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Abstract: In this paper, we report some experimental results concerning several types of loss measurements of
Er3+:Ti:LiNbO3 optical waveguides by using optical methods. Using the Fabry-Pérot interferometry method,
we evaluated the attenuation coefficient of an optical waveguide resonator for a laser radiation having
λ = 1.55 µm. We also evaluated the insertion losses, polarization dependent losses, and coupling with ex-
ternal losses. Additionally, from the transmitted spectra of the symmetrical monomode Fabry-Pérot optical
waveguide resonator, we were able to evaluate the value of the group effective refractive index.
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1. Introduction

In the last few years, passive and active optical waveg-uides based on LiNbO3 substrates have attracted greatinterest in the field of integrated optics for devices suchas optical modulators, switches, filters, lasers, amplifiers,and nonlinear optical converters, to be used in high-speedoptical communications and sensors. Knowledge of thebehavior of optical waveguides is essential for the fabri-cation of more complex integrated circuits.
The measurement of optical losses plays an important rolein the fabrication of high quality active and passive opti-cal waveguides, and also in the efficiency of the coupling
∗E-mail: pnt@physics.pub.ro (Corresponding author)

to the optical fiber or other elements of the optical inte-grated circuit.There are several types of losses. For the measurementof optical losses, destructive and non-destructive methodsare the techniques most commonly used. Over the past fewyears, several papers have addressed the measurementand evaluation of losses in the above mentioned opticalwaveguides [1–5]. Among the non-destructive techniques,some of the most commonly used are the interferometrymethods [5–7].One of the parameters that characterize the optical waveg-uides is optical attenuation. Propagation losses that char-acterize the optical waveguide quality are determined notonly by radiation absorption and scattering, but also bynonlinear effects and other factors. The evolution of po-larization along an optical waveguide is of a completelystatistical nature and, consequently, is totally unpre-
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dictable. In general, since the polarization state is notmaintained along the optical waveguide, this behaviourdetermines the polarization dependent losses, which havemany sources: dichroism, waveguide bending, angled op-tical interfaces, and oblique reflection. The insertionlosses are related to the polarization losses, which de-termine isolation or cross talk. In the case of active op-tical waveguides (lasers, amplifiers, etc.), one must alsotake into account the losses due to coupling of the radi-ation with the external loss, which are determined by thereflectivities of the end faces of the devices.In Sect. 2, we present some theoretical considerationsused for the evaluation of the optical losses, while inSect. 3, we report the experimental set-up and discussthe obtained results. The conclusions of the paper areoutlined in Sect. 4.
2. Theoretical considerations
When measuring the transmitted intensity of a symmet-rical monomode Fabry-Pérot optical waveguide resonatorin the case of a small contrast of resonances, K , the at-tenuation coefficient α , is given by [6]:

α ∼ 4.34
L

(lnR + ln 2− lnK ) , (1)
R being the mode reflectivity and α , the attenuation co-efficient of the optical waveguide having the length L.Another type of loss is the polarization dependent losswhich is a measure of the peak-to-peak difference in trans-mission of the optical waveguide with respect to all possi-ble states of polarization, where the loss is the ratio of themaximum, Pmax and the minimum, Pmin transmission of theoptical waveguide with respect to all polarization states.The polarization dependent loss, (PDL) is defined as [8]:

PDL = 10 log (
Pmax
Pmin

)
, (2)

while the insertion loss, (IL) is:
IL = −10 log (

Pout
Pinp

)
, (3)

where Pout and Pinp represent the output and input pow-ers, respectively, of the optical waveguide. In the caseof passive components, the sign (−) always converts thepropagation losses to positive values. Using Eq. (3) thepolarization dependent loss may be defined in the form:
PDL = ILmax − ILmin (4)

as the difference between the maximum, ILmax, and theminimum, ILmin, insertion loss measured by scanning allthe polarization states of input light.Considering that the attenuation coefficient and the modereflectivity are not rapidly varying as a function of the ra-diation wavelength, λ, the group effective refractive index,
ng may be determined in the form [4]:

ng = λ22L∆λp . (5)
∆λp represents the period of the transmittance which isdirectly measured.
3. Experimental set-up and discus-
sion of results
The experimental arrangement used to measure the at-tenuation coefficient with the resonator method is shownschematically in Fig. 1. We use a He-Ne laser (λ =0.63 µm) for alignment and a laser diode (L. D.) at
λ = 1.55 µm for the optical signal, coupled together by a3 dB coupler (C). The losses of some Er3+:Ti:LiNbO3 andTi:LiNbO3 optical strip waveguides (W) with X-cut 48 mmlong and Z-cut 52 mm long have been evaluated. Thewaveguides widths range from 5 µm to 9 µm. In the past,the resonator method has proven to be especially suitablefor evaluating the total loss of both polarizations.The output signal from the waveguides is detected byan optical spectrum analyzer (O. S. A.) used like a pho-todiode; the measured data is acquired by a computer(CO.). By measuring the contrast of the Fabry-Pérot res-onances (Fig. 2) it is possible to evaluate a combined loss-reflection factor and thus give an upper limit estimate forthe attenuation coefficient. In Eq. (1) the transmitted in-tensity varies periodically with the phase difference andcan be tuned by varying the temperature of the waveguideusing a heating Peltier element (O).The measurement of the emergent light from the waveg-uide is performed using a standard optical fiber (Fig. 2)directly coupled with a power meter (POW.). The dis-placement of the optical fiber mounted on a support is ob-tained with an electrostrictive actuator controller (E. A. C.)interfaced with a computer to register the waveguide fieldintensity profile in depth and width for TE and TM po-larizations selected by the polarization controller (P) andthe isolator (I).By measuring the contrast of the Fabry-Pérot resonances(Fig. 2) it is possible to evaluate a combined loss reflectionand thus give an upper limit estimate for the attenuationcoefficient [5, 6].
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Figure 1. Schematic of experimental set-up for the attenuation co-
efficient measurement.

Figure 2. The optical waveguide transmitted intensity.

In Fig. 3 we present some values of the attenuation coef-ficient in X-cut Er3+:Ti:LiNbO3 optical strip waveguidesfor TE (∗) and TM (o) polarizations as a function of thestrip widths obtained by varying the temperature of thewaveguide, the relative error being ∆α
α ∼ 2.5%. As can beseen from Fig. 3, the attenuation coefficient vs the waveg-uide width varies almost linearly in the range of 5 µm -9 µm for both TE and TM polarizations.As an example, for a 5 µm wide X-cut waveguide we ob-tained α = 0.62 dB/cm ( ∆α

α = 1.2%) and α = 0.39 dB/cm( ∆α
α = 1.4%) for TE and TM polarizations, respectively.These results are in agreement with others (for example:0.19 dB/cm (EH11) and 0.09 dB/cm (HE11) in the 10 µmwide guide at λ = 1.15 µm published in paper [6]). Anestimation of the absolute error of the attenuation coeffi-cient, ∆α can be computed in the form:

∆α = 4.34
L
|∆K |
Kshowing that it depends on the relative error of the con-trast measurement. The cavity contrast is a direct param-eter to characterize the quality of the optical waveguide

resonators. The experimental errors of this method dependon the quality of the polished facets.

Figure 3. Losses of X-cut Er3+:Ti:LiNbO3 optical strip waveguides
for TE (∗) and TM (o) polarizations versus the strip widths
at λ = 1.5 µm.

