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Abstract: We propose and demonstrate a non-destructiveothétin loss measurement in
optical guided structures. In the proposed approtiehdevice under test does not require
connectors at its ends, thus making this technmuaglable for both optical fibers and
integrated optical waveguides. The loss measuremdetsible over a broad range, from
low (0.2 dB/km) to high (of the order of 1 dB/mngsk values. This method is validated
through measurements performed on a microstructbaddy fiber and on a photonic
crystal waveguide. The obtained results are in gogréement with theoretical calculations
and measurements obtained by other approaches.

(02012 Optical Society of America
OCIScodes: (060.2310) Fiber Optics; (130.2790) Guided way&20.3940) Metrology.

1. Introduction

Propagation loss is one of the most important patars in optical fibers and waveguides
[1]. Characterization of propagation losses is amdntal to optical system design,
implementation, and performance estimation. To mmeagsses in optical fibers, people
generally use optical time domain reflectometer D&) or cutback methods [2]. For the
first one, the optical fiber must be long enougévésal meters), to allow the separation
between the input pulse and the reflected sigf@sthe second one, on the contrary, the
fiber length can be reduced but not less than eémentimeters. Furthermore, the second
approach is destructive. There is an attractive-aestructive method which applies for
short optical fibers, but requires connectors dhlemds of the device under test (DUT) [3].
Concerning the loss measurement in optical wavegilideveral techniques have been
proposed such as the cut-back [4], the prism loogfb], the scattered light measurement
[6], the photo-thermal deflection [7], the inteknanodulation [8] and the Fabry-Perot
interferometer methods [9-11]. The first appfoacnot always applicable because of its
original problem of destruction. The second oneosuited for characterizing waveguides
with length of less than one centimeter. The sadtéght measurement technique requires
homogeneity in the structure through the overalgth of the waveguide and a good light
scattering image on the vertical surface of thediggi structure so that the camera can
efficiently capture it. The next two methods aréahle for waveguides with losses larger
than | dB/cm as they normally exhibit large uncetias. The methods described in [9-11],
on the contrary, are advantageous for low-loss gades (< 1 dB/cm). They are based on



measurements of the contrast of a Fabry-Perotycawomsisting of an optical waveguide
with reflections from the end facets. Thereforegythrequire the two facets of the
waveguide to be reflective, a constraint that somet cannot be met because in some
configurations, as it is the case of tapered waindeg tailored extremities are needed.

In this paper a modification of the measuremenhnee proposed in [3] is illustrated.
With this extension, that keeps the non-destruativeracteristic of the original approach,
the new technique can be applied for measuringe$os$ optical devices that don’'t have
connectors at both ends, thus making this methode also for integrated optical
waveguides.

Moreover this new method also allows evaluatingassely the coupling losses from the
propagation losses of the guided structure.

In the first section of the paper, the fundamenvélthe proposed approach are described in
details. Additional steps necessary to maintain tieasurement accuracy when this
technique is applied to an optical waveguide ase &lghlighted. In the second section,
measurements results obtained for a photonic drysseguide and a micro-structured
optical fiber are then illustrated. Discussion apndclusions are drawn at the end.

2. Description of thetechnique

The technique is based on the assumption that gesuned losses don’'t depend on the
propagation direction [12][13]This hypothesis is reasonable for single-moderditand
devices [3], which are generally required for magplications in telecommunications and
when cladding, weakly guiding and/or radiation nodan be neglected [13}loreover,

we suppose that the laser power used for the mmasuts is low enough to avoid
nonlinear effects that could impact the results.dMgpose also that the light source and the
power-meter are stable during the measurementselbss fiber and device losses, and the
same source and photodetector are used when nreasulioth propagation directions.

