Progress In Electromagnetics Research, PIER 93, 385-401, 2009

A NEW LOOK AT NUMERICAL ANALYSIS OF UNI-
FORM FIBER BRAGG GRATINGS USING COUPLED
MODE THEORY

J.-J. Liau and N.-H. Sun

Department of Electrical Engineering
[-Shou University
Kaohsiung County 84001, Taiwan

S.-C. Lin

Department of Communication Engineering
I-Shou University
Kaohsiung County 84001, Taiwan

R.-Y. Ro, J.-S. Chiang, and C.-L. Pan

Department of Electrical Engineering
I-Shou University
Kaohsiung County 84001, Taiwan

H.-W. Chang

Institute of Electro-optical Engineering and Department of Photonics
National Sun Yat-sen University
Kaohsiung 80424, Taiwan

Abstract—The coupled mode theory (CMT) is used to analyze
uniform Fiber Bragg gratings. The multi-mode CMT is expressed
as the first-order vector ordinary differential equations (ODEs) with
coefficients depending on the propagation distance. We show in this
paper that by changing variables, the original couple mode equations
(CMEs) can be re-casted as constant coefficient ODEs. The eigenvalue
and eigenvector technique (EVVT), the analytic method for solving
constant coefficient ODEs, is then applied to solve the coupled mode
equations. Furthermore, we also investigate the application of Runge-
Kutta method (RKM) to the calculation of the global transfer-function
matrix for CMEs. We compare the transmission and the reflection
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spectra obtained by EVVT with those by RKM. Both results agree
within machine accuracy. Numerical simulations conclude that solving
constant coefficient ODEs improves the speed and accuracy of solutions
to the original CMEs.

1. INTRODUCTION

Fiber Bragg gratings (FBGs) can couple light from the guided
fundamental mode to the counter-propagating guided and cladding
modes, and cause a set of loss dips in the transmission spectrum and
corresponding peaks in the reflection spectrum [1]. The intensities of
these loss peaks are determined by the UV induced index modulation
of the core, the length of FBGs, and the overlap between fundamental
and cladding modes. Since fiber Bragg gratings have advantages of
all-fiber geometry, low insertion loss and low cost etc., they have been
used for spectral filtering, dispersion compensation, wavelength tuning,
and sensing in optical communication and optoelectronics [1-5].

The characteristics of FBGs have been analyzed by numerous pa-
pers [1-3,6 7]. Erdogan presented the optical properties of fiber Bragg
gratings, such as the reflection and dispersion characteristics [1,2].
Singh et al. developed a simple matrix method to solve a standard
Bragg fiber and an unconventional Bragg waveguide [6]. Recently, we
presented the numerical approach of the coupled mode theory (CMT)
for solving uniform FBGs from a new prospective [7]. The paper out-
lines the detail of the work including a new derivation of CMT equation
and many new numerical results.

Normally, the conventional full wave theory such as the modal
analysis method and finite difference frequency domain (FD-FD)
methods [8,9] should be used to analyze the FBG problem. However,
due to the tremendous ratio between the total length of the FBG
and the wavelength, the straight-forward full wave theory needs lots
of storage and computational resources to be viable and practical.
Instead, the CMT is widely used to analyze Bragg grating problems
when the frequency of interest is near the resonance [1].

The CMT can be expressed as a system of ordinary differential
equations (ODEs), which is called the coupled mode equations
(CMEs).  Note that the CMT is accurate when the periodic
perturbation is weak. Since the index variation is very small in
FBGs, the CMT is suitable for solving uniform FBGs [1,2,7]. By
solving CMEs, the transmission and reflection properties of fiber Bragg
gratings can be obtained.

