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Coupling-Efficiency Analysis and Control of Dual
Antiresonant Reflecting Optical Waveguides

Yeong-Her Chen, Student Member, IEEE, and Yang-Tung Huang, Member, IEEE

Abstract—We have developed the necessary theory to analyze
the coupling efficiency of dual ARROW waveguides. Based on
the theory, we have found that the coupling efficiency of dual
ARROW waveguides can be flexibly controlled from a 100%
value to zero by simply varying the outermost cladding thickness.
BPM simulations also give same results and verify the theory.
The theory and simulation results can be efficiently applied to
designing an ARROW power divider with any specified power
ratio.

1. INTRODUCTION

OUPLER DEVICES are key integrated optical com-
Cponents in applications relating to modulators, filters,
switches, and power dividers [1]. Coupling problems between
two parallel waveguides have been investigated and many
analyses are based on coupled mode theory with weakly
coupled approximations {1]-[7]. For conventional dual waveg-
uides, the coupling strength is decreasing as an exponential
function of the waveguide separation. In other words, the
coupling efficiency is controlled by waveguide separation.
The fact that small separation regions to keep coupled status
and wide separation regions to maintain decoupled status
between two waveguides is used to demonstrate the coupler
devices in real applications. Coupling and decoupling regions
are connected by a bend structure. In order to minimize the
propagation loss, the bending degree of connecting region is
gradually varied, and therefore it needs a long region.

New types of waveguides, antiresonant reflecting optical
waveguides (ARROW), have been proposed and demonstrated
[8]-[11]. In comparison with conventional structures, AR-
ROW waveguides utilize antiresonant reflection as the guiding
mechanism instead of total internal reflection. With this struc-
ture, ARROW devices can have a large core size that is
compatible with optical fibers. A directional coupler consisting
of two identical ARROW’s was recently proposed [10]. The
main advantage of an ARROW-based coupler over a con-
ventional waveguide coupler is that its coupling-length is not
increasing, but varies as a periodic function with increasing
waveguide separation. A similar dual-ARROW stacked struc-
ture was demonstrated in 1988 [9], and experimental results
showed the decoupled phenomena between two ARROW
waveguides. Mann et al. [10] showed that two identical
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ARROW structures had a very high coupling efficiency, but
Baba et al. showed that similar ARROW structures had a lower
coupling efficiency. The reason and analysis of their difference
have not been clearly discussed. I this paper, we develop the
necessary theory to describe the coupling efficiency between
dual ARROW waveguides to clearly explain the different
phenomena of Mann’s and Baba’s cases.

In Section 11, the basic structure is constructed by transverse
resonance formulas for guiding layers and antiresonance for-
mulas for the cladding layers. In addition, modal analysis of
a dual ARROW coupler is briefly discussed. Dual ARROW
waveguides with leaky modes belong to strongly coupled
structures. Many coupling analytical methods based on weakly
coupled approximation are difficult to apply to strongly cou-
pled waveguides. In Section III, we derive the necessary
expressions to describe the coupling efficiency between dual
ARROW waveguides for strongly coupled structures. In Sec-
tion IV, dual ARROW waveguides based on TiO,/Si0,/Si and
InGaAsP/InP material systems are analyzed. It can be seen that
the coupling efficiencies of dual ARROW waveguides strongly
depend on upper cladding thicknesses, and the efficiencies can
be controlled from a 100% value to zero by simply varying
the outermost cladding thickness. The analytical results clearly
explain the different phenomena of Mann’s and Baba’s cases
described above. We also use BPM simulations to obtain the
same results and verify our theory. The theory and simulation
results can be efficiently applied to designing an ARROW
power divider with any specified power ratio.