Figure 1 presents the setup of the proposed tegénid is quite similar to the setup
presented in [3] except for the fact that the dewinder test (DUT), which is located in the
section CD, can be an optical fiber or an optical/@guide without any connector at both
its ends. In our setup, we use two similar coupfibgrs AB and EF to launch light in and
take light out. We calL; the loss between poinend poinf. For examplé_ag, Lcp, Ler are
the losses in the coupling fiber AB, in the DUT andhe coupling fiber EF respectively.
The coupling loss between fiber AB and the extrgr@itof the DUT isLgc. The coupling
loss between fiber EF and the extremity D of theTD¥ Lpe. As we suppose that the
coupling loss between two guided structures ispedéent on the direction of the light, the
coupling losd g¢ (light coming from B to C) and the coupling ldsgs (light coming from
C to B) are identical. But the coupling loss cardifferent on both sides of the device, that
is to say that gc andLpe may be differentThe aim of our loss measurement procedure is
to Identlfy Lec, Lco andLDE.
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Fig. 1. Principle of loss measurement technique.

To proceed we treat now the real link from A to $~reaalized with a ‘virtual fiber’
composed by all the distinct segments AB, BC, CIE, &hd EF characterized by their
different losses. Then, we consider the possibittapply the cutback method to this fiber
to measure separately the losses in each secterdifficulty is that we cannot identify the
loss in each segment separately by one measureByemerforming the measurements
from both sides (i.e. with forward and backwaraations) and by combining the results of
these measurements it is possible to identify theumt of losses in each different segment.

The procedure includes 6 steps detailed in Tabl&olmeasure the light power, an
integrated sphere powermeter with suitable phoemtlet is used. Let us stress again that
both the light source and the receiving sectionmaaintained the same for the complete
measurement procedui®,” represents the measured power at poiwhen light direction
is from A to F.Py represents the measured power at goinhen light direction is from F
to A. The light source is a laser diode which entight with power ofPy at a specific

wavelengtho.
Table 1. Different steps of measurement and associated identifiable values.

# Description Setup Measured Identifiable
power value

1| Inject light source in the | laser 4 5 Po,Ps’ Las
injecting fiber -

F

2 | Make an optimized | laser 4 B ¢ D Po Lap
coupling between

injecting fibers and DUT

¥

3| Make an optimized P
coupling between
injecting fibers and DUT | laser , B Cc D E F
(optimisation condition
maybe consist in
achieving the maximum
transmission). Light
direction from Ato F

Lar

4| Keep the optimized Py Lea
coupling between | , B C D E  laser
injecting fibers and DUT
but change the direction
of injected light.

5| Take out the injecting c b E g laser | P¢ Lrc  (supposed
fiber AB to be equal to
Lcr)

6 | Take out the DUT-CD E g laser | Pg Lee




In steps 1, 3, 4, 6 of the procedure, the conngdtiss between laser and coupling fiber
are included in the loss of the coupling fiber.idt straightforward to establish the 3
following equations with 3 variable&dc, Lcp, Lpg):

LBC + LCD + LDE = LBE :LAF _LAB -L EF (1)
AD_LAB (2)
LCD + LDE = LCE = LCF _LEF (3)

L.+L,,=L, =L

BC CD BD

From (1) and (2), we find the coupling loss. =L,. -L_ -L,,. From (1) and (3), we
find the coupling lossL,. =L,  -L,, -L.. By replacingLpe andLgc in (1), we find the
waveguide losses of the DUT, =L,  -L,, —L —L,. —L,.

In the case where the DUT is an optical fiber, firecedure is straightforward.
However, if the DUT is a waveguide with a lengthsoine millimeters, the measurement
of Po" (step 2) and oP¢ (step 5) can be inaccurate because the detectorcali@gt not
only the power at the waveguide output but alsopiwer at the output of the coupling
fiber which passes through the air (over and béntst waveguide) because of very short
length between coupling fiber and detector. To mire this inaccuracy, the measurements
in step 2 (and step 5) should be performed by wimsteps with the help of an objective of
microscope inserted in front of the detector aixad distance (see Figure 2). The optical
objective is chosen so that its numerical aperfN®) is large enough to be suitable with
the NA of the DUT and of the coupling fibers. Thewer measured with the detector
through the objective is presented with a star miarlorder to get rid of the losses due to
the additional objective, we identifysp instead oL ap (step 2) andlec instead ofgc (step
5). The value oLgp (andLgc) is obtained by means of the two previously désctisub
steps whereP*p" and P*g" (P*c and P*¢ respectively) are measured. The rest of the
procedure is unchanged compared with the case wiel@UT is an optical fiber.