To obtain accurate results, the numerical methods of solving
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the coupled mode equations play an important role in the analysis.
Because the coefficients of CMEs are a function of a propagation
distance, CMEs should be solved by numerical methods. Runge-
Kutta method is the most commonly used numerical method to
solve the system of ordinary differential equations with initial
conditions. Forslund and He used RKM to solve the scattering
problems for laterally periodic inhomogeneous gratings [10]. The
reflection coefficient of a linear dielectric slab embedded between
two homogeneous dielectric media is obtained by Hashish by using
RKM [11]. Watanabe presented the formulation for arbitrary profiled
gratings with anisotropy lossy materials. Outside the grating layer,
the transmission matrices of electromagnetic fields is calculated by
RKM [12].

As described above, the coupled mode equations are written
as a system of first-order ordinary differential equations (ODEs)
with the coefficients dependent on propagation distance z-dependent,
hereafter named z-dependent coefficient ODEs. On the other hand,
we show by changing variables of CMEs, the system of z-dependent
coefficient ODEs of CMT can be expressed as a system of ODEs with
constant coefficients. It is noted that a first-order constant coefficient
ODEs has a rigorous analytic solution using eigenvalue-eigenvector
technique (EVVT). By evaluating the eigenvalues and the eigenvectors
of the coefficient matrix of the ODEs, the solution of the ODEs can
be obtained. Watanabe and Kuto used EVVT to solve the wave
propagation in optical waveguides [13].

In this paper, the derivation of constant coefficient ODEs from
z-dependent ODE is presented. The EVVT as well as RKM is applied
to solve CMT for analyzing uniform FBGs. The formulation of
transmission and the reflection coefficients of uniform FBGs are also
described. The accuracy of EVVT and RKM are compared in this

paper.

2. THE COUPLED MODE THEORY

Fiber gratings are fabricated by exposing an optical fiber to a pattern
of ultraviolet intensity. Assume that a time harmonic wave propagates
in the z direction as exp(if3z —iwt), where [3 is a propagation constant,
and w is the angular frequency. For simplicity, the refractive index of
the fiber grating is described as follows [1]

9 r<r<nry (1)

Ny = n10ge + niogemecos (2mrz/A) r <r;
n(r,z) =
n3 rg <
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where A is the grating period, 1 and ro are the radius of the core and
cladding, respectively, and ni, no and ng are the refractive indices of
the core, cladding and the surrounding region, respectively. njog. is
the dc index change, njog.m cos (2rz/A) is the ac index change and m
is the fringe visibility of the index change. Since the grating is uniform,
O4c 18 a constant.

The magnitudes of electromagnetic waves for the ith mode in the
fiber can be expressed as

Ut (r,¢,2) = Ai(2) - ®i(r, ¢) - exp (i) (2a)
U7 (r,6,2) = Bi(2) - Bi(r, ¢) - exp (—iffiz), (2b)

where lj'f(r, ¢, z) and U'i_ (r, ¢, z) are the magnitudes of forward and
backward waves with A;(z) and B;(z), the corresponding amplitude

functions, @i(r, ®), the two-dimensional 3-D vector field function,
and f; is the propagation constant of the ith mode. Note that
without gratings, the coupling between modes can not happen and the
amplitude function A; and B; remain to be constants. When gratings
are fabricated in the core of the fiber, the coupling occurs so that A;(z)
and B;(z) are functions of the propagation distance.

In the multi-mode coupled mode theory, we consider the
interactions between forward and backward mode amplitude functions
in an FBG fiber over a grating period dz = A. To the first-order
accuracy of dz, the “averaged” effect of mutual coupling among the
various waveguide modes can be written as a system of linear ordinary
equations below:

dA m
dzo _+Z/€0A0+ZEE()BO exp (—i20pz) —HZ Ky By exp(—i20,2) (3)

dB , .M , . ,
d—zo = —irkgBo —z;nvo exp (+i200z) —i %} EHUAU exp(+129,2) (4)
dA, ,