II. MODAL ANALYSIS OF DUAL ARROW DEVICES

The configuration of dual-ARROW coupling basic structure
(na/ni1/nn1/ng1/nn1 /Tsep /b2 /g2 /Tn2 /a2 /1) is  de-
picted in Fig. 1(a), which consists of two ARROW waveguides
and a separation cladding layer. The core layers of two
ARROW waveguides are with low refractive indexes of ng4;
and ng, and thicknesses of dgy and dgo, respectively. The
upper waveguide is sandwiched between two high index
(nn1) cladding layers of thickness dj,; and dj;, and a low
index (ny;) upper cladding layer of thickness dj; is grown
atop them. The lower waveguide is sandwiched between two
high index (nn2) cladding layers of thickness dxo with a low
index (ni2) lower cladding layer of thickness dj». Between
two ARROW waveguides there is a separation cladding layer
with an index of ngep and thickness of dsep,. In order to achieve
low loss, the core layer of the lower ARROW waveguide must
satisfy the transverse resonance condition. The thickness dg2

0733-8724/96%05.00 © 1996 IEEE
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Fig. 1. (a) Basic coupling structure of the proposed based on dual-ARROW

waveguides with Si substrate, (b) Basic coupling structure of the proposed
based on dual-ARROW waveguides with InP substrate.

is given as [8]

—1/2
A Mgl 2 A 2
dgo = 1— (== —_— . 1
7 2142 { <”92> * <2”g2dg1> W

Except for the upper cladding layers of dj; and d},, all
cladding layers satisfy the antiresonance condition as

) 2 2
it (22) 4 (20
477,j n; 2njdgl

P;=0,1,23,..., (2

—1/2
(ZP]‘ + 1),
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where j = h1l (and h2), sep, and [1 (and [2), representing
corresponding high-index, separation, and low-index cladding
layers, respectively. Since the coupling strength between dual
ARROW waveguides strongly depends on the degree of their
symmetry, we can easily adjust the thickness of the upper
cladding layer to change the degree of their symmetry and
thus vary the coupling efficiency.

In our analysis, we restrict ourselves to the case of TE-
polarized field. By the characteristic matrix method, the dis-
persion relation in multilayer slab is given as [10]

kaz(mit + ksomiz) + (mo1 + ks xmas) =0 3)

where k., and k;, represent the transverse propagation
constant in air and the substrate, given as

b = \/Kgn2 — 6 = koy/n2 — N2 @)

kow = /k3n2 — B2 = ko\/n2 — N2 )

kg is the wavenumber in air, n, is the index of air, and N.g is
the effective index of the propagation wave. The characteristic
matrix M with elements m;; is given as

miz | _ )
m22:| - ]':‘[MI

(7/Ki ) sink; o d;
cos k; »d; ’

mii
ma1

- H cos k; 5 d;
- - sz,x sin kz’xdz

The ¢ indicates each layer except for air and substrate.
When n;2 = mn,, such as in InGaAsP material sys-
tem, a destructive interference layer with index of nps
and thickness of dpo between this Iow index cladding
layer (nj2) and substrate (ns) should be added to main-
tain low radiation loss into the substrate. This structure
(na/n01/Mh1/Pg1/Nh1 /Nsep/Tih2 [/ Tg2 [Tih2 /T2 /2 /1s) s
shown in Fig. 1(b).

|

(6)

III. COUPLING-EFFICIENCY ANALYSIS

Coupling between two parallel waveguides has been widely
investigated [1]-[7]. Most analyses still employ the coupled
mode formulations developed by Marcuse, Taylor, and Yariv
[3]-[7]. Their results are accurate only in weakly coupling
situations. For dual-ARROW structures with leaky modes, the
strong coupling between two waveguides must be considered.
We employ the method based on interference of the even and
odd lowest order modes to analyze the coupling efficiency
of a dual-ARROW structure [12]. Although there might exist
some other higher order modes with low propagation loss, only
these two lowest order modes can be efficiently excited by the
fundamental mode from a single-mode fiber (or waveguide)
input-coupling, and this will be discussed in detail in another
paper. The field of a dual-ARROW guided system can be
expressed as

E(x,2) = AcE.(z) exp(—jkoNez)

+ A E,(x) exp(—jkoNoz) (N
H(z,z) = AcH.(x)exp(—jkoN.2)
+ A H,(z) exp(—jkoNoz) 8)
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Fig. 2. Schematic diagram for optical power coupling from the upper
waveguide to the lower waveguide.

where A, and A, are amplitudes of the normalized even and
odd modes with effective indexes N, and N,, respectively.
E., (H,) and E,, (H,) are the normalized electric (magnetic)
fields of even and odd modes, respectively. In TE modes, the
power density propagating along the waveguide is obtained as

S.(m,2) = %Re[(ﬁ x H*) -4,
:;M%@meam
- %{AEEe(x)H:(x) + A2, (2)H} ()