(a) (b)

II:ocaI lquth Focal length
|H| P* D+ P*c_ : s ; :
laser A B C D .- N <A\ C D E F laser
— > m— PM PM | . <
ool <\
P*B+ P* -
E
laser A B N laser
— "33:':':';_"'":""5 PM PM : m E F <
X <\
I—BD = P*B+_ P*D+ \ \ T LEC = P*E-' P*C>
Fixed positions Fixed positions

Fig. 2 Setup of measurements in step 2 (a) and in s(epwhen the DUT is a waveguide. PM:
powermeter.

Let us notice that if cladding, weakly quiding asdfadiation modes exist in the
waveqguide they will not be measured with the olyectSo they will influence only the
waveguide losses but not the coupling losses.




3. Experiments
3.1 DUT is a waveguide

The experimental setup is shown in FiguteTBe DUT is a photonic crystal (PhC)
waveguide fabricated in the framework of the COPERDS project by Thales Research
and Technology [14]The waveguide is 1.3 mm long, butted at extresiby inverse
tapers. The inverse taper enlarges the mode fialdeter of the waveguide up to 1.35 pm.
The coupling fibers are micro-lensed fibers, nam@chdhyp, fabricated by Foton
laboratory [15]. The MFDs of these micro-lensed fibers aret@.7 um (measured at

1/€ of maximum intensity) and the working distance &Pm The NA of the objective
used in the power measurements is 0.95. To maittiaimjected polarization state during
the whole measurement procedure, a polarisatiotraltar is needed in the measurement
set-up. Results of measurements for each stepuammarised in Table.2

PC

o oo, A

Lensed fiber  pnhc waveauid Lensed fibe

E F PM

Fig. 3. Experimental setup of loss measurementaveguides. PC: polarisation controller; LD: Lasiedé; PM:
powermeter.

Table 2. M easurements and associated calculated losses.

Description of setup Measured| Deduced value
powers
1| Measure the power at the output of lensed fib& = 2.0 dBm Lag= 0.5dB
AB. Pg+ = 1.5 dBm

2| Insert the objective in front of lensed fiber AB| P*g+ =— 0.26 dBm| Lgp = 4.08 dB
Make an optimized coupling between injectindg?*p+ = — 4.34 dBm
lensed fiber AB and the PhC waveguide in front

of the objective with the output (point D) at the
same place as point B in previous step (see|fig.
2a).
3| Make an optimized coupling between injecting®=" = —5.72 dBm | Lae=7.72dB
lensed fibers and PhC waveguide.
4| The direction of light now is from F to A with P-=—5.78 dBm | Lga = 7.78 dB (quite

the same optimized coupling between coupling similar to the valué.ag)
fibers and DUT as in previous step

5| Remove the lensed fiber AB. Insert the objecjve*-=-4.10dBm | Lg¢ = 3.82 dB
at the output (point C) of the PhC waveguide. (supposed to be equal {o

Remove the PhC waveguide. Advance thie*g-=—0.28 dBm | Lcp)
lensed fiber EF so that the point E occupies |the
previous position of point C (see fig. 2b).
6| Remove the objective Pe-=1.5dBm Lee = 0.5dB (supposed
to be equal tdgp)




By replacing all the above values into (1), (2) &)dand by considering thhte = Lec,
we have:

Lye +Lep + Lo =7.72-0.5- 0.5= 6.7, (4)
L. +Lg, =4.08 (5)
Lo+ Ly =3.82 (6)

