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Design of Low-Loss Tapered Waveguides Using the
Telescope Structure Compensation

Chun-Wen Chang, Mount-Learn Wu, and Wen-Feng Hsieh

Abstract—A low-loss tapered waveguide is achieved by the tele-

scope structure compensation. The configuration of this design is / L
similar to the Galilean telescope based on the bulk geometrical op-
tics. We numerically calculate the transmission efficiency in the use
of the beam propagation method (BPM) and the finite-difference
time-domain method. The BPM simulation results reveal that the
normalized transmission efficiency is more than 95%, even if the " lensA fi
tapered angle is as large as 0 (@
lens A (Objective)

Index Terms—Tapered waveguides, telescope structure compen-
sation.

lens B (eyepiece)
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. INTRODUCTION

IGHLY EFFICIENT optical-coupling with a large mis-
alignment tolerance between two photonic guided-waviy. 1. (a) Telescope structure compensation lenses in the tapered waveguide
devices with different cross-sectional dimensions is importafitd (b) the Galilean telescope system.
in various electrooptical applications. The tapered waveguide is
one of the popular means of converting optical mode sizes [1]deviations and the surface roughness of the lenses, are also
connect different electrooptical devices. However, the tapergatestigated to evaluate the practicability. By using the simu-
waveguide suffers serious radiation loss due to the mode niggion of finite-difference time-domain (FDTD) method, the
matching as its tapered angle increases. To reduce the excesgiiveed-wavefront phenomenon is revealed in the practical taper
loss, the dimensional variation along the propagation directit@gion.
of a tapered waveguide is limited, so that it is difficult to design
a compact structure with shorter taper length. Therefore, how Il. DESIGN RULE
to design a practical tapered waveguide with characteristics o
wide angle but low loss is an important topic.
A number of methods [1], have been proposed to increase

coxpling elfficiency Or: the gap?red Wa;]\{egui(filre._ d region of the proposed waveguide. Letsvith a positive focal

n_ovel apprloac tod esign % 'gh-e |C|en3y. anh. Clon]éngthf,,; and lensB with a negative focal length f, are placed
pact-size atera} tapere wavegulide IS proposed in this lettgry, e input and output ends of the tapered region, respectively.
As presented in Fig. 1, the Galilean telescope compensaiali ) is the common focus of both lenses

provides a low-loss beam-shaping method that converts s shown in Fig. 1(b), the eigenmode with planar wavefronts
t

' he input straight end of the tapered waveguide is collected by

broad plan-wave beam into a small one and, thus, it is ea
coupled to the following guided-wave structure. This hig?‘le s A and then converges toward the foadls Consequently,
ﬁ‘?g mode size of lightwave is converted continuously in the ta-

conversion ratio structure can combine the multilayer taper
ed region and the planar wavefronts become curved ones.

waveguide structure [2] to efficiently couple a multimode ﬁbeﬁer
into a single-mode fiber. Computer simulation using the bea ter passing through len®, the converged wave is diverged

propagation methpd (BPM) is implemented to demonsir o a planar one with a decreased mode size and propagates
the mode-conversion performance of the proposed structurng|

(b)

fThe proposed tapered waveguide is shown in Fig. 1(a). As
an be seen in this figure, a compensation lens set based on the
figuration of Galilean telescope is disposed in the tapered

Furth he fabrication i including the di ) 'oothly in the output end of tapered waveguide.
urthermore, the fabrication issues, including the dimensional ¢ . ;strated in Fig. 1(a)¥., andW;, are apertures of lent

and lensB, respectivelyL, represents the length of the tapered
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As presented in Fig. 1(a), the effective waveguide width is 10— ~ 1000
used as the aperture of the corresponding lens and the foc: ool @ a +—% ————— —~,_, 1980
length of lensA can be obtained from g ‘ © 01960 4

a 0.8} —— proposed compensated structure (PCS) V] 940 &
. Weﬂ‘ 7 / 2 g k —¥— uncompensated structure %
sin(6;) = 7 @) E o7 v PCS with 5% radius deviationof lens 4 920 g
i : s T PCS with reflection effc |
VWeiti /2 + f; : 2 R 7900 2
<N 06} —— radius of lens 4 400 g
Consequently, from (2), the focal lenggh of lens A can be g —e— radius of lens B ] )
determined as the geometry of waveguide is given. Due to theg 5| . N * * 4300 é
coincidence of the focal points of leasand lensB, we have = \ \\ 1200 2
04 |\ ~., =~
—fo)=fi— N R e -100
(h=fim e @ asl e e
Thus, the focal length-f, of lens B can be also obtained. 0 2 4 6 8 10 12 14 16 18 20

