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Abstract: A new algorithm of full-vectorial eigenmode solver is presented, which is uti-
lized to determine the modal index of dielectric optical waveguides. The approach is
based on the Fourier cosine and sine series expansions of the magnetic field distribu-
tions and the refractive index profile. By substituting these series expansions in the
wave equation, a pair of second-order differential matrix equations is obtained by collect-
ing all the terms with the same spatial frequency. With boundary conditions used, a ma-
trix equation with a dimension of (N + 1) by (N + 1), where N is the number of terms for
truncated series, is obtained, which can be easily solved by using the Newton—Raphson
root-shooting algorithm. The presented scheme requires considerably less computational
time and memory storage by only considering the finite terms of the Fourier cosine/
sinusoidal series. Calculated results by our proposed method are in good agreement
with those obtained by BeamPROP and COMSOL and compare well with other available
methods, demonstrating the accuracy and efficiency and also the applicability of our pro-
posed method.

Index Terms: Full-vectorial eigenmode, differential matrix equations, Newton—Raphson
root-shooting algorithm.

1. Introduction

Optical waveguides play a key role in photonic devices used in optical communication systems
such as modulators, polarizers, beam splitters, wavelength-division multiplexing components,
etc. Modal analysis of an optical waveguide is an important issue for understanding the wave
characteristics through investigation of the propagation constant and the field distribution. Up
to now, many numerical approaches have been proposed to study the optical characteristics of
3-D dielectric optical waveguides and photonic crystals. Among those, the finite difference
method (FDM) [1]-[7] has advantages of holding simple formulation and can lead to accurate
results but at the expense of CPU time and memory storage required. The finite element
method (FEM) [8]-[12] has merit of providing more accurate modal parameters near cutoff con-
dition while having the disadvantage of requiring large storage memory and CPU time. The
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series expansion method (SEM) [13]-[17] is considered as a powerful method for eigenmode
solution because of less requirement for computer memory when it is used to solve simple
waveguide problems, as compared with FDM and FEM, while it is prone to oscillation of modal
index and henceforth resulting in poor convergence for waveguides with discontinuous refrac-
tive index profile at boundaries. The pseudospectral domain scheme [18]-[20] has been pro-
posed recently to compute the modal index by dividing the calculated domain into several
subdomains. Subdomains are then connected with conditions of electromagnetic field being
continuous at dielectric interfaces. The wave equation is expanded by the orthogonal basis
Laguerre—Gauss functions and Chebyshev polynomials to form the eigenvalue matrix equation
and thus solved by power inverse scheme. This approach seems to have a problem of requir-
ing large memory and CPU time. The vector beam propagation method (VBPM) [21] is a split-
operator method of combining the FFT, Pade' approximation with the alternating direction
implicit (ADI) method, which has the operators of phase adjustment, polarization rotation, ho-
mogeneous propagation, and cross coupling to be decomposed and multiplied to avoid inver-
sion of the cross-coupling terms existing in the full-vectorial equation, while being prone to
large CPU time, instability, and convergence problems. Additionally, the noniterative full-
vectorial beam propagation with ADI method longitudinally discretizes the waveguide structure
by means of the Crank—Nicholson scheme. Therefore, this approach keeps advantage of short-
ening computation time, while it seems to be not able to attain higher accuracy. The variational
method [22] based on the scalar variational principle plus vector perturbation analysis and a trial
function was proposed to analyze the propagation constant of optical waveguide. Other methods
were developed and presented in the past years to study dielectric rib waveguide [23]-[25].
Recently, an effective scalar beam propagation method has been proposed by expanding the
field and the refractive index distribution into Fourier series in azimuthal direction to gain
speed advantage [26].

