal 

amplitudes are different quantities but can be related as 

a@i(z) = a(z)+Cb(z) (2.43) 

b(z) = b(z)+Ca(z). (2.44) 
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In summary, two sets of modal amplitudes are identical when C = 0, which happens 

only if two guides are identical. The four parameters 71,~y2, ki. and ko, are defined 

as in equations (2.24)-(2.27) if we use the partition modal amplitudes a(z) and b(z) 

as the variables in the coupled-mode equations. Changing the variables to projection 

modal amplitudes by substituting the relations (2.43) and (2.44) into the coupled- 

mode equations (2.9) and (2.10), we obtain the second set of definitions for 71, Y2, k12 

and ko; as given in equations (2.32)-(2.35). As was already discussed, neglecting the 

overlap termC in different sets of definitions results in reversed definitions for k,2 and 

ky. 
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Chapter 3 

Directional Coupler 

One important application of coupled-mode theory is in the analysis of the direc- 

tional coupler which, in its simplest form, consists of two parallel waveguides close 

to each other. Because of the coupling process, the optical power carried by the two 

guides are exchanged periodically along the direction of wave propagation z. As will 

be shown, the coupling process is governed by coupling coefficients ky2, k2,, and the 

difference between the modified propagation constants 26(= 71 — 2). Under some 

proper condition, a light wave launched into one guide can be largely, or even com- 

pletely, transferred to the other guide, while under a different condition the light wave 

can go straight through. By this behavior, directional couplers may be used as power 

divider, switch/modulator, or wavelength filter. 

3.1 Coupled-Mode Solutions 

Prior to discussing the operation of a directional coupler, it is essential to inves- 

tigate the coupled-mode equations in more detail. The solutions of coupled-mode 
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equations in (2.7) and (2.8) are obtained as 

  

a(z) = A, e7%8e* 4 A, eI (3.1) 

b(z) = Bee? + B, eI, (3.2) 

where 

Ae = 5 (: + °| a(0) + = (0) (3.3) 

Ae = 5 ( _ =| a(0) — = (0) (3.4) 

Be = 7 ( - | a(0) + ; (: - =| b(0) (3.5) 

B, = oh, (2 _ =) a(0) + , ( + | (0) (3.6) 

§ = a (3.7) 

§ = V kako + 62 (3.8) 

Be = BP 4 (3.9) 

Bo = uae _s (3.10) 

a(0) = a(z=0) (3.11) 

b(0) = b(z = 0). (3.12) 

The total transverse electric field of the directional coupler can then be expressed as 

E,(2,y,2) = a(z) &)(e,y) + Wz) GP (2,9) 

= Ce Pe(z, ye? + Co Pox, ye”, (3.13) 

where 

Ce¥e(x,y) = Ae (x,y) + Be & (x,y) 

CoBo(z,y) = Ao e!(2,y) + Bo &P(2,y), 
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and we(x, y) and wo(z,y) represent normalized even and odd electric fields. From 

equation (3.13), we observe that the total field of the composite waveguide consists 

of two normal modes: pe(x, y) with propagation constant 6, and wo(x, y) with prop- 

agation constant 8,. The modal amplitudes are dependent on the initial excitation 

conditions. The modal shapes 7, and Do are dependent not only on the characteris- 

tics of the individual guides but also on the distance between them. In general, Wo 

and De are not orthogonal. However, if the guides are identical, it follows that 

nN = 2 =P 

6 = 0 

s§ = ky = ko =k 

and thus 

Ac = Be = 5 [a(0) + H(0) 
A, = —B, = = (a(0) — 4(0)}. 

The total field can then be written as 

v2 v2 B, =~ [a(0) + 0(0)] Dee? +X [a(0) — 5(0)] oe H, (3.14) 

where 

204 50 
Pe = oe (3.15) 

2) _ 20 
Po = a (3.16) 

Be = Bk (3.17) 

Bo = Bk. (3.18) 

As illustrated in Figure 3.1, the modal field De is an even mode with 6, = 8+k and 

Po is an odd mode with 8, = 6B — k. 
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Figure 3.1: Modal shapes for the even and odd modes of a directional coupler made 

of identical waveguide. 
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It can be easily seen from Figure 3.1 or simply from 

Peo = 9 (ae ~ Je.” | ~~ é&{).2,? + af.) = 0, (3.19) 

that We and Wo are mutually orthogonal. 

Consider the case that light is launched only into waveguide 2 (i.e.,a(0) = 0). 

Equations (3.1) and (3.2) can be expressed in power forms as 

Pi(z) = |a(z)|? = Po a sin?(sz) (3.20) 

2 

P,(z) = |b(z)|? = Po °- sin®(sz) + cos?(sz)| , (3.21) 

where 

Py = |b(0)|? = initial power 

The maximum power transferred to guide 1 at z = L occurs when L = = and is 

obtained from 

2 

(Fae * ik (22) 
If the two guides are phase-matched (i.e., 6 = 0 and ki2 = koi), the R.H.S. of the 

above equation becomes 1, indicating that power is completely transferred to guide 

1. When there is a phase mismatch 6, P,(z)/ Po is always smaller than 1, indicating 

that complete power transfer does not occur. As 6 increases the amount of power 

transferred to guide 1 decreases. Appreciable transfer of power requires that 

é6< V koko. (3.23) 

Variations of P;(z) and P2(z) versus z for the phase-matched and non-phase-matched 

cases are shown in Figure 3.2. A directional coupler is a power divider and any power 

splitting ratio can be accomplished by proper adjustment of the coupling length, as 

can be seen from Figure 3.2. 
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Figure 3.2: Interchange of power between the two guides as a function of propagation 
distance. (a) Phase-matched condition. (b) Phase-mismatched condition. 
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3.2. Directional Coupler as Switch/Modulator 

The dependence of the transferred power on the phase mismatch can be utilized to 

make electrically controlled directional couplers. Integrated optics devices are usually 

fabricated on substrates such as LiNbO3 and GaAs which exhibit a strong electro- 

optic effect (i.e., the refractive index is changed by applying an electric field). The 

most common integrated-optic directional couplers are fabricated by diffusing two 

identical single-mode titanium (T7) waveguides into LiNbO 3 substrates. 