In order to determine the materials and radii of curvature tapered angle (degrees)

adopted for the compensation lens set, the Lensmaker’s formlgla o N . .
. . L . I9. 2. Variation in the radii of the lenses and the normalized transmission

of the thin lens approximation is used and described as belq,\e?,\,er efficiency versus the tapered angle.

If a lens with a given refractive index, and given radii of cur-

vatureR; andRs are used in an ambient medium of refractive

indexn,y,, its focal lengthf can be formulated as by this figure, the larger the tapered angle, the smaller the radius
will be needed and the smallest radii of curvatures occurring at
Mo 1 1 4 the case of); = 20° are 44.8 and 12.8m for lensA and lens
o (1 = 7m) TR @) B, respectively.

_ . ) _ The normalized transmission efficiengypf the tapered struc-
In the analy5|s, the refractive mdex of the _amt_)lent material C&ike, which is defined as the ratio of the output power and the
be approximated as the effective refractive index of the i+ nower versus the tapered angle are also shown in Fig. 2.
waveguide, which |s.def|ned as the ratio of thg propagation Cofpq propagation loss of the uncompensated tapered waveguide
stant of the waveguide to the wavenumber in vacuum. As thee ¢ rve labeled with) is about 50% when the tapered angle is
focal length and lens material are chosen, the radii of Curvaul'é‘?ger than 5. However, the transmission efficiency of the pro-
of lens A and lensB are determined. posed structure (labeled with) is as high as 88%, even if the
tapered angel is 20Since the lens is using the higher reflective
1. NUMARICAL RESULTS AND DISCUSSION indexes, the propagation loss owing to the reflection must be
To examine the performance of the telescope structure cof@ken into consideration. However, the single-directional BPM
pensation design, an example of tapered waveguide with higtnot suitable to simulate the reflection induced in the bound-
conversion ratidV; /W, of five is analyzed. As can be seen iraries between the waveguides and the lenses. The FDTD method
Fig. 1(a), the width of the input end of the tapered wavegtiitle 1S employed to calculate the transmission efficiency of proposed
is assumed to be 45m and that of the output erd, is equal Structures with reflection in Fig. 2. It shows only 6%-7% ad-
to 9 um. The refractive indexes af, = 1.5 andn. = 1.504 are ditional reflection losses are introduced as the tapered #gle
used for the cladding layer and core material. The exciting wawries from 8 to 20°. The results consistent with those obtained
length of a fundamental transverse electric mode in this analy8i@m the Fresnel’s equations are independent of the tapered an-
is 1.5m. According to the above information, the effective regles.
fractive indexesi.s ; andn.g , for both input and output straight  However, the tapered waveguide is practically a three-dimen-
ends can be calculated as 1.503 923 and 1.502 983, respectivgdyal (3-D) structure rather than a two-dimensional (2-D) one.
Various kinds of materials and corresponding curvatures can compare the 3-D calculation with the 2-D one, we used the
be chosen to bend the phase front before and after the tapeadve-mentioned parameters with= 10°, and assumed the
region. In the analysis, g\, (n = 2.0) is adopted to be the slab thicknesé, = 6.4 um, and let the thickness of the com-
compensation material of both lenses. Furthermore, the eff@ensation lens be larger than the height of the effective mode
tive refractive indexes.g; andn.g, of both input and output cross section to avoid the radiation losses in the vertical direc-
straight ends are employed as the parameter,pfin (4) for tion. We found that the transverse field distributions are well
lensA and lensB, respectively. In the following simulations, inconfined within the input waveguide, the tapered region, and
order to precisely apply the BPM to the proposed structures, tifie output waveguide, respectively. The transmission efficiency
transparent boundary condition is adopted to avoid the reflég91% for the 3-D result and is 95% for 2-D one. As aresult, the
tions occurring in the boundaries of the computational domai?:D calculation in this analysis would not deviate significantly
And the high-order approximation is also employed to elimfrom the 3-D one and can provide a good demonstration of the
nate the inaccuracy due to wide angle and large differencesppdposed structure.
refractive indexes. Note that the tapered angles fronro 2 To demonstrate the practicability of the proposed structures,
are analyzed in the proposed tapered waveguides, and the tewo major fabrication considerations regarding the dimension
responding radii of curvatures of ledsand B used in the pro- deviation and the surface roughness of the introduced lenses are
posed compensated structures are shown in Fig. 2. As revealbsw studied. Fig. 2 shows the transmission efficiencies of the
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e SRR S () Fig. 4. Transmitted power efficiency versus the conversion fafig 1V, of
(a) (b) the compensated and the uncompensated tapered waveguides
Fig. 3. Field distribution of the (a) compensated and (b) uncompensated Electric Field Distribution

