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Method for the simultaneous measurement of waveguide

propagation loss and bending loss

FAN Zuo-wen', JIA Lian-xi'**", LI Zhao-yi', ZHOU Jing-jie', CONG Qing-yu', ZENG Xian-feng’
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Abstract: The propagation loss of a waveguide is a key indicator to evaluate the performance of an integ-
rated optical platform. The commonly used cut-back method for measuring propagation loss requires the in-
troduction of the spiral test structure. In order to remove bending loss, the bending radius is usually designed
to be larger but this consequently has a larger footprint. In this paper, we suggested a method to simultan-
eously measure the propagation loss and bending loss of waveguides with a cut-back structure. According to
simulations, the bending loss can be exponentially fitted with the bending radius, which can be further simpli-
fied as linear fitting between the natural logarithm of the bending loss and bending radius. A genetic al-
gorithm was used to fit the insertion loss curve of the cut-back structure and the propagation losses and bend-
ing loss were calculated. With this method, we measured a cut-back structure of lithium niobate waveguide
and got a propagation loss of 0.558 dB/cm and a bending loss of 0.698 dB/90° at a radius of 100 pm and
wavelength of 1550 nm. Using this method, we can simultaneously measure waveguide propagation loss and

bending loss while mitigating the footprint.
Key words: propagation loss; bending loss; lithium niobate; genetic algorithm
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1 Introduction

Recently, lithium niobate (LN) has been widely
used in integrated optics and other fields due to its
wide transparent window (350 nm—5 pum) and high
electro-optical coefficient!*. The conventional bulk
LN waveguide (WG) formed by Ti diffusion has a
low refractive index contrast and weak confinement
to the optical field, which restricts the miniaturiza-
tion of devices. The advent of LN on an insulator
(LNOI) has greatly expedited the development of
LN platformsP®!. LNOI retains the advantages of a
bulk LN but has higher refractive index contrast,
which greatly reduces the optical field and pro-
motes the miniaturization of devices™”. LNOI has
been used on many integrated optical devices such
as nonlinear devices, micro-ring resonators, mul-
timode interference couplers (MMI), electro-optical
modulators (EOM), optical frequency combs®'*! etc.
Cai Lutong et al." used a proton exchange without
anneal to fabricate a waveguide with a 0.16 um ex-
change depth and a 2 um width on 0.6 pm thick x-
cut lithium niobate films, which had a propagation
loss of 0.2 dB/cm at 1550 nm. The fabricated Y-
junction based on the low-loss waveguide is shorter
than the conventional Ti-diffused and proton ex-
changed in bulk lithium niobate, which would bene-
fit the development of highly efficient photonic
devices. Cai Lutong et al." also used the annealed
proton exchange to fabricate a waveguide with a
4 um width on 0.56 pm thick x-cut single-crystal
lithium niobate films, which had a propagation loss
of 0.6 dB/cm at 1550 nm. Hu Hui et al.'” etched a

2 um wide waveguide on lithium niobate film using

doi: 10.37188/C0O.EN.2022-0027

Ar milling and found the waveguide has a propaga-
tion loss of 6.3 dB/cm (TE mode) and 7.5 dB/cm
(TM mode). Inna Krasnokutska et al.!'” fabricated
optical waveguides using a mixture of trifluoro-
methane and argon gas to etch lithium niobate films
with a resulting propagation loss of 0.4 dB/cm,
while the slope angle of the waveguide was only
15°. In this method, the reaction between fluorine
ions and lithium niobate generates a layer of lithi-
um fluoride during the etching process™, which
makes it difficult to obtain high-quality deeply
etched optical waveguides on lithium niobate films.
As a new platform of integrated optics, the
propagation loss of the waveguide is the key spe-
cification to estimate its performance and the com-
mon method to measure the propagation loss is the
cut-back method™”. A cut-back structure is typic-
ally composed of several waveguides of different
lengths and a spiral structure is usually used to form
different lengths, which can greatly reduce the res-
ulting footprint. Typically, the bending radius of the
spiral is large enough to guarantee that the bending
loss is negligible, and the insertion loss of each
waveguide only includes coupling loss and propaga-
tion loss. Because the coupler of each waveguide is
identical, the coupling loss is the same for each
waveguide while the insertion loss of the wave-
guide is linear with the length of the waveguide. By
fitting the insertion loss of the cut-back structure,
we can get a straight line where the slope of the
straight line is the propagation loss and the inter-
cept is the coupling loss. Gutierrez A M et al.™
measured waveguide propagation loss based on the
analysis of the transmission spectra of asymmetric
Mach-Zehnder Interferometers (MZIs). They used
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this method to avoid the variation of the coupling
loss of different waveguides. Sareh Taebi et al.*!
modified the Fabry-Perot interferometer method to
measure waveguide loss. They used a superlumines-
cent diode to excite the waveguide and fitted it with
various input powers. Yiming He et al.*” used the
reflected spectrum of a waveguide structure to cal-
culate waveguide loss. They analyzed the reflected
interferometric pattern from the Fabry-Perot cavity
to get the waveguide loss, which also avoided the
coupling error. However, for waveguides with weak
confinement, the radius may need to be several hun-
dred micrometers or larger and occupy a large area
even with a spiral structure, which will increase the
cost of an LNOI platform remarkably due to the
high price of the LNOI wafer.