In this paper, we propose a Fourier series expansion method to study for the first time the full
vectorial modes of dielectric waveguides by treating less matrix calculation formed by this ap-
proach. We expand the magnetic field distributions and the refractive index profile into the
Fourier cosine and sine series and substitute these series in the wave equation. Subsequently a
matrix equation can be derived by using boundary conditions. Numerical results could be readily
obtained by Newton—Raphson root-shooting algorithm applied in solving this matrix equation.
Although the concept of Fourier series expansion was also used by [26] in the azimuthal direc-
tion of a cylindrical coordinate system, the proposed method does not use a finite difference
treatment as [26] did to form a matrix equation. Instead, we divide the transverse domain of the
concerned waveguide into three subdomains, treat the wave equation by Fourier series expan-
sion in each subdomain, and then obtain analytical solutions for the fields of all three domains.
The two-dimensional problem is thus transformed to a one-dimensional problem, in which only
one-dimensional Fourier series expansion is required. An eigenvalue problem with a matrix for
obtaining mode indices is thus of dimension N, where N is the number of Fourier series terms.
Consequently, in solving for eigenmodes, this method is more efficient than that using 2-D
Fourier series expansion [27]-[29], in the latter of which a matrix of dimension N x M (with double
series expansions) is required, with N and M being the numbers of Fourier series terms for x
and y dimensions, respectively. On the other hand, the presented method here is also believed
to be more efficient in computation than FDM or FEM, which requires a large grid number in
many cases.

The content of this paper is organized as follows. The derivation of the matrix equation for the
calculation of the modal index of dielectric optical waveguides is described in Section 2. In
Section 3, examples of rib waveguides are taken in our proposed method. The numerical results
obtained using the proposed method are then compared with those obtained by the commercial
software BeamPROP and the multiphysics package COMSOL, which is an electromagnetic full-
wave beam propagation method for overcoming the traditional approximation problem by elasti-
cal discretization of the studied waveguide structure, as well as those by other numerical
methods. Finally, this paper is concluded in Section 4.
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Fig. 1. Cross-sectional structure of the optical waveguide under study. (a) Structural parameters,
where ny, np, and ns are the refractive indices of the guiding layer, the substrate region, and the
cover region, respectively; h and w are the height and width of the rib region, respectively; and d is
the slab's thickness. In (b), the cross section is divided into three regions. In the study, the rib may
also be covered by a gold film with a thickness of t,,.

2. Formulation of the Proposed Method

Fig. 1(a) shows the geometric structure of dielectric waveguide under study. In Fig. 1(b),
the cross section of the waveguide is divided into three regions, i.e., regions 1, 2, and 3.
Formulation for the magnetic fields is derived here because the electric fields appear dis-
continuous at some interfaces while magnetic fields are continuous everywhere. The derivation
of the mode solver starts with the source free full-vectorial magnetic field wave equations
given by

1 e OH
) + (Ke(x,y) — B)H, + =1 Y — 0 (1)

PH' d (1 0H,

e oy \e oy

and

1 Oeq oH),
e OX 0y

92H' 9 (1 0H
Y ( - 2)

ay? teriox e OX

)+%mmw—mww
where ko = 27/ is the wavenumber in free space; ¢, (i = 1,2, and 3) stands for relative per-
mittivity at the corresponding region as shown in Fig. 1(b); A is the wavelength in vacuum; and
(8 = negr Ky is the propagation constant with ngs being the mode index to be determined. Here,
H)’; and H; represent the transverse magnetic field components in region i. To solve (1) and
(2) for different regions, the parameters ¢, and the transverse magnetic field H. and H}", are ex-
panded into Fourier cosine and sine series as follows:

N N N+1
(ar,, H}, H;,) = <Z a,cos NAwy, >~ hy,cos nAwy, > hy sin nAwy) for region 1
= n=0

n=1
(e H2 H2) = (

N N1
bncos nAwy, Z h2,cos nAwy, Z h?,sin nAwy) for region 2
n=0 n=1

= IM= I

N N-+1
(5,,-, H3, Hf,) = < €aCos nAwy, Y  h3.cos nAwy, >~ h3 sin nAwy) for region 3 (3)
n=0 n=0 n=1
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where Aw is given by Aw = 7/y4, and N stands the number of the Fourier series terms with
large value for numerical convergence. In addition, ¢} and ¢}, (i = 1,2, and 3) are defined as