As was pointed out, light wave incident in one guide completely transfers to the 

other (crossover state) after a specific distance L = *. This length is called the trans- 

fer length. An electric field applied through electrodes causes a differential refractive 

index change which eventually introduces a phase mismatch. If a proper voltage is 

applied such that a mismatch 6 = Yan is induced, the directional coupler is switched 

to the straight-through state [16]. Directional couplers operated in this regime are 

referred to as uniform-Af couplers. A major drawback of this coupler configura- 

tion is that a precise transfer length L has to be produced during device fabrication 

since the crossover state is not under electrical control and no voltage adjustment is 

available to compensate for the fabrication error. For this reason the alternating-Af 

directional coupler, which allows for electrical tuning for both states, has been pro- 

posed [17]. In this configuration, the electrodes are placed over the waveguides as the 

uniform-Af case with the difference that the polarity of the voltage and hence the 

phase mismatch are reversed at the midpoint of the guides. Both switching states 

may be obtained by employing two appropriate voltages without precise control of 

the transfer length. Directional coupler switches employing this mode of operation 

have achieved crosstalk of —30 dB or less [18]. 
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The directional coupler modulator is a phase modulator with phase modulation 

proportional to the applied electric field. The phase modulation is converted to 

amplitude (or intensity) modulation through the coupling process. The modulation 

could be in a digital or an analog form. As a digital modulator, it is dc biased in 

the crossover state and switched to straight-through state with a modulating voltage. 

For analog modulation, the coupler is biased at the midpoint of a linear region and 

operated in the neighborhood of this linear region. 

3.3 Directional Coupler as Wavelength Filter 

In addition to power dividers and switches/modulators, directional couplers can 

be designed as wavelength filters to perform multiplexing/demultiplexing in optical 

communication systems. For couplers with identical guides, this application is made 

possible by the fact that coupling strength is wavelength-dependent. A directional 

coupler allowing a complete power transfer at certain wavelengths will become less 

effective as wavelength deviates from those wavelengths. However, the couplers made 

of identical waveguides do not take advantage of the phase mismatch to enhance 

the ability for wavelength discrimination. Therefore, most directional coupler filters 

are made of two nonidentical waveguides. Wavelength selectivity may be enhanced 

considerably by cascading several directional couplers [19]. 

Different waveguides exhibit different modal effective indices i(A). Two dissimilar 

guides can be properly designed to achieve an equal effective index i at a desired 

passband center wavelength \,. At this wavelength, the guides are phase matched and 

thus a complete transfer of power can be achieved. As the incident wavelength shifts 

away from the center wavelength, the phase mismatch increases and consequently 
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the transferred power decreases. For wavelengths sufficiently far from ,, nearly no 

transfer of power occurs. Hence, directional coupler filters made of nonidentical guides 

display a passband response centered at 4, as illustrated in Figure 3.3. 

The fractional bandwidth of a directional coupler filter is given by [20] 

AA_ifa ” 
A L 

fiom) 029 
where fi, and fz are effective indices of guides 1 and 2, respectively. As seen from the 

above equation, a narrower spectral width is obtained with a greater coupling length 

and a larger intersection angle of the two modal dispersion curves. 

The directional coupler filter can be readily electrically tuned by the use of 

uniform-Af or alternating-Af configuration described earlier. The applied electric 

field moves the phase-matched wavelength to a new point and results in a new center 

wavelength for the filter. 

Directional coupler filters have been fabricated with both J1-LiNbO3 and 

InGaAsP/InP waveguides. However, electrical tuning has been demonstrated only 

for the T1-L:NbOz filter. An InGaAsP/InP filter is a vertical directional coupler 

in the sense that two guiding regions are formed by two epitaxially grown planar 

waveguides. The vertical wavelength selective coupling is essential to the operation 

of InGaAsP/InP semiconductor lasers which contain an active gain region and a 

low-loss passive waveguide reflector region [21]. 

The presence of sidelobes limits the number of channels when filters are used to 

perform wavelength demultiplexing. Sidelobe reduction can be achieved by weighting 

the coupling coefficients along the interaction length. One simple way of implementing 

this is to taper the space between the two guides [22]. A fiber directional coupler filter 

with tapered interguide spacing has been reported to have a FWHM (full width at a 
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Figure 3.3: Directional coupler filter centered at 4... Maximum transfer of power 

occurs when phases of the two guides are matched at ,. 
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half maximum or 3 dB bandwidth) bandwidth of 22.5 nm and a maximum sidelobe 

of —11 dB [23]. 
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Chapter 4 

Optical Resonator - Fabry-Perot Etalon 

An optical resonator may be regarded as an optical transmission medium incorpo- 

rating a feedback mechanism. Light at certain wavelengths can travel back and forth 

repeatedly without destructive interference and thus energy is confined and stored 

within the resonator. The archetype of optical resonators, known as Fabry-Perot 

(F-P) etalon, consists of two parallel, highly reflective, planar mirrors separated by 

a distance L. The F-P etalon has two major applications: first, it forms a cavity 

resonator for lasers. Secondly, its wavelength selectivity property makes it useful as 

a narrowband transmission filter or a spectrum analyzer. 

4.1 Fabry-Perot Etalon - Laser Cavity Resonator 

A laser cavity contains a medium that amplifies light. A resonant mode is a 

wave that reproduces itself after a complete round trip. This results in two condi- 

tions, phase and amplitude conditions, for steady-state oscillations [24]. The phase 

condition gives 

26L = 2mnx m=1,2,3..., (4.1) 
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which determines the resonant frequencies of the F-P resonator. The amplitude con- 

dition requires that the gain of the medium g be equal to the total loss a;,; that 

is, 

1 1 
g = % =a, + —In(—_), (4.2) 

L T1792 

where 7; and r2 are reflection coefficients of the mirrors and a, represents the atten- 

uation coefficient due to scattering and absorption. The last term in equation (4.2) 

represents the transmission losses of the mirrors. 

The net field in an optical resonator is the summation of an infinite number 

of waves whose complex amplitudes form a geometrical progression. The spectral 

response of a F-P resonator is then calculated as [25] 

  

Inaz 

I= a) ; (4.3) 
1+ (2F/1)*sin*(af/A;) 

where 

Imac = _ fo 
(1 — rire) 

RA/T 182 
F == _ 

1— T1172 

nf c 
A = —_—_—_-—Cl re 

f “BL ~ WL 
Io = intensity of the tniteal wave 

f = frequency of light 

n = effective index of cavity medium 

c = speed of light in free space. 

Equation (4.3) indicates that the spectral response reaches maximum when 

f=mAs m=1,2,3.... 
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This condition is equivalent to the resonant condition in equation (4.1) and we can 

conclude that the peak response occurs at resonant frequencies. 

4.2 F-P Resonator as Wavelength Filter 

When a F-P etalon is used as a wavelength filter, an optical wave incident on one end 

is transmitted through and exits from the other end. The intensity transmittance is 

given by [25] 

  

I Tmax 

T(f)=== ie (4.4) 
L114 (2F/r)'sin’(xf/Ayz) 

where 

T _ (tit2)° 
max al _ rr)? 

ty,tg == transmission coef ficients of mirrors 

I; = ineident intensity 

I, = transmitted intensity. 

The transmittance T(f) has the same dependence on frequency f as that of the 

spectral response of a resonator cavity. Therefore, transmittance is maximum when 

frequency of the incident wave coincides with one of the resonant frequencies. 