Genetic algorithm (GA) is a method to search
for the optimal solution by simulating the natural
evolutionary process, which was first proposed by
John Holland™! in the early 1970s, and has been
widely used in the field of engineering through the
exploration and innovation of many scholars®>!,
By drawing on the theory of biological evolution,
GA transforms the problem to be solved into a pro-
cess of biological evolution by treating the multiple
solutions of the problem as a population. One solu-
tion situation after each optimization is represented
as an individual in the population, and the coding of
the variables to be solved as an operation on the
genes in the chromosome. By changing the traits of
the population (the value of the function to be
solved) through the operation of selection, crossov-
er and mutation of biological genes, the best indi-
viduals are continuously retained in the evolution-
ary process based on the principle of superiority and
inferiority, and finally, the most suitable population
is obtained by simulating the evolution of organ-
isms in a continuously iterative way. The GA has
been widely used for solving optimization problems
with its superior stability and global search capabil-
ity. Hence, we suggest a method based on GA to
simultaneously measure the bending loss, propaga-

tion loss and coupling loss with a cut-back structure.

2 Fabrication and structure analysis

The LN waveguide is fabricated on a 6-on-
8 LNOI waveguide with 0.4-um thick top LN,
3-um thick SiO, and 500-pum thick high-resistivity
silicon substrate. The fabrication process is shown
in Fig. 1 (color online). All fabrication processes
are performed at the Shanghai Industrial pTechno-
logy Research Institute (SITRI). The devices and
components are provided by SITRI. Firstly, 0.5 um
Si0, was deposited by PECVD as a hard mask, then
the hard mask and LN underwent lithography and
etching to realize a depth of 0.1 um. The photores-
ist and hard mask were removed separately. Finally,
1 um SiO, was deposited as the upper cladding lay-
er by PECVD. The scanning electron microscope
(SEM) image of the LN waveguide is shown in
Fig. 2 where the vertical and smooth sidewall is

clearly formed.
———u ———u
@ (b) © (d
———u

© ® (2 (h)
LN'  Oxide ©Si~ ®=PRm

Fig. 1 Process flow of LN waveguide fabrication. (a) LNOI
substrate. (b) Deposition of oxide by PECVD. (c) I-
line lithography. (d) Hard mask etching. (e) LN
etching. (f) Photoresist removal. (g) Hard mask re-
moval. (h) Deposition of cladding by PECVD

Fig.2 The SEM image of the fabricated LN waveguide

The cut-back structure we used is comprised of

five spiral waveguides with different lengths as
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shown in Fig. 3. The grating coupler was used to
couple with fiber and the radius and number of
bends in each waveguide were different. The re-

lated information is summarized in Table 1.

Fig. 3 The optical microscope image of the cut-back struc-
ture

Tab.1 The basic information of the cut-back structure

Length(cm)  The radius of bend(pum) Number of radius
WGl 0.1582 100, 110 100x4,110x2
WG2 0.9021 100,110,120,130,140,150  (100-140)x4,150x2
WG3 2.2054 100,110,120...190,200  (100-190) x4,200x2
WG4 52274 100,110,120...290,300  (100-290) x4,300x2

WG5S 11.4854 100,110,120...490,500  (100-490) x4,500%2

Since this was the first time we fabricated an
LN waveguide, to guarantee the grating coupler
could work normally, we added 5 splits to the
grating coupler’s design (GCI1-GCS5) and applied
them to 5 sets of cutback structures as shown in
fig. 4.