1 N
1 1A, = $lsinnAwy, for region 1
n=1

5r1 8y
2= 51,2 Balf = Ni ¢2.sinnAwy, for region 2
oy = 51,3 381'}//3 - I:i: ¢S sinnAwy, for region 3 (4)
and
0y = ;68,‘1} = :IZ: ;SN NAwy,  for region 1
0l = }rzz—l_f/ = Ai ¢>,sin nAwy,  for region 2
0y = 51,3887? = :Izj ¢9,sin NAwy,  for region 3 (5)

Note that we here expanded the y component of the magnetic field by the Fourier sine series
and then substituted it into (1) and (2) to form a whole Fourier cosine series listed in (6). Note
that the superscripts 1, 2, and 3 in the expressions above for transverse magnetic field compo-
nents of Fourier series expansion denote different regions. Also note that we have extended the
cross-section of the analyzed region such that one period in the x direction is from —x3 to X3
and that in the y direction one period is from —y, and y4 for the sake of generality. Substitution
of the definitions for region 1 in (3)—(5) into (1) leads to

N 2 N N+1
Z cos nAwy + = Z > am(nAw)gy,[cos (m+ n)Awy + cos (M — n)Awy]
:0 m 0 n=1

N N
+ Ekg > ) " amhy,[cos (m+ n)Awy + cos (m — n)Awy] — Z ,COS NAwy
m=0 n=0
1 N +1
+5 > ) an(mAw)g,,[cos (m+ n)Awy + cos (m — n)Awy] = 0. (6)
m=0 n=1

By equating the coefficient of every spatial frequency component in (6) to zero, we obtain N + 1
second-order differential equations for region 1, which can be written as follows:

[ hy' ] [ G ] [ hy' ] [ hy' ] Ty ]
hy,! bx,! hy,! hy, By’
hy,! s hy,! hy,' by
2| . 1 : 1., : o - 1 . ,
e +§A1 . +§k031 . -5l . +§C1 . =0 forregion 1.
_th1_ _¢XN+11- —hXN1— —hXN1— -¢y/v+11—

(7)
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Similarly, for regions 2 and 3, we can have

I hxo2 1 i ¢x12 1 I hxo2 ] I hxo2 1 I ¢}’12 1
hx1 2 ¢X22 hX1 2 hX1 2 ¢}/22
o h 2 2 h 2 h 2 2
% S %Ag (% + %kng S I - B % Co (% =0 for region 2
_hXNZ_ _¢XN+12_ _hXN2_ _hXNZ_ _¢yN+12_
(8)
_hxos_ [ ¢X13 1 _hxos_ _hxos_ [ ¢,V13 1
hx1 8 ¢Xz 8 hX1 8 hX1 ® ¢}’2 ®
o h 3 3 h 3 h 3 3
% S %A(; (% + %kng S I - | B % Cs qb’fs =0 for region 3
_hXNS_ _¢XN+13_ _hXN3_ _hXNS_ —¢YN+13_
9)

where [ is the identity matrix, and A, By, Cy, A2, Bs, Co, As, Bz, and C; are resultant constant
full matrices.
Equations (7) to (9) can be further reduced to the following forms:

_hxo1 i _hx01 1 i h,V11 1
hX11 hX11 h}/21
32 | hy,’ he!| 1 ._.,0 1 h,' .
X2 + K : + > Ci1P; X =0 for region 1 (10)
hXN1 - hXN1 - —h,VN+11 .
i hx02 1 i hX02 1 [ hY12 1
hX12 hX12 h)’22
32 | hy? ho| 1 ._,0 | h? .
x| + K> : + §CZP2 X ; =0 for region 2 (11)
th2 - th2 . L Py 2]
[ hxo3 1 i hxos 1 [ h}’13 1
hX13 hX13 h}’23
82 | hy® hl| 1. _,0 1 h° .
X2 : + Kz : + ECSPG X . =0 forregion 3 (12)
[ h” ] [ h” ] -h,VN+13-

where the matrices Ki, Kz, and K3 are defined by Ki = (k3/2)By — 1/2AP; W — 321, Ko =
(k2/2)Bs — 1/2A:P; "W — 321, and K; = (k3 /2)Bs — 1/2AsP;'W — 21. Here Py, P», P are con-
stant full matrices and W is a diagonal matrix.
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Next, by substituting the Fourier cosine and sine series expansion of H), ¢}, and ¢ into (2),
we have the following three differential matrix equations for regions 1, 2, and 3, respectively:

[ hy11 i [ h}’11 1
hy,’ hy,'
2 h1 h,!
% 5o 1 +£8| % | =0 forregion 1 (13)
_h}’N+11 - —hYN+11 -
hy,? hy,?
h}’22 hy22
2 | h,2 h,.2
% “ 1 +8| ? | =0 forregion 2 (14)
_hJ/N+12_ _h}’N+12 _
h,V13 hy‘s
hy,? hy,®
2 | p,3 h,.3
% 148 ? | =0 forregion3 (1%)
_h,VN+13_ _hyN+13

where Sy, S, and S; are defined by S; = (k3/2 x Pi_W — ?]), i=1,2, and 3. Here W is a di-
agonal matrix.
Explicit solutions to (13)—(15) have the forms, respectively, expressed as

N

H)(x) = Z H,anexp <1 /32 — kip(x — x1)) for region 1 (16)
n=0
N

Hf,(x) = Z U, f,cos (\//\,, — (X —x1) — Gn) for region 2 (17)
n=0

N

H3 (x) = Z W, d,exp <—, /32 — 6p(x — x2)> for region 3. (18)
n=0
Here H} (x) are column vectors defined as [h},hi,, ... hj,NH]T, i=1, 2, and 3 with T denoting
a transpose. Parameters x,(Hn), An(Uyn), and 6,(W,) (n=0,1,2,...... ,N) are the nth eigen-
values (eigenvectors) of (k2/2 x Py — W), (kZ/2 x P, — W), and (k2/2 x Ps_W), respectively. It
should be noted that @, = d,, H, = W, and x, = &, hold for the waveguide structure shown in
Fig. 1 because of symmetry of the waveguide structure. @, f,, 6,, and F,,(n =0,1,2,...,N) are
numbers. The parametersf, and 6, are to be determined from the boundary conditions. Once f,
and 6, are solved, H;(x) and henceforth the magnetic field can be found.
The homogeneous solutions to (10)—(12) are given as

N
Hl, (x) = Z Qnbnexp (\//6’2 — an(x — x1)) for region 1 (19)
n=0
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N
Hih(x) = Z Rngncos (\/7,, — B2 (x — x1) — d),,) for region 2 (20)
n=0
N
H3, (x) = Z T,m,exp (—\/62 —on(x — Xg)) for region 3 (21)
n=0
where an(Qn), va(Rn), and o,(T,) (n=0,1,...,N) are the nth eigenvalues (eigenvectors) of

[(k2/2)B1-1/2A1P; W), [(k3/2)Bo-1/2A:P, ' W), and [(k3/2)Bs_1/2A3P5 ' W), respectively. The
parameters b,, g,, and m, are numbers to be determined. It should be noted that b, = m,,
Q, = T,, and «,, = o, are valid because of symmetry of the waveguide structure.

The particular solutions to (10)—(12) are given as follows:

N
=Y Hp VB = KnCrexp (\/62 — kn(X — x1)) for region 1 (22)

n=0

HZ (x) = — Z Unv/An — 32hpsin (\/)\,, —BR(x—xq) — 9,7) for region 2 (23)
n=0

N

HS, (x) = Z Wi/ 32 — 8njnexp < \/ B2 — bn(x — Xg)) for region 3. (24)
n=0

Here, note that ¢, hp, and j, (n=0,1,2,..., N) are also numbers. Similarly, ¢, = j, hold for the
symmetry of the waveguide structure.
Therefore, the complete solutions for magnetic components in the x direction are expressed as

N N

xe(X)="_Qnbnexp (\/ﬂz—an(X—m) + ZHn\/ﬁz—nnc_nexp (\/ﬂz—nn(X—m) (25)
n=0 —
N N

H2,(x)1 = Ragacos (\/ "R (x—x) ) Zum/xn_ 2hysin (x/)\,,— ﬂz(x—x1)—9,,) (26)

n=0
N N

2 (X)=>_T,mexp (—\/62—0,, X—Xo ) X:W,,\/ﬂ2 — OpjneXP (—,/ﬁ%—én(x—xg). (27)
n=0

n=|

The parameters vn, by, Cn, Gns Pn, jn, @nd M, (n=0,1,2,...,N) are to be determined from the
boundary conditions of the magnetic and electric fields at the interfaces.
The continuities of the magnetic field components at x = x; and x = x, require