7 =+ T;HUBoeXp( i20y2) forv=1,2,...,n (5)
dB,

= ZLHUAO exp (+i20,z) forv=1,2,...,n (6)

where Ap(z) is the amplitude for the transverse core mode field
traveling to the +z direction, By(z) is the amplitude for the transverse
core mode field traveling to the —z direction. A,(z) and B,(z) are
amplitudes for the vth cladding mode (v = 1,...,n). § is a small-
detuning parameter, and « is the coupling coefficient. The parameters
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6o, 0y, ko and kK, are defined as follows:

1 2T
do = = (260 - " 7
o= (220- ). )
1 27
6v—2(/80+/8v_A>1 (8)
_ wson%(fdc o " co|2 co|2
kg = ———— do rdr (|E°]" + ‘E(z) , (9)
2 0 0
2 27 1
y = WEOOde / d / rir (BSOS + BSESY), (10)
2 0 0

where [y is the propagation constant of the core mode, (3, is the
propagation constant of the vth cladding mode, FE, and Ey4 are

electric fields of transverse components of vector function <f>('r, ¢), in
Equations (2a) and (2b). Superscripts co and cl indicate the core
mode and the cladding mode. Derivation of Equations (3)-(10), are
covered in more detail in reference papers [1,2,7] and also in some
textbooks [14]. Equations (5) and (6) represent the counter-directional
coupling between the core mode and cladding modes. Since we assume
that only the core mode is incident into the FBGs, there are no powers
of cladding modes in the input end of FBGs. Therefore, the coupling
among cladding modes are extremely small and is neglected in the
coupled mode equations of Equations (5) and (6). In addition, the
co-directional coupling between the core mode and cladding modes are
also neglected due to the short period of the grating. For very long
period FBG, all co-directional coupling must be included. Ideally, &
should be zero or quite small so every backward reflection from each
grating structure will add up coherently.
The CMEs can be expressed as a matrix form:

A
B

vy d

dz ~ dz

_ | U1 Uqz

_ [ on e ] . _U@)-v a1

A
B

where A = [Ag, ... A,]T and B = [Bo,...B,]T are the amplitude
vectors propagating in the forward and backward directions,

respectively, and the elements of A and B are Ay, and B,,v=0,...,n

respectively. The amplitude vector Y includes A and B. The
sub matrices Uj; has only one nonzero element ik, the first entry.
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Ujqo, Uy are given below

' Hoefz?éoz RnefiZ(Snz
Ui = % ' : 0 0
RnefiQ(Snz 0 0
' Ko ez’Qéoz K ez’26nz (12)
Usg = —;m : : 0 0
Kpe20nz () 0

Note that due to the structure equivalence between the forward and
backward waves, Uy; = —Ujo, Ugs = —Ujy; when z is replaced by
—z. The fact that these sub-matrices are functions of propagation
distance z makes (11) a system of first-order ODEs with z-dependent
coefficients.

Next we wish to transform Equation (11) into a system of ODEs
with constant coefficients via the change of variables. For an arbitrary
general matrix function U (z), this is not always possible because we

can only adjust 2N terms in A and B to remove z-dependence of all
4N? entries in U. Fortunately, by neglecting bi-directional coupling
among the cladding modes and co-directional coupling between the
core mode and cladding modes, most entries in U (z) are zeros.
Considering the special symmetry of sub-matrices of U, we make
the following change of variables and introduce new sets of amplitude
functions {a,} and {b,} for the vth mode as,

ay = Ay exp(iA,z)

by = Byexp(—ifyz), U hEeon (13)

To determine A,, we substitute (13) into (11) to annihilate all non-
zero coefficients in the exponential terms of the new U matrix. The
detailed derivation is presented in the Appendix A. Using the following
perturbed propagation constants:

Ay =20,—0y, v=0,1,2,....n (14)

we can obtain a constant coefficient CMEs for a,(z) and b,(z) below:

dy d|a| [Vy Vi a | -
dz_dz[E]_[Vm Va2 b =V (15)
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where @ = [ag, . .. a,])" and b= [bo, - .. by]T and

Z'(Iio + Ao) 0 .. 0
0 Ay ... 0
Vi = : S : ’
0 0 ... iA,
Ko K1 ... Kp (16)
Vig = N ISR
kn O ... O

Vo1 = —Via, Va=-Vy.