The parameter F in equations (4.3) and (4.4) is known as the finesse and defined 

as the ratio of the separation between peaks (i.e.,A;) to the FWHM. It is a measure 

of resolution of a F-P filter. The resolution increases with F. For resonators with 

perfect mirrors, F is infinity and the resolution power is unlimited. The tuning range 

of the F-P filter is limited to the spacing of the transmittance peaks A; which is called 

the free spectral range (FSR). FSR can be also expressed in terms of wavelength as 
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r2 

A 4.5 
2nL (4.5) 

FSR = 

A typical transmittance function T(\) of a single cavity F-P etalon is shown in Figure 

4.1. 

The filter is tuned by adjusting the distance L between mirrors. F-P filters with 

ultrahigh finesse (F of order of 500 at \ = 1.5um) have been fabricated successfully 

[26]. The FWHM bandwidth of these filters was reported to be below 1 MHz. 

4.3 Multiple Cavity Fabry-Perot Filters 

The F-P filter described in the previous section is a two-mirror single-cavity in- 

terferometer. The performance of F-P filters can be improved tremendously by em- 

ploying multiple cavity structures, which may be realized by adding one or more 

mirrors to a two-mirror F-P etalon (multimirror structure) or placing two or more 

single-cavity F-P filter in tandem (multicavity structure). A high-finesse filter can be 

made of single cavity filters with moderate finesses. In this section, only the three- 

mirror filter and the dual-cavity filter with two separate cavities is briefly discussed. 

Extension to multimirror and multicavity cases is quite straightforward. 

4.3.1 Three-Mirror F-P Filter 

The power transmittance spectrum of a three-mirror F-P filter is [28,27] 

  

titato)” 
T(f) = 7 (irfato) , — (4.6) 

|1—riro exp(—j2¢1) +270 exp(—j2¢2) —rir2 exp|—j2(¢1+ $2)]| 

where 

r1,72,t1,t2 = end mirror reflection and transmission coef ficients 

(from inside to outside of cavity) 
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Figure 4.1: Transmittance v.s. A for a Fabry-Perot etalon. 
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ro,to = central mirror reflection and transmission coef ficrents 

(from cavity 1 to cavity 2) 

$i = sf i=1,2 
f 

Ai. = FSR; = free spectral range of the i** cavity. f g 

  

It should be noted that r; here is the negative of r, in [28] because the directions of 

reflection are opposite. It can be shown that equation (4.6) has maximum transmit- 

tance (i.e., unity) when 

exp(—j2¢1) = exp(—j2¢2) = 1, (4.7) 

and 

r1 — 12 — 71a 4. 
"0 1 — T1972 

( 8) 

Equation (4.7) implies that both cavities are at resonance. For ro as given in equation 

(4.8), only lightwaves with frequencies at which both cavities simultaneously resonate 

can have 100% transmission. So it is evident that this filter has much higher wave- 

length selectivity than the conventional two- mirror F-P filter. The equivalent FSR 

of this three-mirror filter is given by [27] 

FSR,-FSR, FSR., = —— =. 
Skea = TegR, — FSR, 

(4.9) 

If FSR, and FSR, are only slightly different, it is evident from (4.9) that FSR,, can 

be many times larger than the individual FS Rs. The tuning range is thus significantly 

improved. If the lengths of cavities 1 and 2, denoted as L; and L2, are chosen as 

[, = 160 pm and L2 = 140 pm, from (4.5), FSR, = 8/7 FSR,. The transmittance 

spectrum of this three-mirror F-P filter is shown in Figure 4.2. Figure 4.3 shows 

transmittance of another three-mirror F-P filter with L; = 155 wm and Lz = 145 pm. 
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As seen from Figures 4.2 and 4.3, each filter has a multiple-fold improvement in 

tuning range. As the difference between FSR, and FSR, decreases, FSR of the 

filter increases but so do the sidelobes. 

To see how the FWHM bandwidth is improved, for simplicity, we assume that 

FWHM bandwidth is approximately the same for both cavities and r, = ro. If 

FWHM of each cavity is W, the FWHM bandwidth of three-mirror filter is obtained 

as 

W 
Wr 

Therefore, utilizing the multimirror filter structure not only increases the tuning range 

FWHM., = 

significantly but also reduces the FWHM bandwidth and consequently results in a 

much higher finesse. 

4.3.2 Dual-Cavity F-P Filter 

We consider two cases of dual-cavity structures: (a) two single cavity F-P filters 

separated by an optical isolator, and (b) the separation of two cavities is larger than 

the coherence length L, of the light sources employed. 

The isolator is used to suppress unwanted multiple reflections within the intercav- 

ity region. Again we assume FS Rs are slightly different and FWHM bandwidths are 

approximately equal. If 7;(f) and 72(f) are the transmittance functions of the two 

filters, then the combined transmittance of the dual-cavity structure is simply [27] 

T(f) = T(f)B(P). (4.10) 

T(f) in (4.10) is maximized when both 7,(f) and 72(f) assume their maximum val- 

ues. As in the case of three-mirror filter, only light with frequencies simultaneously 
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matching the resonant frequencies of each single cavity filter has the maximum trans- 

mittance. The equivalent FSR of this filter structure is given by equation (4.9), and 

the FWHM bandwidth is 

FWHM., = (V2-1)'" W. (4.11) 

If the two filters are separated with a distance greater than L,, multiple reflections 

within the intercavity region are added incoherently and thus no resonance in the 

interfilter cavity. The average transmittance of this incoherent cascade is given by 

[27] 

_ rAUAG 
TD) = THERA — AG) | (422) 

It can be easily shown that maximum transmittance occurs at frequencies which 

  

maximize 7;(f) and 72(f) at the same time. FSR is again given by (4.9) and the 

FWHM bandwidth is W//2. 

Both multimirror and multicavity structures improve significantly the filtering 

efficacy of the F-P interferometers by increasing the tuning range and decreasing 

the FWHM bandwidth. However, the spectrum of the multimirror structure is more 

square-like passband and is preferred over the multicavity structure. 
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Chapter 5 

Coupled- Waveguide Fabry-Perot 

Resonator 

In the previous chapters, we reviewed the coupled-mode theory and its application 

to the analysis of parallel waveguide structures such as directional couplers. Here, we 

propose a coupled-waveguide Fabry-Perot structure made of two parallel waveguides, 

as shown in Figure 5.1. Each guide, in isolation, can be regarded as a single cavity 

Fabry-Perot etalon. This configuration differs from the parallel waveguide structures 

described in previous chapters only in that it has reflecting mirrors at all four ends. 

The proposed structure can be utilized as a tuned resonator as well as a narrowband 

wavelength filter. Two mechanisms contribute to the operation of the structure: (1) 

interference of counter propagating waves resulting from reflection by the end mirrors, 

(2) coupling of waves between the parallel guides. Therefore, the device would exhibit 

the attributes of both Fabry-Perot resonator and directional coupler. The coupled- 

mode analysis for parallel waveguides introduced earlier is employed to explore the 

behavior and characteristics of this new device as a resonator and as a filter. First, 

we consider the simpler case of two identical guides. The more complex nonidentical 
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waveguides case then follows. 