By solving (4), (5), and (6), we obtaime = 2.64 dB which corresponds to the input
coupling losslLgc = 2.90 dB (output coupling loss) abhdp = 1.18 dB (waveguide losses).
In the results, we observe that the coupling lassstightly dissimilar, this is because the
two microlenses used on both sides are not ext#wtlysame. In fact the transverse mode
field intensity profile of one of them is slightilliptical, with a mode field diameter of 2.65
um and 2.75 um in horizontal and vertical axis eepely and the second one is circular
with 2.7 um of mode field diameter. Moreover thpeiss may also be weakly different on
both sides of the device.

Let us notice that we use onlydin the calculation and notgh. (slightly different from
Lar in our case) because we considgrll;. The fact that ke is different from la can be
explained by the fact thay; lis different from I; somewhere in the system. In our concrete
case we think that this difference mainly comesnfrine DUT which contains tapers. So
we can conclude thatch would be different from pc in an amount of 0.06 dB (ieak -
Lra).

Waveguide losses include linear, waveguide to téqaesition and backscattering losses.
Therefore, the identification of linear losses @ aasy as all the other contributions should
be subtracted from the computation. However, thisitcan be considered as dominant in
our case. In fact, if we suppose that only lineasés contribute to power attenuation in the
1.3 mm waveguide, the average wavequide lossesnitdlength are 0.91 dB/mm, which is
quite close to the simulated value of 10 dB/cm amced in [16].

Coupling losses on the contrary could be computedmneans of the exact coupling
efficiency calculation illustrated in [4]. Howevén our case, where the two circular
gaussian modes are assumed to be well alignedstireation formula described in [17]

can be used to evaluate the coupling efficiendetween two beams with mode field radii
w; and &y respectively througly = 4wfwj/( of + af)° . With the valuew; = 1.35 pum for the

mode field radius of the coupling fiber ang = 0.64 um for the mode field radius of the
PhC waveguide (measured by near field technigime),coupling efficiency is7 = 0.6
which leads to 2.2 dB of loss per facet instead.6# dB and 2.90 dB (measured values at
the input and output facet respectively). The défee between the estimated and the
measured values can be explained by consideringdtgion of reflection losses on the
fibres and tapers extremities, the non-perfect gjansmode profile at the output of the
taper [17],the misalignments of modes, etc.



3.2 DUT is an optical fiber with no connector & énds

We also performed the measurements with a nonlimearostructured holey silica fiber
(355 meter long, without connectors). For injectiiffiers, we use two high numerical
aperture fibers with mode field radii of 1.78 pmheTsetup is similar to _Figure Jhe
measurement results are presented in Table 3

Table 3. Power measurements (dBm) for microstructured holey silica fiber.

Po Pe+ Pp+ Pgt Pa- Pc- Pe-

0.80 —13.08 -9.25 0.10 -13.06 -9.08 0.49

From these measurements, coupling and linear lcagethen deduced to be 3.30 dB
for Lgc, at the input, 3.52 dB fdrpe at the output and 6.05 dB for linear lass (i.e. 17.04
dB/km). By cutback method, we found linear loss66f0 dB (i.e 17.46 dB/km) which is
about 2 % different in comparison with the resgitgeen by our method. As concerns the
high values of coupling loss, we attribute it mgirtb the very small size of the
microstructured holey silica fiber (mode field nasliis of 0.8 um, measured by far field
method). Using the theoretical equation of coupléfficiency [17], considering perfect
circular Gaussian beams and perfect alignment, waireed an estimated loss of 2.54 dB
instead of 3.30 and 3.52 dB for measured couptisgds. This difference can be attributed
again to non perfect Gaussian beam as we noticedcauld also be due to misalignment
in angle and fiber positions.