The amplitude vector y includes forward propagating vector a and

backward propagating vector b. Since all elements of V in (16) are
constants, the analytical solution of the coupled mode Equation (15)
can be obtained by the eigenvalue eigenvector technique. To our
knowledge Equations (15), (16) have never been published in the
literature. The complete mathematical description of CMT requires
the following boundary conditions to be satisfied

A

a2a=n0 ... 0%, b.2bL)=010 ... 0" a7

The reflection and transmission coefficient vectors are given by

fo=lro r1 ... a7 =0(0), Fr=[to tn ... t.JT =a(L) (18)

3. EIGENVALUE-EIGENVECTOR TECHNIQUE

The constant coefficient ODEs can be analytically solved by eigenvalue-
eigenvector technique (EVVT). Using EVVT, the rigorous solution
of (15) can be expressed as

2n
?(Z) _ Zci ﬁz . e/\iz
=1

prieM? L. pione’? 2; (19)
= : : =Q(z)-¢
A1z Aonz
Pan,1€ D2n,2n€ Com
where A\i,p; = [ pii, --- Doni ]T is the ith eigenvalue and its

corresponding eigenvector of matrix V in (15). ¢ is the unknown
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eigenfunction coefficient vector which is determined by the boundary
conditions. From (19), the transfer-function matrix G that connects
7(0) to y(L) is given by

y(L) = G-y(0), G=Q(L) Q)" (20)
i =5 | o= § ] @)

By definition, reflection and transmission vectors (7 and 1) are @
and by, in (21). We obtain

tr ] _[Gu G| [ do _ | G G
[I;L}_[Gm G22:| [Fo]’ G_[Gm G22:|' (22)

By rearranging (22), the equation and solutions of 7 and t7, can be
written as

7o = Goy - (51; —Goy - C_fo) ;

. (23)
tr = (Gi1 — Gi2- Gy - Ga1) - do + Gz - Gy - br.

4. RUNGE-KUTTA METHOD

Runge-Kutta method (RKM) is one of the most commonly used
numerical methods to solve an initial value problem (IVP) described by
a system of ordinary differential equations. RKM is the ideal method
for solving system of ODEs with smoothly varying coefficients.

At the first application of RKM to advance the vector functions
Y (0) in (11) to the next step Y (dz), we find that part of the initial
conditions are missing. It is because we do not know what 7y is. To
make RKM work, we must update Y (z) vectors due to all possible
initial conditions. In other words, we need to compute the transfer-

function matrix that will take us from any arbitrary initial vector }7(0)

to Y(dz) and eventually to Y(L). We begin RKM process by first
dividing the grating region 0 < z < L into m equally spaced sections,
each with a length h = L/m. The centered position of the ith section
is z; = (:—1/2) - h for i =1,...,m. When we apply the fourth-order
RKM method, the local transfer-function R; is written as

R, =1+ (Kli + 2Ky; + 2K3; + K4i) /6, (24)
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where matrices Kq;, Ko;, K3; and Ky; are intermediate Runge-Kutta
calculations given by

Ki=h Ulz=i-h—h)

Koi=h-U(z=i-h—h/2) 1+K;/2) 5)
ng—h'U(ZZZ h—h/) (I+K22/2)
Ky=h-Ulz=i-h) I+Kjs;/2).

Each R; connects the two amplitude vectors at the two ends of the
section as

Y (ih) =R; - Y ((i — 1)h). (26)
Like Equation (20), these transfer-function matrices R;, i =1,...,m,

help to connect the amplitude vector Yatz=LwithY at z = O in
the following way:

Y (L) = U(mh) =Ry, - Y ((m — 1)h)
=Ry -Ry1...R1-Y (0) = Griav1 - Y (0).  (27)

Matrix Grgwi is the global transfer matrix computed by Runge-Kutta
method for solving z-dependent coefficient CMEs (11).