5.1 Structure with Identical Guides 

5.1.1 Cavity Resonator 

The analysis of the coupled-cavity resonator of Figure 5.2 can be facilitated by 

dividing the total field of the compound structure into four components: two forward 

traveling and two backward traveling waves. The modal amplitudes of the four waves 

are denoted as A,(z),A2o(z) for the forward propagating waves and B,(z'), Bo(z’) 

for the backward propagating waves as illustrated in Figure 5.2. The co-directional 

coupling takes place between two forward and two backward traveling waves. Con- 

sequently, two sets of coupled-wave equations are required. These equations are 

expressed as 

dA,(z) 
—j::~CO —jky2Ao(z) exp(276z) (5.1) 

dA ; , tA) _ jy, Ar(z) exp(—2/62), (5.2) 
dBy(2") ; .; TOE) = jhyBa(2/)exp 2562") (5.3) 
dBo(z') , 
eels) —j ko, By (z') exp(—276z’). (5.4) 

In the case of identical guides, 6 = 0, kyg = ky1=k and +, = yo = f, then the modal 

amplitudes A; and A2 evaluated at z = L and B, and By evaluated at z’ = L are 

easily obtained as 

A;(Z) = A,(0)cos(kL) — 7A2(0) sin(kL) (5.5) 

A,(Z) = —jA,(0)sin(kL) + A2(0)cos(kL), (5.6) 

and 
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Figure 5.1: Schematic view for the proposed coupled-waveguide Fabry-Perot struc- 

ture. (a) Perspective view. (b) Side view. 
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Figure 5.2: Field components in coupled-waveguide F-P resonator. Total field is 
divided into two forward and two backward traveling waves. 
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Figure 5.3: Field components in coupled-waveguide F-P resonator. The optical power 
is launched into guide 2. 
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B,(L) = B,(0)cos(kL) — 7 Bo(0) sin(kL) (5.7) 

B,(L) = —jB,(0)sin(kL) + B2(0) cos(kL). (5.8) 

The forward and backward traveling waves are connected to each other at the end 

points, z= (z/=L)andz=L (z’ = 0), through the following relations. These 

relations, in fact, constitute the boundary conditions of the problem. 

Ai(0) = B,(L)e8" r, (5.9) 

A2(0) = Bo(L)e" ry (5.10) 

B,(0) = A,(L)e*" rp (5.11) 

B.(0) = Aa(L)e7292 ro, (5.12) 

where r;2 are the reflection coefficients of mirrors. To facilitate the calculation of 

resonant wavelengths, we assume that the end mirrors are perfect and the waveguides 

are lossless; that is, r1,.2 = —1 and f is real. The case of partially reflecting end facets 

and lossy waveguides is considered later. Eight equations (5.5)-(5.12) which relate 

eight quantities A;(0), A2(0), Ai(Z), Ao(Z), Bi(0), B.(0), Bi(Z) and A2(Z) can be 

reduced to the following two equations 

  

  

Ax(0) _ jsin(2kL) 
A,(0) — cos(2kL) — exp(j28L) (5.13) 

A,(0) _ cos(2kL) — exp(j28L) 

A2(0) © jsin(2kL) (5.14) 

To have nontrivial solutions, the right hand sides (R.H.S.) of the above two equations 

must be equal. That is, 

A;(0) jsin(2kL) _ cos(2kL) — exp(j28L) 

A2(0)  cos(2kL) — exp(j26L) jsin(2kL) 
  (5.15) 
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It is easily seen that (5.15) can be resolved into two equations given below, 

j sin(2kL) = cos(2kL) — exp(j26L) (5.16) 

gsin(2kL) = —cos(2kL) + exp(j28L). (5.17) 

Solving equations (5.16) and (5.17) yields 

(B+k)L = mr, m=1,2,3... (5.18) 

(8 —k)L nm, n=1,2,3.... (5.19) 

The solution in (5.18) corresponds to the case when A,(0)/A2(0) = 1 and is associ- 

ated with an even mode, while the solution in (5.19) corresponds to the case when 

A;(0)/A2(0) = —1 and is associated with an odd mode. As described in Chapter 3, 

the identical parallel-waveguide structure has two fundamental modes: an even mode 

with propagation constant 6+ k and an odd mode with propagation constant 8 — k. 

Equations (5.18) and (5.19) are clearly the phase resonance conditions for the even 

and odd modes in the coupled-waveguide F-P cavity. Main resonances occur when 

both conditions are satisfied simultaneously in which case (5.18) and (5.19) can be 

rewritten as 

28 L pT (5.20) 

2kL = qn, (5.21) 

where both p and q have to be even or odd integers. This is really a much stricter 

condition than that for a single cavity F-P resonator given in (4.1). 

The preceding analysis is based on the assumption that mirrors are perfect and 8 

is real. We now take into account both the medium gain and mirror losses and show 

that the same results as for the lossless case are obtained. 
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When the medium has a net distributed gain of a (Np/m), the propagation 

constant is complex and takes the form 

B= B, — ja/2, (5.22) 

where §, , the real part of propagation constant, is the phase constant. For complex 

6, the condition of equation (5.15) is expressed as 

  

  

jsin(2kL) _ cos(2kL) — Foe hei hrh (5.23) 

cos(2kL) — +-e-abes2Brb jsin(2kL) | Tira 

In a laser cavity with mirror reflection coefficients r; and r2, the amplitude condition 

(4.2) implies that 

a = g-aQ, (5.24) 

1 1 
= —=ln(— ; tiny, (6.25) 

  eth =], (5.26) 
T1r2 

Substituting (5.26) into (5.23), we have the same result as that in equation (5.15). 

5.1.2 Wavelength Filter 

The proposed coupled-waveguide Fabry-Perot structure can also be used as a 

wavelength filter. As illustrated in Figure 5.3, power is launched into one guide 

and can emit from the opposite end of either guide. Similar to directional couplers, 

light at certain wavelengths can be coupled significantly into the other guide and at 

some other wavelengths goes straight through. In this section, we will derive the 

transmission characteristics of the parallel identical coupled-waveguide F-P filter. 

COUPLED-WAVEGUIDE FABRY-PEROT RESONATOR 43



The boundary conditions for the coupled-waveguide resonator F-P filter are slightly 

different from those for a cavity resonator. They can be written as 

A;(0) = B,(L)e* r, (5.27) 

A2(0) = Bo(L)e 8" r, + (1—1)E; (5.28) 

B,(0) = Aj,(L)e* r, (5.29) 

B,(0) = Ao(L)e?9 ro, (5.30) 

where EF; is the complex amplitude of the input field. Solving equations (5.5)-(5.8) 

and (5.27)-(5.30), we obtain 

(1 —ri)(rire + ae sin(kL) EB. 