Hye(x1) = H.(x1) (28)
HJ (x1) =H3(xy) (29)
HZ.(x2) =H3,(x2) (30)
H2(x2) =H3(x2) (31)
H}(x1) =HZ(xy) (32)
H2(x2) =HZ(x2) (33)

Here, the z-component of magnetic field vector H, (i = 1,2, and 3) are related to H, and Hj in

accordance with the divergence theorem of the magnetic field V- H = 0. Equations (28)—(33)
lead to the following matrix equations:

Qb + HM»(5) = Rge + UMas(B)hs (34)
Ha=Uf, (35)
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R(Yie(9Te + Yis(8)G5) — UMs(3)(Ys(B)Pe + Ye(B)hs) = T + Wi (5) (36)

U(Yel) + Ys(8)Fs) = Wd (37)
QM (3)b + HMs(53)°C = RMs(3)gs — UM4(8)°he (38)
R () (Yis(8)Ge — Yie(8)Gs) + UMa(8)° (Ye(D)Pe + Ys(B)Ps) = TMs(3)m + WMs(5)°C  (39)
where @, b, €, d, and m are column vectors given by @ = [@, @1,...,an] , b= [bo, b1,...,bn],
C=1[C.C,....0cn]", d=[db,dh,...,dn]", and m = [mg, M, ... m_N}T with @ being an arbitrary
column vector. The column vectors G, Gs, %, s ho, and hs are defined by o = [gocoSso,
gicosey,..., gn coson]’, s = [Gosingo, Grsings, .., Gn singn]’, T = [focoseo, hcoses, ...,
fiy cospn]”, fs = [fosingo, isings, ..., oy singn]’, he = [AoCOS¢o, hcoses, ..., hy cosen]”, and

hs = [Rosingo, hysingy, ..., Ay singn]”. Here My(8), Ma(B), Ma(8), Ma(53), Ms(3), Ms(8), Ye(B),
Ys(8), Yie(B), and Y,s(5) are diagonal matrices given in Appendix A. The matrices Q, H, R, U,
T, and W are defined by Q = [Qo,Q1,...,Qn], H=[Ho,H1,...,Hx], R=[Ro,R1,...,Rn], U=

[Uo,U1,...,UN], T =[To,Ty,..., Tn], and W = [Wo, W1, ..., Wy].
On the other hand, boundary conditions for the continuities of the electric field components at
interfaces require

E; (x1) =EZ(x1) (40)
EZ(x2) =ES(x2) (41)
Ej(x1) =E3(xy) (42)
EZ(x2) =EJ(x2) (43)
which, respectively, correspond to
HMy(8)a = UMy (5)fs (44)
UM, (B ( B — Y3 f) WMy(3)d (45)
Mi(3)°b + HMb(3)°C + WHM, (8)a = — RMa(5)°Gs — UMs(5)*hs + W UM (B)T; (46)
RMs(8)(Yrs(8)9c — Yic()Gs) + UMa(B) ( Ye(B)he + Ys(B)hs + WUM(B )( A Yc(ﬁ)f:s))
= TMs(3)m — WMe(5)%] — WRMe(5)d (47)
where the column vector j is equal to [fo,fi,. .. ... .jn]”. After mathematical manipulation, the

equations corresponding to the boundary conditions given above reduce to a single matrix
equation as follows:

[Sa(8) + Sb(B) x Sx(8) x S,(8)] xa=0 (48)

where 0 represents a zero vector, and matrices S;(5), Sp(65), Sx(8), and S, () are functions of
the propagation constant 3. Since there exists a nontrivial solution for the arbitrary column vector
3, the determinant of the matrix [Sa(8) + Sp(3) x Sx(B) x Sy(3)] should be zero, from which the
propagation constants can be solved using the Newton—Raphson root-shooting algorithm [30].