GC1

GC2 GC3

GC4 GC5

Fig.4 Layout image of the 5 sets of cutback structures for
the 5 splits of the grating coupler

3 Theory and waveguide loss analysis

The bending loss is mainly caused by the mode
mismatch between a straight waveguide and a
curved waveguide*?*, A larger radius will lead to a
lower bending loss. Firstly, we simulated the bend-
ing loss of the LN waveguide with different bend-
ing radii by the Finite Difference Time Domain
(FDTD) of Ansys-Lumerical. To maintain consist-
ency with the fabricated waveguide, we chose a 90-
degree LN waveguide bend with an LN thickness of
0.3 pm surrounded by 3 pm of SiO,. The etching
depth of the LN waveguide was 0.1 pm with a 72°
sidewall angle, and the waveguide width was set to
1.5 pm with a simulation wavelength of 1.55 pm.
The results are shown in Fig. 5(a). We found that
the bending loss can be exponentially fitted with the

bending radius, which can be further simplified as

25 - -
(@) —s— Simulation
—— Fitting
20 F —
Equation a-exp(—b-x)
B 34.036 42 £ 0.585 82
m 15F b 047 14+ 8.952 09%10°*
g R-Square (COD) 0.998 81
1%2)
S 10
—
5tk
ok
L L L L L
0 20 40 60 80 100 120
R/pm
3 (b) —=— Simulation|
i —— Fitting
Equation y=a+bx
2k Intercept 3.677 95 +0.038 24
Slope | 005262 £ 5.638 6810
R-Square (COD 0.998 97

In(Loss in dB)/dB

0 20 40 60 80 100 120
R/pm

Fig. 5 (a) Simulation of the bending loss of the LN wave-
guide. The bending loss of the waveguide is expo-
nentially related to the bending radius. (b) The lin-
ear fitting of the natural logarithm of the bending

loss with the bending radius
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linear fitting between the natural logarithm of the
bending loss and the bending radius, as shown in
fig. 5(b). We came to the same conclusion by simu-
lating the LN waveguide with bends of different
thicknesses, widths and sidewall angles. Therefore,
the bending loss at any radius can be simply ex-
pressed assuming that the slope of the curve and the
bending loss at a fixed radius are known. Then, to
calculate the insertion loss of the waveguide, we
only need to know four parameters: propagation
loss, initial bending loss at a fixed bending radius,
slope of the bending loss fitting curve and coupling
loss. With the measurement results of the cut-back
structure, these four parameters can be fitted iterat-
ively. In the following sections, we will express the
details of the method and successfully apply it to the
characterization of the newly fabricated LNOI wav-
eguide.

As mentioned above, the natural logarithm of
the waveguide bending loss is linearly related to the
bending radius, so, if we assume the bending loss at
radius Ry is ayg and the slope of the linear curve is &,
then the bending loss at random radius R can be ex-

pressed as:

ln(a'bR) = ln(abo) - k(R —R()) s D

Where ayz is the bending loss at radius R, it can be

further expressed as:

Qg = elﬂ((llx»)—k(R—Rn) . (2)

Then, the total insertion loss a, of the waveguide

can be expressed as:
Ui = Qi+ U + Ay (3)

where o, is the propagation loss of the waveguide,
ay,; is the bending loss, and o, is the coupling loss (i
from 1 to 5, representing five waveguides, respect-
ively). Because the grating coupler of each wave-
guide is identical, we can use the same coupling loss
from WG1 to WGS under the same fabrication con-

ditions. The propagation loss is

ap,»=a><Li 5 (4)

where o is the propagation loss coefficient of the
waveguide (in dB/cm), and L; is the length of the i-
th waveguide (see Table 1 for specific values).

The bending loss oy, is the sum of the losses of
all the bends. Since our bending radii all start from
100 um, Ry is set to 100 um. The bending losses of
other bends can be derived from Eq (2). Thus, the

total insertion loss of different waveguides can be

derived:
— In(ay)—10k
gy =aXLi+4xXan+2Xe +a, , (5
@p = X Ly +4 X [y + ™07 10k 4 plnteio)=20k
eln(a/,,(,)—3()k + eln(a/b{,)—4()k] + 2 X eln(a,,(,)—SOk + agc ,
(6)
@ = X Ly + 4 X [y + ™) 710k 4 pln(ei)=20k
@m0k | plnon)-80K o In(ain)-90k]
In(a0)—100k
2 x e!h@w) +tag, D
U = X Ly + 4 X [y + ™) 710k 4 pln(ei)=20k
w30k o i) 180k | plntan)=190k]
In(ay)—200k
2 x M0k 4 g (8)
Qs =a X Ls +4 X [ + ™71 % 4 (@206
w30k o plnn)-380k | plntane)-390k]
In(ay)—400k
2 x M0k (9

Since different waveguides have the same
waveguide cross section and grating coupler, their
propagation loss coefficient a and coupling loss a,
are the same. Therefore, there are four unknown
parameters, a, an, k and a, in the five Egs. (5)-(9).
Theoretically, we can get the solution of the four
parameters if we can calculate the insertion loss of

the five waveguides.