2rir2cos(2kL) — r?rze—J26L — @526L ‘ 

_ (1 —1r1)(rire — e778”) cos(kL) . 

AalZ) = os cos(2kL) — rjrge-728b — 326 Er (5.32) 

  A; (LZ) (5.31) 

  

The amplitudes of the output light from the guides are expressed as 

outi = A;(L)e~79"(1 + r2) (5.33) 

Foutz = Ao(L)e794(1 + 12). (5.34) 

Substituting equations (5.31) and (5.32) into (5.33) and (5.34), the power transmit- 

tance of the guides are given by 

  

    

  

Fou 2 

T(f) = aa 

(1 + r2)°(1 _ rm) e(B+k)L e-3(B-k)L 2 

== 4 1— ryrge I2(B+A)L - 1 _ ryr_e752(B-k)L (5.35) 

t2 ? 
T(f) = a 

(l+r2)?(1—m) e7I(B+k)L eo (B-)L 2 

4 1 - ryrgeI2(B+k)L + 1 _ ryrzge—IA(B-k)L 
(5.36) 
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Transmittance functions J; and 7, depend on frequency since § and the coupling 

coefficient k are dependent upon frequency. As a check on the correctness of the above 

two equations, we let k = 0 in (5.35) and (5.36), which means that the waveguides 

are separated far from each other. Doing so, J; in (5.35) vanishes and 7; in (5.36) is 

reduced to the transmittance function of a single F-P cavity given by (4.4). This is 

true since light is launched into guide 2 and no optical power can be coupled to guide 

1 if the two guides are far away apart from each other. 

The first and second terms inside |- | of the R.H.S. of (5.35) and (5.36) represent 

the net field amplitudes of the even and odd modes, respectively. As shown in the 

above two equations, the output field amplitudes of guides 1 and 2 are the difference 

and the sum of the amplitudes of even and odd modes. This is expected since even 

and odd modes are the sum and difference of the modes of individual guides and vice 

versa. As discussed in Chapter 4, we expect maximum transmission to occur when 

the incident wave is a resonant mode. Consider the case of ry = rg. If resonance 

conditions (5.18) and (5.19) are satisfied and m and n are both even or both odd, 

Th(f) is unity, indicating 100% transmittance and 7,(f) is zero. But if either m orn 

is even and the other is odd, then 7(f) is one and 73(f) is zero. 

5.1.3 Coupling Coefficient, k 

Before the resonator cavity spectral response and the filter transmittance can 

be determined, it is necessary that we obtain an expression for coupling coefficient 

k. Without loss of generality, we assume a transverse-electric (TE) polarization for 

guided modes throughout the analysis hereafter. Since the first TE mode of indi- 

vidual guides, designated as TEp mode, is an even mode, referring to Figure 5.4 the 

transverse electric field distribution of each guide is expressed as 
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Figure 5.4: (a) Coordinates and dimensions of the identical-wavegude structure. (b) 
Refractive index profile of the structure. 
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P cos(U) exp|[W/a(a — x)] ay, r>a 

é,P (x) = 4 Pcos(Uz/a) Gy, |z|<a (5.37) 

| Pcos(U) exp[W/a(a + x)] dy, ri-—a 

f P cos(U) exp[W/a(a — z')] dy, x'>a 

é,P (x) = 4 Pcos(Uz'/a) ay, |z'|<a (5.38) 

| Pcos(U) exp[W/a(a + 2’)] ay, z’<—a 

where 

vo = x—(2a+d) (5.39) 

2w pW 
P = ,{/——— 5.40 Ba( + W) ea) 
U = ayvkj nj — p? (5.41) 

W = af? — kg n3 (5.42) 

lo = om (5.43) 
Xo 

dy is the unit vector in the y-direction and Xo is the free-space wavelength. The 

coefficient P defined in equation (5.40) serves to normalize the modal fields. The 

propagation constant { in the above equations is for the TEp mode in a single guide 

in isolation and can be determined using the characteristic equation derived from the 

continuity of tangential fields [29] 

U = arctan (=) , (5.44) 

Substituting equations (5.37) and (5.38) into equation (2.17) and performing the 

integration, the coupling coefficient k is obtained as 

Le U?W? exp(—Wd/a) 
~  BaVaW4+i1) ’ 
  (5.45) 

where 
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V = VU? + W? = akoy/nj — 3. (5.46) 

For a given guide, if the wavelength (i.e., 40 = 27/ko) is known, the propagation 

constant @ can be obtained from equation (5.44). Having obtained ko and 8, the 

coupling coefficient k is uniquely determined from (5.45). 

5.2 Structure with Nonidentical Guides 

The formulation of Section 5.1 is extended to the nonidentical waveguide case. As 

already discussed in Chapter 3, nonidentical waveguide structures can take advantage 

of the phase mismatch between the guides to enhance wavelength discrimination capa- 

bility. Thus, nonidentical waveguide structures are expected to have more improved 

spectral responses, especially when they are used as narrow wavelength filters. 

5.2.1 Cavity Resonator 

The procedure for determining the resonance conditions is the same as that for 

the identical waveguides case. Only the calculations are more complicated. From the 

solutions of coupled-mode equations in (3.1) and (3.2), we can obtain the following 

relations between amplitude coefficients of forward and backward traveling waves at 

end points 

A\(L) = 2, Ai(0) + Z2 A2(0) (5.47) 

A2(L) = 23 A,(0)+ 24 A2(0), (5.48) 

and 

By(L) = 2Z B,(0) + Z2 Ba(0) (5.49) 

B{L) = 23 B,(0)+ Z, B2(0), (5.50) 
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where 

Ss 
    Z, = 229 exp[—j(s— 8)1] + =" explj(s + 5)L] 

2s 2s 

k . ; Z, = 2 {exp[-j(s— 8)E] — exp|i(s + 5)L]} 
_ kot Zy = — 2 2; 

Z4 = ZS, 

with s given by equation (3.8). In addition, four boundary conditions from the 

continuity of tangential components of fields at the perfect mirrors are given by 

A,(0) = —B,(L) e774 (5.51) 

Ax(0) = —B»(L) e~5” (5.52) 

B,(0) = —A,(L) e 9%" (5.53) 

B,(0) = —A)(L) e 94, (5.54) 

where (, and (2 are the propagation constants of individual guides in isolation. The 

terms ky; and k22 described in (2.20) and (2.21) are neglected. We have assumed here 

that the waveguides are lossless. 