3. Efficiency and Accuracy of Numerical Results

To verify the performance in efficiency and accuracy of the proposed mode solver, we calculate
the effective indices of the two rib-type waveguides having the cross section of Fig. 1. The two
waveguides have the structural parameters as shown in Table 1. The operating wavelength
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TABLE 1
Waveguide parameters of two rib waveguides under study

Parameters of Rib Waveguides #1 and # 2
waveguide | n; ny | n3 [d(um) | h(um) | w(um) | tau(um)
#1 344 (334 | 1 0.2 1.3 2 0
#2 344 (334 1| 02 | 13 2 0.01
100 : - , ‘ , , , 3.40

102
AR off

104}

L
106 L L L L L L L s 3.3
20 22 24 26 28 30 32 34 36 38

Fig. 2. Effective index of full-vectorial TE-mode ngs obtained by the proposed method and the rel-
ative errors Angy of the mode index with respect to that obtained by BeamPROP as a function of N
for waveguide #1.

A =155 um is used in the study. For the example of waveguide #1, the indices ny = 3.44,
np =3.34,and ng =1, as wellas d =0.2 ym, h=1.3 um, and w =2 ym are used. For the cal-
culations, the windows sizes x3 and y, are both set to be 6.4 um. Generally, the numbers of the
terms N in Fourier series expansion is required to be large enough to get accurate results. To
calculate the effective index n = (5/ko) with our present method, we assigned an initial guess
on ngi that is an average value of the refractive indices in the guided layer and the substrate re-
gion. Here, we defined ngsmw and neggsp as the effective indices obtained by the proposed
method and BeamPROP, respectively, and calculated the relative errors Angg = |Nesnm — Nersp|
by increasing N value of the proposed method for waveguide #1. Fig. 2 shows the relative er-
rors Angg for the case of TE mode as a function of N. It is observed that the ng approaches
a steady value, i.e., 3.388787 as N increases up to 37. The CPU time spent for this calculation
is 3.80 s. For comparison, values of ngsgp obtained by using the commercial software
BeamPROP from Rsoft, Inc., are listed in Table 2, where we can observe convergence of ngssp
to 3.388782 with fine grid sizes of Ax =0.01 um, Ay = 0.015 um, and Az = 0.1 um, with the
CPU time of 50 s. Alternatively, the refractive index nesmcs = 3.388690 (3.388765) is obtained by
COMSOL with element number 27586 (298573) at 79 (200) s CPU time. Obviously, the CPU
time is much larger than that spent by the proposed method. The analysis for TM modal index
of waveguide #1 was also calculated by the proposed method. An.¢ of the TM mode versus N
is shown in Fig. 3, where we can see that ngsmw becomes steady toward 3.387987 as N in-
creases to 47 in comparison with ngggp 3.387906 obtained by BeamPROP with grid size
Ax =0.005 pm, Ay =0.05 um, Az = 0.25 um, and ngmes = 3.387930 (3.387938) obtained by
COMSOL at CPU time 79 (200) s with element number 27586 (298573). The CPU time required
by the proposed method in the calculation is 4.8 s, which is much less than that spent by using
BeamPROP (see Table 3) or COMSOL. Figs. 4 and 5 show the contours of the major full-vecto-
rial TE and TM modes at 10% interval levels of the maximum field, respectively. Note that these
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TABLE 2

Mode indices of the full-vectorial TE mode calculated by the commercial software BeamPROP using
different discretizations for waveguide #1. x3 = 6.4 um and y, = 6.4 um are used

Grid size (um) Hegr CPU (s)

Ax=Ay=0.05, Az=0.5 3.388660 1.2
Ax=0.05, Ay=0.025, Az=0.5 3.388780 2.7

Ax=Ay=0.025, Az=0.5 3.388756 10
Ax=0.01, Ay=0.05, Az=0.5 3.388598 17
Ax=0.01, Ay=0.025, Az=0.5 3.388714 35
Ax=0.01, Ay=0.015, Nz=0.5 3.388774 44
Ax=0.01, Ay=0.025, Az=0.25 3.388703 47
Ax=0.01, Ay=0.015, Az=0.1 3.388782 50

10° : , . : 3.40

13.39

AR eff

10-6 L L 1 1 3_:’.-
20 25 30 35 40 45 50

Fig. 3. Effective index of full-vectorial TM-mode nggyy obtained by the proposed method and the rel-
ative errors Angg of the modal index with respect to that obtained by BeamPROP as a function of N
for waveguide #1.

two magnetic fields are concentrated in the regions of width of rib w that has verified clearly one
period from—x3 to x3 assumed in the proposed method is large enough for numerical conver-
gence. Figs. 6 and 7 are the contours of the minor full-vectorial TE and TM modes at 2% inter-
val levels of the maximum field, respectively.