+ AcAo - [Ee(2)Hy () + Eo() H ()]
- cos[ko(Ne — No)z]}. )

The even and odd modes are orthonormal with respect to the
Poynting power. The wave is normalized as

P:/ SZ(CL',Z)d.’EZqu +P92+Pelse
= A4 A2 =1, (10)
where
Pyu(z) = / S.(x, 2)dz, P(z) = / S.(z, )dz,
gl g2
and

Pasce(2) = / S.(z, 2)dz (1n
else
Py is the guided power in the upper waveguide g1, P, is the
guided power in the lower waveguide g2, and P, represents
the remaining power in the region outside guides g; and gs.
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Light is launched to the upper ARROW waveguide in Fig. 2
at the reference plane z = 0 such that there is a reference
power P, guided in the upper waveguide. To calculate
the coupling efficiency C(z) from the upper to the lower
waveguides at any z position, we must investigate the power
variation AP, in the lower waveguides. By combining (10)
and (11), the power in the upper ARROW waveguide at a
position z is given as

Py1(2) = P — [Pya(2) + Petse(?)]

=1- {Ag(l - Eee) + ‘Ag(l - foo)
- Aer(geo + ‘goe) COS[kD(Ne - No)z]}
a2)
and the initial guiding power in the upper waveguide at z = 0
is
Py 0)=r- (PgZ(O) + Pese(0))
=1- [Az(l - évee) + A(z;(l - goo)
- Aer(geo + éoe)]

where feea 5007 geo and foe are defined as

1
6= [ B@H @
gl

1= 5 Joo Bi(2) H} (2)da

4 e B5(@)HE @), (i = )
3 J, 2 Ej(z)H} (z)dzx

=3 Jose Ei(@)H; (z)dz, (i # 7).

To minimize the uncoupled power Pyi(0) + Peise(0), the
cross product A.A, is obtained as [12]

— (Seo + 606)
o= 1

2[(€ee - 500)2 + (geo + goe)z] 2

and the uncoupled is given as

Pg2(0) + PelSE(O)

=1~ %{gee + éoo + [(gee - 600)2 + (Eeo + 606)21%}
(16)

(13)

(14

15)

e

Since the loss is small in our structure [9], [10], we have

APelse(Z) = Pelse(z) - l)else(()) < APg2(Z)

= Pyg2(z) — Py2(0) (17)
and thus
Asz(Z) ~ #APgl(z) = Pgl(O) — Pgl(Z)
N, - o
= 2Aer(§eo + Eoe) sin’ {Mz] . (18)
Based on (12)-(18) we obtain the coupling efficiency as
APy2(z) 2
==t _ ¢ 2), 1
0(z) = 20 = Cosin(Be2) 19

where (20) and (21) are shown at the top of the next page and
C, is the maximum power coupling efficiency at the coupling-
length z = L.. In the case that light is launched to the lower
ARROW waveguide, the above formulas will also be satisfied
if Pgy and Py are exchanged with each other.
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. — 2(Eeo + foel)““

(é‘ee + 600)[(68& - 500)2 + (éco + 60&)2}5 + (5@2 - 500)2 + (560 + goe)z
(20)
B :MNZ_NL)’ 1)
1.45795 1.46 acts as the guide layers, separation layer and low-index
}:Zg;gg  EVENMODE cladding layers, .., ng1 = Ngy = Neep = M1 = M2 = 1.46.
1.45792 - - ODDMODE TiOs acts as the high-index cladding layers and the refractive
}:g;g(l) index is np1 = npe = 2.3. The upper waveguide thickness
» }.Zg‘;gg dgl‘ is 4 pum suc.h that this large core is compatible with
2 145787 optical fiber efficiently [8], [9]. Then we have dgo = 4 pm,
2 i‘iﬁ?iﬁ dip = ds§p = 2 pum, and dpy = dpe = 0.089 .um at
B 145784 the operating wavelength of A = 0.6328 pm. The thickness
(g }g;gg variation of the upper cladding layers d;; and dj,; changes the
B 145781 symmetry degree of dual ARROW waveguides. Symmetric
%-g;?]g degree will influence the coupling ability in the coupling
1.45778 structures. The dispersion results are illustrated in Fig. 3. In
}ﬁ:’]% the symmetric region, i.e., d;1 = djp and dj; = dp1 = dao,
1.45775 e both even and odd modes are described by nondispersive
05 10 15 20 25 30 35 40 (flat) cures which imply symmetric field distributions for two
UPPER CLADDING LAYER THICKNESS, dl1 (um) modes, and optical power can efficiently exchange between
Fig. 3. The dispersion curve for the even and odd mode with corresponding  tWO ARROW waveguides. In the asymmetric- region, i.e.,