To have a nontrivial solution for the eight simultaneous equations (6.1)-(6.8), it 

is required that 

Ax(0) 2 Zq e~ PAL 4. ZZ, e~HArtBa)L 

A2(0) 1 —[ Z? e-92L + ZZ3 e-HArt62)E | 
  

  

1 —_— [ Zi e7J2B2L + 2223 eI(Bi +82) L ] 

ZaLy €-VAL + Ly Zy eH FRAYL (5-55) 

After some manipulation, equation (5.55) can be reduced to 

exp [j(31 + G2) L] + exp [—j(P1 + 82) L] = exp(y2sL) + exp(—j2sL). (5.56) 
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Again, two sets of solutions can satisfy equation (5.56). They are 

(8,+ 62) L = —2sL+2mn m = 1,2,3,... (5.57) 

(41+ G)D = 2sL+4+2n7 n= 1,2,3,..., (5.58) 

or equivalently, 

BL = mmr (5.59) 

Bob = nn, (5.60) 

where 8, and {,, defined in (3.9) and (3.10), are the propagation constants of the two 

fundamental modes of the coupled-waveguide structure. 

Equations (5.59) and (5.60) demonstrate once more that the resonance conditions 

of the composite waveguide resonator structure amount to the condition that the two 

fundamental modes be at resonance simultaneously. 

5.2.2 Wavelength Filter 

For the nonidentical coupled-waveguide F-P filter, the boundary conditions are 

given by 

A;(0) = B,(L)e I" ry (5.61) 

A,(0) = Bo(L)e9?" ry + (1 —11)E; (5.62) 

B,(0) = A,(L)e 7" ry (5.63) 

B,(0) = Ap(L)e 9? ry, (5.64) 

Solving equation (5.47)-(5.50) and (5.61)-(5.64) for Ai(Z) and A2(Z), we obtain 

E. 
A,(L) = DEN {Z2(1 — r1)(1 + rir2exp [—j(A1 + 62) L]} (5.65) 

A,(L) = — [Z4 — Zyrireexp(—j2H,L)}, (5.66) 
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where 

DEN = 1-222 qryrq eH tO) — pyry (Z2 e~9AL 4 7? eI) 4 

rirs (Z1Z4 — Zo Zz)? eI Math, 

The output amplitudes from the two guides are given by 

Four = Ai(L)e72""(1+4 12) (5.67) 

Eout2 = Ao(L)e9”"(1+4 12). (5.68) 

The transmittance of each guide can be obtained by combining (5.65)-(5.68). They 

are calculated as 

  

  

    

  

Fou 2 Ti(f) = || 

_ (L+m)"d—m)? kh |_ e7 ene |’ 5.69 
7 4s? 1l— rire e—I2BeL 7 l—rire e-J2BoL ( ° ) 

Eouta 
T(f) = =| 

— (L4 ra) — ni)? | (s — 6) nae (s + 6) e7i8ok 70 

7 4s? 1 —ryre e792BeL © 1 — pyre e7928ob (5.70) 
    

By letting the two guides become identical, 6 = 0,s = ki2 = ko1 = k , and equations 

(5.69) and (5.70) should be and are indeed reduced to (5.35) and (5.36). This is a 

check on the validity of equations (5.69) and (5.70). As described in the identical 

waveguide case, 72 = 1 implies 100% transmittance (if r; = r2z=r). T, is zero when 

resonance conditions (5.59) and (5.60) are satisfied, and m,n are both even or both 

odd and phase is matched for the two guides. However, if either m or n is even and 

the other is odd, the transmittance 7; is not 100% and 7 is not zero but that 

  

    

  

(1 —- r?)? ki’ 1 1 |? ky ; 

Rf) = a |1-ntion| = (9-71) 

(1—r?)’|s—6 sto] 6\? 

Df) = 432 |l—r? 1—r2| — \s}° (5.72)     
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Equations (5.71) and (5.72) reinforce the fact that complete transfer of power cannot 

be achieved in the case of nonidentical waveguides because of the phase mismatch. 

The larger the phase mismatch 6, the more power remains in guide 2 and less power 

is transferred to guide 1. As we can see, the main feature of the directional coupler 

filter is incorporated in this coupled-guide resonator filter. 

5.2.3 Coupling Coefficients, k,. and ky 

Although for nonidentical parallel waveguides more accurate analysis should in- 

clude the overlap integral, since our interest here is not in the accuracy of couple-mode 

theory but in utilizing this theory as a tool, for simplicity, we neglect the overlap in- 

tegral C in equations (2.34) and (2.35) and use them as quantities for the coupling 

coefficients. In addition, the modified propagation constants +; and 72 in coupled- 

mode equations are approximated by {; and 2, propagation constants of TEp mode 

of each guide in isolation. Thus, the coupling coefficients are given by 

kuv = kyy = (n2 — n?) 29.2, dz u,v = 1,2. (5.73) 
7 ee 

The last term in (2.29) which includes e,0 and e,” is discarded because we assume 

the guided modes are TE polarized. The transverse fields é,? and é,?, referred to the 

nonidentical waveguides configuration in Figure 5.5, are similar to (5.37) and (5.38). 

Performing the integration in (5.73) yields 
  

    

ko (n3 — 3) WW, _ Wa ku = Uy) eau (*4 7, 5.74 
2/81 B2aia2 Y (1+ Wi)(1 + W2) cos(Uu) ¢ (5.74) 

where 

24142 . ; 

Luv U2 + We [a,U,sin (U,) cosh(W,ay/au) + a,W,cos (U,) sinh(W,a,/ax) | 

Ui = anki nj — 8? 

aj\/ B? — kj n? u,v,i = 1,2. 
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Figure 5.5: (a) Coordinates and dimensions of the nonidentical-wavegude structure. 
(b) Refractive index profile of the structure. 
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The constants 8; and #2 can be obtained from the characteristic equation of each 

guide in isolation. 

5.3. Comparison of Propagation Constants from Coupled- 

Mode and Exact Analyses 

This section is devoted to investigating the accuracy of our coupled-mode formu- 

lation described in the previous section. The propagation constants of the two guided 

modes, 2. and (, derived from coupled-mode theory, are compared with the exact 

solutions of a two-dimentional composite waveguide structure. 

5.3.1 Identical-Waveguide Case 

The exact propagation constants of the first two TE modes, denoted as Srzo and 

Pri, can be uniquely determined from the characteristic equation. The propagation 

constants 2, and 8, derived from coupled-mode theory are now compared to {rz 

and Sr for the waveguide structure shown in Figure 5.4 with parameters chosen 

as: ny = 3.56, no = 1.45, a= 0.1 pm, d=0.1, and 0.3 wm. Figure 5.6 (a) with 

d = 0.3 pm shows that the 8. and { agree very well with Brzo and Bre}. The 

errors of the coupled-mode results are within 0.03% for this configuration. As the 

distance between the two guides d decreases, the coupling effect increases and the 

coupled-mode solution becomes less accurate. When d reduces to 0.1, Figure 5.6 (b) 

shows that the coupled-mode results deviate farther away from the exact solutions 

than those in Figure 5.6 (a). The errors for d = 0.1 ym case are about 0.7%. 
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5.3.2 Nonidentical-Waveguide Case 

The nonidentical waveguides structure with an index profile shown in Figure 5.5 

is a five-layer asymmetric slab guide. The propagation constants Grgo and $reg are 

the first two roots of ( of the characteristic equation for TE modes. The propagation 

constants 6, and (, from the coupled-mode theory for the asymmetrical waveguides 

are given in (3.9) and (3.10). With the aid of equations (5.44) (for 6,, 82) and (6.28) 

(for ky2,k21), 8. and {, can be readily obtained. Figure 5.7 (a) demonstrates that 

coupled-mode results are accurate within 0.03% for the case of d = 0.3 ym (weaker 

coupling). For the stronger coupling case of d = 0.1 ym the results are less accurate 

with errors within 0.8%, as shown in Figure 5.7 (b). 
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Chapter 6 

Numerical Results 

In this chapter, numerical results based on the formulations developed in Chap- 

ter 5 are presented. Spectral characteristics of the proposed coupled-waveguide F-P 

resonators for several example cases are calculated and discussed. The effects of var- 

ious parameters, such as refractive indices of the layers, cavity length, and reflection 

coefficients of end mirrors, are investigated. 