From the results above, we clearly find that the ngs obtained by the proposed method is in
excellent agreement with an error of 107° ~ 10~ with that obtained by BeamPROP and
COMSOL, while the former is more time-efficient than the latter two. The requirement for larger
CPU time by the FDM-based beam propagation method BeamPROP and by the FEM-based
method COMSOL is due to the larger matrix dimension required in numerical calculation, while
this disadvantage has been avoided in our approach. In the present method, CPU time spent is
determined dominantly by the number of terms N taken for the calculation of (48) to reach a sta-
ble value. On the contrary, more CPU time is consumed in calculation of a large matrix dimen-
sion in BeamPROP and COMSOL for numerical convergence. The CPU time consumed in this
case is based on a personal computer with 1.8 GHz CPU and 1 GB RAM. It can be seen from
Table 2 that the calculated nqs5p by BeamPROP can not reach stable unless the grid sizes of
Ax, Ay, and Az are finely discretized and the ngscs obtained by COMSOL as the element
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TABLE 3

Mode indices of the full-vectorial TM mode calculated by the commercial software BeamPROP using
different discretizations for waveguide #1. x3 = 6.4 um and y, = 6.4 um are used

Grid size (um) Nefy CPU (s)
Ax=Ay=0.05, Az=0.5 3.387806 1.3
Ax=0.05, Ay=0.025, Az=0.5 3.387616 2.8
Ax=Ay=0.025, Az=0.5 3.387970 9
Ax=0.04, Ay=0.02, Az=0.25 3.387850 18
Ax=Ay=0.02, Az=0.25 3.387903 20
Ax=0.01, Ay=0.035, Az=0.5 3.387911 29
Ax=0.005, Ay=0.05,Az=0.25 3.387906 90
1 —_—

0

-1

-2

-3 -2 -1 0 1 2 3

Fig. 4. Field distribution of the major full-vectorial TE mode H, for waveguide #1.

-3 -2 -1 0 1 2 3

Fig. 5. Field distribution of the major full-vectorial TM mode Hy for waveguide #1.

number are finely taken. To further confirm the accuracy of the proposed scheme, Table 4 lists
the numerical results including the mode index n.s and the normalized propagation constant
(b= n2; — n&/n? — n3) obtained by the proposed method and by other available methods.

The second waveguide under study named waveguide #2 (surface plasmon waveguide) is a
rib-type waveguide with structural parameters same as waveguide #1, except that an Au film
with thickness ty, = 10 nm and the refractive index ny, = 0.55 — j11.5 [32]-[34] (at wavelength
A = 1550 nm) is deposited on top of the rib region. The converged refractive indices obtained
by the proposed method in this case are ngmy = 3.388540 — j0.000285 for full-vectorial TE
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3 2 1 o 1 2 3

Fig. 6. Field distribution of the minor full-vectorial TE mode H, for waveguide #1.

-3 -2 -1 0 1 2 3

Fig. 7. Field distribution of the minor full-vectorial TM mode Hy for waveguide #1.