The RKM is also used to solve the constant coefficient CMEs (15).
Since V' in (16) is a constant matrix for all positions z; of the gratings,
all the local transfer-function matrix are the same. The resulting local
transfer-function matrix R is written as

R:I+(K1—|—2K2+2K3—|—K4)/6, (28)

where K, ... Ky are like those in (25) except that U is replaced by V.
We have from (27)

y(L) =R"y(0) = Grrm2y(0). (29)

Griae is the global transfer-function matrix computed by Runge-
Kutta method for solving constant coefficient CMEs (15). Once Grxwm
matrices are computed, we then apply Equations (23a) and (23b) to
compute transmission and reflection amplitude vectors. Thus, the
solutions to CMEs can be obtained by using RKM.

The transmission and reflection efficiencies of the core mode can
be expressed as

AP e Bo(0)
= ag)p ~ Bl = o

where Ap(L) and By(0) are the first element of ;I(L) and E(O),
respectively.

= |Bo(0)[*. (30)
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Figure 1. (a) The transmission spectrum of uniform FBGs using
EVVT and RKM. The step number of RKM is 1000. (b) The reflection
spectrum of uniform FBGs using EVVT and RKM. The step number
of RKM is 1000.

5. RESULTS AND DISCUSSION

Assume that an FBG is made of a step index single-mode fiber.
The radius of core and cladding of the fiber are 1 = 2.5um and
ro = 62.5 um, respectively. The refractive indices of the core, cladding
and surrounding region are m; = 1.458, no = 1.45 and n3 = 1,
respectively. The grating period is A = 0.53 pm, the induced-index
change 1104, is 2.8 x 1073, and the total length of the FBG is L = 4 mm.
The parameters of the FBGs used in our calculation are from [2]. We
consider a total of twenty-five modes in all of our numerical work.
Figures 1(a) and 1(b) show the transmission spectrum and
reflection spectrum, respectively, by using RKM1 and EVVT. The solid
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Figure 2. (a) The difference of the transmission efficiencies between
the EVVT and RKM1. (b) The difference of the reflection efficiencies
between the EVVT and RKM1.

lines in Figs. 1(a) and 1(b) are the results of Equation (15) by EVVT,
while the dash line indicates the solutions of Equation (11) by RKM1.
The grating length is divided by 1000 points in our calculation.

As shown in Fig. 1, the transmission and the reflection spectrum
in the resonant region of first Bragg are symmetric, where the 3dB
resonant region is from 1539.98nm to 1541.70nm, and the 3dB
bandwidth is 1.72nm. The central wavelength of the resonance is
1540.84 nm. The sidelobe suppressions on two sides of the resonance
are about 11% corresponding to the wavelengths of 1539.96 nm and
1541.72nm. Note that the cladding mode coupling can be found in
Fig. 1. At the cladding mode coupling region, the core mode transfers
the power to contra-propagating cladding modes, but not the core
mode. Therefore, both the transmitted and reflected powers of the
core mode are decreased. In Fig. 1, the cladding mode coupling occurs
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at the wavelength less than 1539 nm, where the transmission efficiencies
decrease to 10%, and the reflection efficiencies remain 10%.

The differences of the transmission efficiency and the reflection
efficiency between RKM1 and EVVT in Fig. 2 are shown in Figs. 2(a)
and 2(b), respectively. As shown in Fig. 2, in the resonant region
the differences of transmissivity and reflectivity for the two methods
are relatively small (less than 107%) compared with those out of the
resonant region. It is because at resonance, the CME satisfies the
phase-matching condition, i.e., the small-detuning parameter of the
core mode &y in (7) is approaching to zero. The coefficients of Ay and
By in (11) are near constants. Therefore, Ay and By can be calculated
by numerical methods with small numerical error. On the other hand,
off the resonant region, the maximum differences between EVVT and
RKM1 for both the transmission and reflection efficiencies occur at
the same wavelength of 1541.69nm (in the right edge of the resonant
region in Fig. 2), and is about 3.4 x 1075, Note that off resonance, the
coefficients of Ay and By in (11) are a function of the exponential form
with a variable of a propagation distance. The numerical error of the
z-dependent coefficient ODEs oscillates with respect to the wavelength.