4. Discussion

We note that during the measurements, the couplagg not need to be minimized but it
must be optimized so that it is unchanged throughssin the procedure. Another point is
that, if the DUT is polarisation-dependent, a pektion controller must be used at the
output of the laser and the state of polarisatibthe signal injected into the DUT must
remain unchanged in the case of forward injectisrm&ll as in the case of backward
injection.

Concerning the error of the measurements, we ntitateeach power measurement task
can be read with an error of +0.01 dB which leamlss tmaximum for all of the deduced
losses in our calculation of £0.08 dB (correspogdma calculation from 8 power values).

When DUT is a waveguide, the measurementisggfandLgc can be performed with
the help of a CCD camera (instead of a powermégesause each value can be deduced as
relative integrated intensity values from two imsgaeasured in the two sub-steps. We
have re-performed the measurements with the sanveguale in section 3 by using a
camera. Losses in the waveguide were found toddB which is only 4 % different from
the previous measured value. Let us notice agadh ttike waveguide losses include all
losses in the waveguide comprising linear lossesaay reflection or scattering losses.



5. Conclusion

We have presented a new method for waveguide amuling losses measurement between
coupling fibers and single-mode optical guidingistures including fibers and waveguides
with no connector at its ends. The method is nastrdetive and there is no limitation of
the length of the device under test. Several perdor measurements with good results
demonstrate the validity of the method.
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Fig. 1. Principle of loss measurement technique.
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Fig. 2. Setup of measurements in step 2 (a) astem5 (b) when the DUT is a waveguide. PM:
powermeter.
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Fig. 3. Experimental setup of loss measurementimeguides. PC: polarisation controller; LD: Lasidéd; PM:
powermeter.



Table 1. Different steps of measurement and associated identifiable values.

Description

Setup

Measured
power

Identifiable

value

Inject light source in the
injecting fiber

laser

A

Po,Ps"

Las

Make an optimized
coupling between
injecting fibers and DUT

laser

A

F

Po

Lap

Make an optimized
coupling between
injecting fibers and DUT
(optimisation condition
maybe consist in
achieving the maximum
transmission). Light
direction from Ato F

laser

A

¥

Pe

Lar

Keep the  optimized
coupling between
injecting fibers and DUT
but change the direction
of injected light.

laser

Pa

Lra

Take out the injecting
fiber AB

E

laser

Pc

Lrc

(supposed

to be equal to

Lcr)

Take out the DUT-CD

laser

Pe

Ler




Table 2. M easurements and associated calculated losses.

Description of setup Measured| Deduced value

powers

Measure the power at the output of lensed fib& = 2.0 dBm Lag= 0.5dB

AB. Pg+ = 1.5 dBm

Insert the objective in front of lensed fiber AB| P*g+ =—0.26 dBm| Lgp = 4.08 dB

Make an optimized coupling between injecting?*p+ = — 4.34 dBm

lensed fiber AB and the PhC waveguide in front

of the objective with the output (point D) at the

same place as point B in previous step (see|fig.

2a).

Make an optimized coupling between injectind’=" = —5.72 dBm | Lae=7.72 dB

lensed fibers and PhC waveguide.

The direction of light now is from F to A witl
the same optimized coupling between coupl
fibers and DUT as in previous step

N Py-=—5.78 dBm
ng

Lea = 7.78 dB (qute
similar to the valué.,g)

Remove the lensed fiber AB. Insert the object
at the output (point C) of the PhC waveguide.

VB*e- = —4.10 dBm

Remove the PhC waveguide. Advance
lensed fiber EF so that the point E occupies
previous position of point C (see fig. 2b).

hie*e- = —0.28 dBm
the

Lec 3.82 dB
(supposed to be equal

Lce)

Remove the objective

Pe-=1.5dBm

Lee = 0.5dB (supposed
to be equal thgp)

Table 3. Power measurements (dBm) for microstructured holey silica fiber.

P+ Pp+ P+

Pa-

Pc- Pe-

0.80 —13.08 -9.25

0.10

-13.06

-9.08 0.49