structure in Fig. 1(a).
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Fig. 4. Maximum coupling efficiency C., versus different upper cladding
layer thickness d;; in Fig. 1(a).

IV. COUPLING-EFFICIENCY CONTROL BY VARYING
THE THICKNESSES OF UPPER CLADDING LAYERS

In this section, we investigate the influence of the upper
cladding thickness on the coupling efficiency of dual ARROW
waveguides based on the theory developed in Sections II and
111, and also use beam propagation method (BPM) to verify the
results. The configuration of basic structures based on Si and
InP substrates are depicted in Fig. 1(a) and (b), respectively.
For Si substrate (ns = 3.5), SiO, with refractive index

dy; is highly different from d;2, which implies asymmetric
field distributions for two modes, and the coupling ability
is very low. Thus based on (20), the maximum coupling
efficiency strongly depends on the thickness of the upper
cladding layer; the calculated results are shown in Fig. 4.
From the calculated results in Fig. 4, it can be seen that an
efficient coupling occurs in the highly symmetric structure of
d[1 = dzg = 2 S, d;ﬂ = dhl = th = 0.089 Hm and
the maximum coupling efficiency C, is up to 99.87%. The
electric field distributions of local normal even and odd modes
in this coupling region are shown in Fig. 5(a) as expected.
The coupling-length for a maximum coupling efficiency is
calculated as L, = A/(2|N. — N,|) = 59 mm from Fig. 3.
In contrast to the efficient coupling region, the decoupled
phenomenon occurs at the extreme value of dj; = 0 pm
and dj; = dp1 — 0.059 pm = 0.03 pm. Fig. 5(b) for the
field distributions in this decoupling region shows a negligible
coupling and the maximum coupling efficiency is obtained as
near zero. By means of the thickness adjustment of the upper
cladding layer, optical power coupling between two ARROW
waveguides can be efficiently controlled. Our analytical results
clearly explain the different coupling phenomena of Mann’s
and Baba’s cases [10], [9].

In order to further verify the concept and analysis theory
discussed in Sections II and III, we also used BPM to simulate
a special structure with informations obtained above. Except
for the upper cladding layer thickness, we keep the same
parameter values for SiO,/TiO,/Si structure, n;; = ng =
Ng2 = M2 = MNgep — ]..46, Np1 = Np2 — 2.3, (igl =
dg2 = 4 pm, dy1 = dpz = 0.089 um, dsep, = dip = 2 pm,
A = 0.6328 pum. In our BPM simulation structure, we have
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Fig. 5. FE-field for N. and N, with Si substrate: (a) coupling re-
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a coupling region with a coupling-length, and then a long
decoupling region as shown in Fig. 6(a). From the results
shown in Fig. 4, in the coupling region, the thickness of upper
cladding layers are dj; = djz = 2 pm and d;ﬂ = dp =
dpz = 0.089 pm to maintain the symmetry such that the
energy can efficiently transfer from the upper waveguide to
the lower waveguide. After complete energy exchange passing
a coupling-length L, = 59 mm, the upper cladding layers
are removed to have dj;y = 0 ym and dj,;, = 0.030 pm,
such that symmetry is completely destroyed and the maximum
coupling efficiency is drastically reduced to about zero. In
this decoupling region, optical energy can be well confined
in the same lower waveguide. The BPM simulation result is
illustrated in Fig. 6(b). The result shows that the coupling-
length L. = 59 mm in the coupling region, and after a long
distance propagation (>5L, = 295 mm) in the decoupling
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Fig. 6. (a) The configuration of dual-ARROW switching structure consisting
of a coupling and a decoupling region with corresponding parameters in
Fig. 5(a) and (b). (b) BPM simulation results with the structure in Fig. 6(a).

region, power is still well confined in the lower ARROW
waveguide. It verifies our coupling efficiency analysis.