Although the EVVT is a rigorous method to solve constant
coefficient ODEs, the error of EVVT is caused by the numerical error
of eigenvalues and eigenvectors. Since eigenvalues and eigenvectors
can be correctly obtained by several numerical methods or software,
the EVVT can provide more accurate results than RKM. Therefore,
we define the error as the differences of calculated results between
RKM and EVVT. Figs. 3(a) and 3(b) show the error of transmission
and reflectivity, respectively, as a function of a step number of RKM
at the wavelength of 1541.69nm. The wavelength of 1541.69nm is
chosen because it is the maximum error in Figs. 2(a) and 2(b). Both
errors of RKM1 and RKM2 are shown in Figs. 3(a) and 3(b), where
RKM1 indicates solutions of z-dependent coefficient ODEs (11) solved
by RKM, and RKM2 denotes solutions of constant coefficient ODEs
(15) solved by RKM. As shown in Figs. 3(a) and 3(b), the calculated
results by RKM1 and RKM2 approach the results calculated by EVVT
with increased step numbers.

Figure 3(a) shows that RKM1 presents the same convergent rate
with increased step numbers. When the step number is 1000, the error
of RKMI1 is 3.4 x 1075, while the error is 3.4 x 1071 for 10000 steps
of RKM1. The result demonstrates that if the step size h is decreased
by 10~!, the local truncation error decreases to 10™* times. It means
that the rate of convergence for RKM1, or the local truncation error
of RKM1, is O(h™*), where O(h~*) denotes the order of the local
truncation error of h=* (please see Appendix B) [15]. Our calculated
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Figure 3. (a) The error of transmissivity by RKM1 and RKM2 as a
function of step number at wavelength of 1541.69nm. (b) The error
of reflectivity by RKM1 and RKM2 as a function of step number at
wavelength of 1541.69 nm.

truncation error of O(h™*) is the same as theoretical results of the
fourth-order RKM. For RKM2 in Fig. 3(a), we can find that two
convergent rates correspond to the step number. When the step
number is less than 500, the convergent rate of RKM2 is O(h™").
When the step number is greater than 500, the two curves of RKM1
and RKM2 are almost parallel. It means that the two slopes represent
the same truncation errors of O(h=*). Therefore, even though the error
of RKM2 is lager than that of RKM1 when the step number is 100,
RKM?2 is more accurate at the step number of 10000. The errors of
RKM1 and RKM2 at the step number of 10000 are 3.4 x 10710 and
3.2 x 107, respectively.

Similar to Fig. 3(a), the local truncation error (or the convergent
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rate) of RKM1 for reflectivity is O(h™*) in Fig. 3(b) and is the same
as that for transmissivity. Two rates of the convergence for RKM2 are
found in Fig. 3(b) as well. When the step number is less than 500, the
convergent rate of RKM2 is O(h~7) while it is O(h~®) when the step
number is greater than 500. Note that the convergent rate of RKM2 for
the reflectivity is faster than that for the transmission efficiency. The
error of RKM2 in Fig. 3(b) is 10~ times of that of RKM1 when the
step number is 10000, where the errors of the 10000-step for RKM1
and RKM2 are 3.4 x 10719 and 6.7 x 10~ respectively. Compare
Fig. 3(a) with Fig. 3(b). The errors for RKM1 are similar. But RKM2
can obtain more accurate reflectivity than tranmsissivity. Also, at the
step number of 200, both RKM1 and RKM2 have similar truncation
errors of reflection and transmission.