6.1 Identical-Waveguide Case 

Equations (5.35) and (5.36) are used to generate the numerical results. They can 

be rewritten as 

outt : 

E; 
  Ti(f) = | 

r? 4 eJ2BL 

r4 e-J4BL 4 6328L — 2r2 cos(2QkL) 
  =: sin?(kL)-(1 — r?)” (6.1) 
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2 
Fout2 Ti(f) = |e 

r2 — e-J26L 2 
== 2 (1—- 2)? ; ) cos’ (kL)-( r*) r4 e~H4BL + eJ2BL — 27? cos(2kL)| ’ 

(6.2)   

where r; and r2 are both set equal to r. The factors sin?(kL) and cos?(kL) in (6.1) 

and (6.2) show that the coupled-waveguide F-P structure incorporates the power 

transfer characteristics of the directional coupler given in equations (3.20) and (3.21). 

In fact, by letting r = 0 (6.1) and (6.2) reduce to (3.20) and (3.21), respectively. If 

sin?(kL) = 1 (2kL = pz, p being an odd integer) and exp(2GL) = —1 (26L = qr, 

q being an odd integer) , 7;(f) = 1 and light launched (or generated) in guide 2 is 

coupled to guide 1 completely. This corresponds to one of the resonance conditions 

described in equations (5.20) and (5.21). The case of both p and q being even integers 

corresponds the other resonance condition which makes 72(f) = 1 and 7;(f) = 0. 

Here attention is focused only on 7,(f). Discussion of 72(f) is similar. 

As shown in (6.1), the transmission spectrum 7,(f) is explicitly a function of 

k, 8, L and r. However, k and £ are determined by the index profile of the coupled- 

waveguide structure. Figure 6.1 shows the transmittance characteristic of a filter 

with parameters, referred to Figure 5.4, ny = 3.56, no = 1.45, a = 0.1 um, L = 

300 um and r = 0.9. A main resonance with almost unity transmission occurs at a 

wavelength around 1.55 ym. Figure 6.1 (b) illustrates the details of the transmission 

characteristic in a very narrow spectral range. The dashed line in Figure 6.1 (a) 

shows the trace of sin?(kL). As already mentioned, maximum transmission occurs 

when sin?(kL) = 1 and exp(2@L) = —1. Since propagation constant 3 is always much 

larger than coupling coefficient k, the occurrence of the condition exp(26L) = —1 is 

much more frequent than that of sin?(kZ) = 1. Therefore, though at every point 

where sin?(kL) = 1 the condition exp(2L) = —1 is not usually exactly satisfied, the 
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next wavelength which matches the condition exp(2GL) = —1 is very close to the 

peaks of sin?(kL). The wavelengths 1.535 ym and 1.566 um in Figure 6.1 (a) are 

such points. At these wavelengths the transmission is significant but not maximum. 

The magnitude of transmission depends on how far these points are from the peaks 

of sin?(kL). By slightly adjusting the length of the structure, maximum transmission 

at these wavelengths can occur. As illustrated in Figure 6.2, when L is changed to 

299.68 um, transmission at 1.566 ym is peaked. To design a filter at some specific 

wavelength, L is roughly chosen such that sin?(kL)~1 at this wavelength. Then L 

is slightly adjusted to shift the nearest point of exp(2GL) = —1 close to the peak of 

sin?(kL). 

The FWHM bandwidth of the aforementioned resonator is about 0.085 nm and 

the extinction ratio (the level of the first neighboring subpeak is considered as a 

measure of extinction ratio) is about —5.3 dB, as is more clearly seen in Figure 6.1 

(b). If the distance between the two guides, d, increases, the coupling coefficient 

k decreases. As a result, the period of the sin?(kL) increases while the extinction 

ratio decreases. As illustrated in Figure 6.3, for d = 0.3 um the spacing between 

two consecutive peaks of sin?(kL) is 42 nm as compared to 15 nm for the case of 

d=0.1 pm. Also, extinction ratio is reduced to —3 dB. This behavior is somewhat 

similar to the three-mirror F-P resonator discussed in Chapter 4 in that as the FSR 

increases, the sidelobes also increase. 

Figure 6.4 shows the influence of reflection coefficient on the spectral response. 

The characteristic in this figure corresponds to r = 0.75. Because the coupling 

coefficient k and propagation constant are not affected by r, the envelope sin?(kL) 

maintains the same shape and the main resonance still occurs at 4 = 1.55 pm. 
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However, the FWHM bandwidth and the sidelobe level increase. 

The coupled-waveguide F-P structures discussed above may serve as narrow pass- 

band spectral filters. However, the subpeak levels are too high for them to be fully 

utilized in wavelength division multiplexing. One remedy is to eliminate the peri- 

odic nature of the spectrum by making the envelope of the spectrum decay rapidly 

as the wavelength moves away from the desired main resonance wavelength. Non- 

identical waveguide structures exhibit this kind of characteristic by means of the 

phase mismatch between the two guides. We will discuss more about this issue in a 

later section. Another way to reduce the sidelobes is by cascading two or more such 

coupled-waveguide F-P filters. If two filters with characteristics exactly the same 

as that in Figure 6.1 are connected in tandem, the sidelobe level will be reduced to 

—11.6 dB, as shown in Figure 6.5. 

When the coupled-waveguide F-P resonator is used as a cavity for mode selection 

in semiconductor lasers, one guide may serve as active region in which light is gen- 

erated. The generated light is coupled into the other guide and the fields of the two 

guides interact. Here resonant field is assumed to be generated in guide 2 through a 

stimulated emission process and emits from guide 1, so equation (5.35) or (6.1) should 

be used to determine the spectral response. 