In InP (ns = 3.16) substrate, InP acts as the film material
for two guiding layers, the separation layer, and low-index
cladding layers, i€., ng1 = ngo = Neep = N1 = N2 = 3.16.
Ing 577Gag.423As0.90Po.10 is for high index cladding layers with
np1 = N2 = 3.55 at A = 1.55 ym [13]. Just like the same
reason as in Si substrate case, we design dg1 = 4 pm such that
this large core is compatible with cptical fiber efficiently [11],
then dgg = 4 pm, dp1 = dp2 = 0.237 pm and djy = 2 pm can
be obtained. We observe the influence of the upper cladding
layer thickness in the basic structure as show in Fig. 1(b).
The dispersion results are shown in Fig. 7. Fig. 8 represents
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Fig. 8. Power coupling efficiency versus different upper cladding layer
thickness dj; in Fig. 1(b).

the relation between the maximum coupling efficiency and
the thickness variation of the upper cladding layers. Similar
to Si substrate material, efficient coupling also occurs in the
symmetric condition of djy = djp = 2.0 pm, d},, = dp1 =
dp2 = 0.237 pum and the maximum coupling efficiency is
C, = 99.96%. The field distributions of local normal modes
in this case are shown in Fig. 9(a). The coupling-length is
obtained as L. = A/(2|N. — No|) = 7.34 mm from Fig. 7.
Another extreme value for maximum coupling efficiency near
zero occurs, when the upper cladding layers are removed such
that dj; = 0 pm and dj; = dpy — 0.075 pm = 0.162 pm. In
this decoupling region, the field profiles of the even and odd
modes plotted in Fig. 9(b) again shows a negligible coupling
and the maximum coupling efficiency is obtained as near
zero. Similar to the devices on Si substrate, we also used
the BPM to simulate the wave propagation in a specially
designed structure. The BPM simulation structure is depicted
in Fig. 10(a), which also consists of a coupling region with
dll = dlz = 2.0 pm, dlhl = dhl = th = 0.237 m with a
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coupling-length and a decoupling region with d;; = 0 pm and

%1 = 0.162 um. BPM simulation results in Fig. 10(b) again
show the expected results. Propagating after a coupling-length
of 7.34 mm in the coupling region, light is completely coupled
from the upper guide to the lower guide. In the decoupling
region optical guide power remain in the lower guide for
a long distance (>5L. = 37.5 mm). Since we can easily
control coupling-efficiency between dual ARROW waveguides
by simply varying the thicknesses of upper cladding layers, the
theory and idea can be applied to designing a power divider
with any power ratio based on our theory and this will be
discussed in detail in another paper.

V. CONCLUSION

We have developed the necessary theory to analyze the
coupling efficiency of dual ARROW waveguides. Based on the



CHEN ef al.: COUPLING-EFFICIENCY ANALYSIS OF OPTICAL WAVEGUIDES

z
InP - Substrate
X
(@)

32,00 -
E 2800 -
E i =
B 2400
Z
< ) 4
& 20,00
(=)
% 16.00 |
= 1 =
S 1200
< i
m 1L
S =00 7 /\
[=9 .

4.00 N

0.00 ey

2.0 0.0 2.0 40 6.0 80 10.012.014.016.018.0
COMPUTING WINDOW (um)
(b)

Fig. 10. (a) The configuration of dual-ARROW switching structure consist-
ing of a coupling and a decoupling region with corresponding parameters in
Fig. 9(a) and (b). (b) BPM simulation results with the structure in Fig. 10(a).

theory, we have analyzed the coupling efficiencies of dual AR-
ROW waveguides with different upper cladding thicknesses on
Si and InP substrates. With the same thicknesses of both upper
and lower cladding layers to maintain the symmetry feature,
the coupling efficiency can be reached to about 100% with a
negligible loss. On the other hand, when the upper cladding
layers are almost suitably removed to destroy the symmetry
property, the coupling efficiency drops to near zero such that
optical power can be confined in the original waveguide also
with a negligible loss. BPM simulations also give same results
and verify the theory. The theory and simulation results can
be efficiently applied to designing an ARROW power divider
with any specified power ratio.
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