6. CONCLUSIONS

The coupled mode theory applied to the analysis of uniform FBGs is
reinvestigated with the fundamental guided mode and a total of 24
cladding modes. By changing variables and taking the advantage that
most entries in the coefficient matrix are zero, we derive the system of
constant coefficient ODEs from the system of z-dependent coefficient
ODEs. The constant coefficient ODEs is solved by the standard
eigenvalue eigenvector technique and we obtained transmission and
reflection coefficient vectors. We also show how the simple but
effective Runge-Kutta method can be applied to compute the global
transfer-function matrix described by the z-dependent coefficient
ODEs (labeled as RKM1). Since constant coefficient ODEs can be
solved “exactly” by the rigorous EVVT, their results are used as
references. RKM, on the other hand, has the advantage of being
simpler than the EVVT.

For comparison, using the constant coefficient ODEs, the
transmission and reflection amplitude spectra of uniform FBGs were
computed by both EVVT and RKM (labeled as RKM2). Both RKM1
and RKM2 results approach those by EVVT when we increased the
number of steps m. The calculated results show that RKM2 is more
accurate than RKM1. In some cases, using equal number of steps, the
error of RKM1 is 10* times of that of RKM2. In addition, we observed
an O(h™7") convergent rate in RKM2 which is much better than the
expected O(h~*) convergent rate from RKMI.



Progress In Electromagnetics Research, PIER 93, 2009 399

ACKNOWLEDGMENT

The authors would like to thank Professor Yean-Woei Kiang,
Department of Electrical Engineering, National Taiwan University for
suggesting to us a way to convert the original CMEs into a constant
coefficient ODEs. We are also grateful to the support of the National
Science Council of the Republic of China under the contracts NSC97-
972221-E-110016 and NSC96-2221-E-214-023-MY3. This work is also
supported by the Ministry of Education, Taiwan, under the Aim-for-
the-Top University Plan.

APPENDIX A. DETAIL DERIVATION OF (15) AND (16)

We start with the definitions:

N

a(z) = e2%A(2), b(z) = e*"AZE(z),

. . - o (A1)
A(z) = e7%q,  B(z) = "2%b(2).
where the diagonal matrix A is made of entries Ag,...,A,. Taking
derivative of (A1), we get
lea = di (eiAZ/T) =iAa + eiAziZi—A,
°w - (A2)
db d 71:AZ_\ . b _iA dB
- - B) = —iAb Az
dz dz (e 1abte dz
Substituting (A1) and (11) into (A2), we get
da . o o . -
dfa = ’L'ACL—I-elAZUHB_lAZa+€ZAZU12€ZAZb =Viy1a+Viab,
)
% = —ZAE‘F e_iAZUgle_iAza—e_iAZUggeiAZg: V215+V225.
V12 — eiAzU12e’iAz — Z%
I{OGiz@AO_(SO) Hl€iz(A0+Al_261) Kneiz(A0+A”_26")
fpe#(PotA1=201) 0 e 0 (Ad)
/@neiz@o;A"_%") O .. O
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Vo = e—iAzU21e—iAz — —i%-
Hoe—iz(ZA()—(S()) Hle_iZ(AO+A1_261) o Hne_iz(A0+An_26n
Ky 1#(BotA1—201) 0 e 0 (A5)
fipe#(B0FAn—20n) 0 .. 0
V12, Va1 become constant matrices if ei#(BotAm=20m) — 1 for m =
0,1,...,n. We arrive at the following equations:
Ap=20m—6 m=0,1,....n (A6)
Finally, from (A3) we get, by inspection
Vi = A" Upe 4% = Uy, (A7)

V22 — €7iAZU22€iAZ _ U22.

APPENDIX B. DEFINITION OF O(8,)

The definition of O(3,) refers from [15]. Suppose {3, }5; is a sequence
known to converge to zero, and {ay,}o° ; converges to a number a. If
a positive constant K exists with

lay, — a| < K|B,| for large n,

then {a,}5° ; converges to a with rate of convergence O(f3,).
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