tapered waveguide$i(; = 45 ym, W, = 9 um, andd, = 10°).

proposed tapered waveguides considering the radius deviation.
Assuming+5% radius deviation (corresponding 42.241m
dimension deviation) of lend, we found the transmission effi-
ciencies of the proposed tapered waveguides at the most detri-
mental situation occur fof; = 20° has the maximum 7.7%
propagation loss. Moreover, in the practical fabrication, e.g.,
using the reactive ion etching, the surface roughness less than
0.2 um are achievable. In this analysis, we enlarged the grid
size from 0.05 (corresponding 1920 wavelength) to 0.2:m = -
to simulate the surface roughness of (i for the lenses. Also 15 40 5 0 5 10 15
shown in Fig. 2, the surface roughness of@n2induces accept- transverse distance (Lm)
able excessive losses of 4%-5%favaries from B to 20°.

Fig. 3 shows the field intensity distribution of the taperefig. 5. Electric field distribution calculated by the FDTD methddy( =
waveguide with and without the compensation lens set. The ta/™ e = 9 #m, andé, = 20°).

pered angle in this case is°0t can be found that the power

radiates out continuously in the tapered region due to the mdgé&urved toward the focus and flattened again while leaving the
mismatching. In comparison with the previous case, the radfiPeredregion. Thus, the eigenmode of the input waveguide will

ation pattern of the compensated one becomes more Con\p&_@ome stable rapidly and transfer smoothly to the output wave-

gent and the normalized transmitted power efficiency of thatgé“de'
as high as 95%. In addition to the high-transmitted power effi-
ciency, the converted mode becomes stable rapidly after leaving
the tapered region; therefore, the size of the tapered waveguiden this letter, a novel lateral tapered waveguide with the tele-
will become more and more compact. scope structure compensation region has been proposed. Owing
Fig. 4 illustrates the relation between the transmitted powgy the compensation lens set, the wavefront of the light wave in
efficiency and the conversion rafi; /W, for compensated and the waveguide can be modulated, and thus, the eigenmode of
uncompensated structures when the tapered anglé.id&@an the input waveguide can be transferred smoothly. Furthermore,
be seen, the transmission efficiency of the proposed structurghe BPM calculation results reveal that the proposed structures
stable under the variation d¥; /W,; however, the efficiency have good performances in the transmission efficiency and the
decreases rapidly for uncompensated structure when the cfabrication tolerances. Therefore, the telescope structure com-
version ratio grows up. pensation can be implemented in the real application of highly
In order to obtain an insight into the wavefront transitiorgompact tapered waveguides.
the FDTD method is employed to calculate the electromagnetic

() due)sip [eurpnyIsuo]

IV. CONCLUSION

field distribution in the proposed structure. For easier observa- REFERENCES
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output one is @m. Fig. 5 displays the calculation results of the __ Electron, vol. 30, pp. 1787-1793, Aug. 1994. _
lectric field distribution. As shown in this fiqure. owing to the [2] R.S.FanandR. B. Hooker, “Tapered polymer single-mode waveguides
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