TABLE 4

Comparison of the modal index ngy for waveguide #1 at A = 1.55 um obtained by the proposed
method, BeamPROP, COMSOL, and other methods

i Method No. of Nodes N b Hx b
1 VMI[22] | @ - 3.388408 | 0.480396 | 3.387657 | 0.472890
2 SIM[31] | = e 3.388740 | 0.483715 | 3.387880 | 0.475119
3| SV-BPM[14] | e 3.388711 | 0.483425 | 3.387924 | 0.475559
4 | FV-FEM [10] 2795 elements 3.388699 | 0.483305 | 3.387865 | 0.474969
5| SFDM [25] 1280x1280 3.388658 | 0.482895 | 3.387868 | 0.474999
6 | FV-FEM [9] 35%49—17x24 elements 3.388687 | 0.483185 | 3.387859 | 0.474909
7 | BeamPROP Ax=0.01, Ay=0.015, Az=0.1 3.388782 | 0.484134

Ax=0.005, Ay=0.05, Az=0.25 3.387906 | 0473379
8| COMSOL 298573 elements 3.388765 | 0.483964 | 3.387938 | 0.475698
9| This work N=37(for TE), N=47(for TM) | 3.388787 | 0.484184 | 3.387987 | 0.476188

mode with N =62 at 2.15 s CPU time and ng sy = 3.383983 — j0.000151 for full-vectorial TM
mode with N = 69 at 2.66 s CPU time, respectively.

For the purpose of comparison, we used the package, COMSOL, to model the same struc-
ture. In this simulation, we discretized the waveguide by taking high dense meshes at the metal
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Fig. 8. Field distribution of the major full-vectorial TE mode H, for waveguide #2.

-3 -2 -1 0 1 2 3

Fig. 9. Field distribution of the major full-vectorial TM mode Hy for waveguide #2.

0

-3 =2 -1 0 1 2 3

Fig. 10. Field distribution of the minor full-vectorial TE mode H, for waveguide #2.

layer with y = 1 nm, while taking coarse discretizations for other regions. The effective indices
Nefrcs = 3.388033 — j0.000058 and ngges = 3.3844082 — j0.000416 were obtained by COMSOL
with the element number of 22845 at 76 s CPU time for the full-vectorial TE and TM mode anal-
yses, respectively. The CPU time spent in this case study was based on a personal computer
with 8-core 2.13 GHz CPU. It was obvious that the effective indices of the proposed method are
in good agreement with COMSOL, but the former seems to provide a less time-consuming
means as compared to the latter. Figs. 8 and 9 are the contours of waveguide #2 for the major
full-vectorial TE and TM magnetic field profiles at 10% interval levels of the maximum field, re-
spectively. Figs. 10 and 11 sketch the contours of waveguide #2 for the minor full-vectorial TE
and TM magnetic field profiles at 2% interval levels of the maximum field, respectively.
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Fig. 11. Field distribution of the minor full-vectorial TM mode Hj for waveguide #2.

4. Conclusion

A highly efficient and accurate full-vectorial eigenmode solver is proposed and developed in
this study. The proposed method is based on the Fourier cosine and sine series expansions
of magnetic field distributions and refractive index profile that are substituted into the full-
vectorial wave equation to subsequently result in a single matrix equation, i.e., (48) when
boundary conditions are met. To demonstrate the accuracy and efficiency of the proposed
method, two waveguides, including a traditional rib-type waveguide and a surface plasmon
waveguide, were investigated in comparison with the widely-used commercial software pro-
grams BeamPROP and COMSOL. The calculated effective indices obtained by the proposed
method compare well with those obtained by using BeamPROP and COMSOL. The numerical
results show that the proposed method can be used for the full-vectorial modal analysis of di-
electric optical waveguides with arbitrary structural parameters. Additionally, the proposed
method appears to require comparatively less computation resource because a larger matrix is
not required in the proposed scheme in contrast to FDM-based and FEM-based methods. The
proposed algorithm significantly enhances computational efficiency and reduces memory stor-
age required as compared with BeamPROP and COMSOL. Finally, we believe that the pro-
posed method is also applicable to more complicated photonic device problems and will be
studied in future work.

APPENDIX A
[ V2 — a0 0 0 ]
B — 0
2 _ .o .
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_COS(\/’}/o—ﬂZ(Xg—Xﬂ) 0 0o - 0
0 cos(\/% —ﬁz(xz—x1)) 0 - 0
Yrc(ﬁ): 0 0

6 0 O COS(\/W(XQ—X1))
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sin(\/m(xz_)q)) 0 0 - 0
0 sin(ﬂ(xzfxﬂ) 0o - 0

Yrs(ﬂ) = 0 0
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