4 Fitting methods and results

To solve the four parameters, GA is used to fit
the test results. The core elements of GA include
parameter coding, setting of the initial population,
design of the fitness function, design of the genetic
operation, and setting the control parameters. The

specific genetic process is shown in Fig. 6.
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v
Coding

 Generate the initial
population

Calculate fitness

Whether the optimization
criteria are met

[ Select YES
L

" Cross |
17
[ Variation |

Optimal solution |

v

Decoding \

v

End |

Fig. 6 The basic process of the genetic algorithm

For our situation, a set of pre-set solutions of
the four unknown parameters comprised the popula-
tion of the algorithm. The square root » of the calcu-
lated insertion loss a, and the measured insertion

loss oy is

>

2 2 2
_ \/(atl_aTl) +(ap —ar) +(as—ars) +

2 2
(@ —ars)” + (a5 —ars)

which is used as the criterion of parameter optimiza-
tion. A smaller r-value means better matching
between the fitting results and measured results so
we hope to get the smallest 7-value. In this way, we
can get more accurate propagation loss and bending
loss. The measured insertion loss and fitting results
are compared in Fig. 7. A total of 5 sets of cut-back
structures with different GCs were measured and the
fifth group was tested twice due to the high loss of
that GC. All the fitting results are summarized in
Table 2. The fitting curves closely matched the
measurement results showing that our method is
effective for simultaneously measuring the pro-
pagation loss, bending loss and coupling loss. It can
be seen from Table 2 that the best fitting is for
the GC3 structure with an » value of 0.044, cor-
responding to a waveguide propagation loss of
0.558 dB/cm, bending loss of 0.698 dB/90° at a ra-
dius of 100 pm and a coupling loss of 10.74 dB.
Each of these numbers is reasonable compared with
results in other literatures!'” *22. In this way, we
simultaneously get waveguide propagation loss,
bending loss, and coupling loss. The comparison of

different measurement methods is shown in Table 3.

10
32
36} (b)
30
34+
” 28 ¢
g 826}
221 %o
4 L
=28+ S
22 ¢
267 -=— Experimental 20t -=— Experimental 16+ —=— Experimental
24 F . . - Callculatled s . . .+Callcu1at.ed ” . . —eCalculated
0 2 4 6 8 10 12 0 2 4 6 8 10 12 0 2 4 6 8§ 10 12
WG Length/cm WG Length/cm WG Length/cm
26 52
(d 50 1 (e)
24t
2 48t
| 9 46|
S 3
Z 20 2 441
g 3
= 181 42t
40 .
16 + —=— Experimental 33 - Experimental 32 -=-Experimental
" . - Calculated % . . e Calculated 30 . RS Callculatled
0 2 4 6 8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 10 12
WG Length/cm WG Length/cm WG Length/cm

Fig. 7 The measurement results of the cut-back structure and the fitting results. (a) GC1, (b) GC2, (c) GC3, (d) GC4, (e) GC5-

1, (f) GC5-2
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Tab.2 The summary of the fitting results

a(dB/em)  oo(dB) k t4(dB) p 5 Conclusions
GCl1 0.538 0805  0.0446 20220  0.072
GC2 0.408 0.698  0.0346 15448  0.261 In this paper, we suggested a method to meas-
GC3 0.558 0698  0.0399  10.740  0.044 ure propagation loss, bending loss and coupling loss
GC4 0.209 0393 0.0201  12.114 0366 with a cut-back structure, in which the bending loss
GC5-1 0.194 0416 0.0176 35350  0.355 is expressed exponentially with the bending radius.
GC5-2 0.421 0339 00194 29.666  0.230 Through the fitting method based on GA, we got the

Tab.3 The performance comparison of different meas-

loss specifications of the fabricated LN waveguides.

Traditional ~Widely employed owing to its

urement methods Finally, a propagation loss of 0.558 dB/cm, a bend-
Advantages Disadvantages ing loss of 0.698 dB/90° at 100 um and a coupling
Can’t simultancously loss of 10.74 dB were realized with square root » of

measure the propagation
loss and bending loss;

only 0.044, which showed a close match with the

cut-back ease of use. Requires identical . . .
equires icentica test results. With this method, we can use a single
coupling conditions.
Three-prism  Does not require constant Has low measurement cut-back structure to measure propagation loss and
Method®* coupling conditions accuracy.

Fabry-Perot Can eliminate the influence of

bending loss without using a large bending radius in
Requires a complex

‘fj:tfgzijg“ coupling 1:::;2‘3;35 higher coupling system. the traditional cut-back structure. It will save signi-
Can simultaneously measure ficantly on the footprint without limiting the bend-
waveguide propagation loss and
This paper bending loss; ing radius. We can simultaneously measure wave-
Smaller footprint; . . . . .
Simple and convenient guide propagation loss and bending loss with this
Operation. method.
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