Figures 6.6 and 6.7 show the spectral characteristics of two coupled-waveguide F-P 

resonators with parameters chosen such that the dominant wavelength coincides with 

1550 nm and 1300 nm. These are the desired wavelengths in long distance fiber optic 

communications. It is observed that the main resonance at 1550 nm and 1300 nm are 

about 4.8 dB and 3.8 dB higher than the immediate neighboring subpeaks. Thus, in 

diode lasers employing these structures as the cavity resonators, if the main resonance 
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Figure 6.1: Transmittance spectrum of an identical-waveguide F-P resonator with 
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r= 0.9. (a) For 1525 nm < \ < 1575 nm;(b) for 1548.8 nm < X < 1551.6 nm. 
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coincides with the peak gain profile, stimulated emission occurs predominantly at 

1550 nm (or 1300 nm) and the neighboring resonant wavelengths are much less likely 

to be emitted. Consequently, the mode selectivity of the diode laser is enhanced and 

its spectral purity is improved. In diode lasers with conventional single-guide F-P 

resonators, the neighboring resonant wavelengths have the same peak and only the 

gain profile will cause one mode to dominate over the rest; thus the possibility of 

mode jumping and frequency instability. 

6.2. Nonidentical-Waveguide Case 

Similar to the identical-waveguide case, the transmission function of waveguide 1 

given in equation (5.69) can be rewritten as 

2 

  

Fou Tif) = || 

2 2 

kip. 2 r? + @926L 
== = sin?(sL)-(1 — r?) — — ; 6.3 

r4 e-JABL 4 @328L — 2p? cos(2sL) (6.3) 
  

  

where 

s = V/ keke + 6? (6.4) 

B = At Pa (6.5) 

Again, the factor (k?,/s?) sin*(sL) describes a behavior attributed to directional cou- 

plers. The procedure for optimizing the transmission spectrum is more complicated 

in the nonidentical-waveguide case. First, the parameters n1, n2, m3, @, and dg, in- 

dicated in Figure 5.5, have to be chosen such that the phase-matched point is at 

the desired wavelength. Then the length L is decided such that sin?(sL) = 1 at the 

phase-matched point in order to have a complete transfer of power. 
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Similar to the identical waveguide case, the main resonances can only occur at the 

peaks of (k?,/s*) sin?(sZ) and the magnitudes of the main resonances are limited to 

the peak of (k?,/s?) sin?(sL). As wavelength moves away from the phase-matched 

point, the phase mismatch 6 increases and the peak value of the envelope function 

(k?,/s*) sin?(sL) decreases. Theoretically, if the phase mismatch increases rapidly 

as wavelength deviates away from the phase-matched point (i.e., d6/d is large), 

the other main resonances except the one nearest the phase-matched point can be 

eliminated. In such a case, there is only one peak transmission in the whole spectrum 

and thus the tuning range is arbitrarily increased. . 

Figure 6.8 shows the transmission characteristic of a coupled-waveguide F-P res- 

onators with nonidentical guides. It is seen that the response is slightly better than 

that of identical waveguide case. The reason is dé/dX of the two guides and thus 

the phase mismatch effect is small. Figure 6.9 shows the characteristic curves of the 

two guides. Large dé/dA means large intersection angle at the phase-matched points. 

Because TE, modes of the two guides both have zero cutoff frequency, the intersec- 

tion angle is limited to small values. To remove this difficulty, the index profile of one 

guide should be altered so that the first TE mode exhibits a non-zero cutoff frequency. 

This may be achieved by making one guide an asymmetrical one. Since this thesis 

is primarily aimed at exploring basic properties of coupled-waveguide Fabry-Perot 

resonators/filters, the extension to asymmetrical guides is suggested for future work. 
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Chapter 7 

Conclusion 

7.1 Conclusions 

A novel coupled-waveguide Fabry-Perot structure has been proposed and studied 

using coupled-mode theory. This structure exhibits the characteristic features of both 

Fabry-Perot resonator and directional coupler. The proposed device offers advantages 

over the conventional F-P resonator. It has a better mode discrimination capability 

(increased longitudinal mode spacing) than the single cavity F-P resonator because 

of the presence of a second guide as an external feedback. Due to the optical feedback 

from the end mirrors, this device, as a filter, exhibits a much narrower spectral width 

than the directional coupler filter. 

Spectral characteristics of the proposed coupled-waveguide F-P structure were 

calculated using a coupled-mode theory based on the mode partition approach. Two 

geometries, namely identical-waveguide and nonidentical-waveguide structures were 

examined. The major advantage of the nonidentical-waveguide structure is the phase 

mismatch between the two guides and thus non-periodic resonance/transmission char- 

acteristics. Numerical results for several example cases were presented. For these 
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cases, the —3 dB spectral width is less than 0.1 nm and the sidelobe level is —3.8 dB 

at 1.3 wm and —4.8 dB at 1.55 pm. The influence of parameter variations on spectral 

properties were also examined. Larger coupling coefficient results in smaller immedi- 

ate neighboring sidemode level but also a smaller mode spacing between main reso- 

nances. Coupling coefficient is decreased with increasing the separation between the 

two guides. Adjustment of the cavity length can be used to shift the main resonance 

to a desired wavelength. 

Although the performance of the proposed resonator is not comparable to that 

of distributed-feedback structures, it is a simpler structure and thus is much easier 

to fabricate. The performance of the device can be improved considerably by cas- 

cading two or more such devices just as in multiple cavity F-P resonators. However, 

adding another cavity causes alignment problems and more scattering loss through 

the mirrors. 

7.2 Suggestions for Future Work 

For the identical-waveguide structure, the mode discrimination capability is 

achieved solely from the mode coupling effect. In the nonidentical waveguide structure 

, in addition to mode coupling, the phase mismatch can also be utilized to enhance 

the wavelength selectivity of the device. For this feature to be effectively exploited, 

the rate of change of phase mismatch has to be large, which means a larger inter- 

section angle between the two dispersion characteristic curves at the phase-matched 

wavelength. 

If one of the two guides is asymmetrical its fundamental mode has a non-zero cutoff 

frequency, and the intersection angle between the characteristic curves is expected to 
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be large. Another possibility is the adoption of a W-index profile for one wave- 

guide. It has been shown [30] that waveguides with W-index profiles might exhibit 

a nonzero cutoff for the fundamental mode and hence provide a larger intersection 

angle than those with simple step-index profiles. Finding the waveguide parameters 

whose characteristic curves have a large angle at a desired phase-matched point will 

be a major task for future research. Furthermore, it is necessary that the main 

resonances occur at the phase-matched point. This requires a systematic search and 

implementation of some optimization technique. 

Another suggestion for improving the results of this work is to extend the two- 

waveguide structure to a multiguide structure. Adding one or more parallel wave- 

guides amounts, in effect, to further restricting the resonance condition and thus 

enhancing the mode discrimination capability of the device. For all-fiber spectral 

filters, it has been shown that triple-core fibers improve the sidelobe level over the 

dual-core fibers in square power [19]. In the case of planar waveguides, it is expected 

that the multiguide structure should offer the same improvement for sidelobes. 
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