Using the experimental set-up presented in Fig. 4 we mea-sured the polarization dependent loss. The laser radiation(λ = 1540 nm), after being controlled polarized by a me-chanical device, excites the optical waveguides, and theoutput signal from the waveguides has been detected byan optical spectrum analyzer (O. S. A.).The mechanical polarization controller allows the selec-tion of the polarization state entering the sensing regionand provides complete Poincaré sphere coverage by ad-justing the angles of three wave plates with fixed retarda-tion and variable orientation angle.The polarization dependent losses are a measure of thepeak-to-peak difference in transmission of the opticalwaveguide with respect to all possible states of polariza-tion. In fact, the polarization dependent loss shows de ro-bustness to the fluctuations of the polarization. The prin-cipal advantages offered by this non-destructive methodare the simplicity and the low-cost. An important disad-vantage of this method is the fact that the core of the fibermust be aligned to the optical waveguide with great pre-cision. The accuracy and reproducibility of polarizationdependent loss measurements rely on the accuracy of theoptical spectrum analyzer as well as the precision of thecalibration process.The transmission of each optical component is dependenton the polarization. In Fig. 5 the optical spectrum of a7.5 µm width and 54 mm length X-cut Er3+:Ti:LiNbO3optical waveguide is presented. In this case the maximumoptical power was 7.77 dBm.
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Figure 4. Experimental set-up for the measurement of polarization
dependent loss.

In order to evaluate the insertion losses for theEr3+:Ti:LiNbO3 optical waveguides we first characterizedthe fiber-to-fiber coupling obtaining the following meanvalue for the power: Pmed = 10.66 dBm.Some experimental values of the polarization dependentlosses in the case of the fiber-to-fiber coupling are pre-sented in Table 1, with the mean value being PDL ∼=0.09 dBm.We measured the insertion and polarization dependentlosses for 54 mm length and several widths of X-cutEr3+:Ti:LiNbO3 and Ti:LiNbO3 optical waveguides in therange from 5 µm to 9 µm. We found that the above men-tioned losses show the existence of a minima in the caseof the optical waveguide having 7.5 µm (Table 2).

Figure 5. The optical spectrum of a 7.5 µm width and 54 mm length
X-cut Er3+:Ti:LiNbO3 optical waveguide.

By carefully aligning the core of fiber to the optical waveg-uide in the case of a 7.5 µm width X-cut Er3+:Ti:LiNbO3optical waveguide we have obtained IL = 2.89 dBm.Lithium niobate shows high birefringence that leads tohigh polarization dependent losses. The insertion andpolarization dependent losses are greater in the caseof Er3+:Ti:LiNbO3 optical waveguides in comparison toTi:LiNbO3 optical waveguides probably because of the

Table 1.

No. crt. Pmax (dBm) Pmin (dBm) PDL (dBm)1 10.275 10.172 0.1032 10.951 10.881 0.0673 10.302 10.187 0.1154 10.860 10.755 0.1055 10.937 10.870 0.070

Table 2.

Losses/optical waveguides IL (dBm/cm) PDL (dBm)Er3+:Ti:LiNbO3 (7.5 µm) 0.613 0.809Ti:LiNbO3 (7.5 µm) 0.167 0.260

cluster formation for high Er3+ concentrations and coop-erative upconversion.In a 5.4 cm long X-cut Er3+:Ti:LiNbO3 optical waveguidewe obtained the value of αe = 0.36 dB/cm for the lossesdue to the coupling of the radiation with the external, andfor the group effective index ng = 2.343. These values arein good agreement with those published in literature [4].
4. Conclusions
Based on interferometry methods (i.e using the Fabry-Pérot optical waveguide resonator), we evaluated the at-tenuation coefficient of Er3+:Ti:LiNbO3 optical waveg-uides for a laser radiation having 1.55 µm, which is widelyused in optical telecommunications. Also, we evaluatedthe insertion losses, polarization dependent losses andcoupling with the external losses.The above mentioned methods are non-destructive, pre-cise, and rapid but nonetheless powerful, in which rela-tively simple experimental setups are used. The cost isrelatively low in comparison, for example, to coherent fre-quency modulated continuous-wave reflectometry, whichwas used in paper [9] or exploiting fluorescence radiationor photothermal displacement, all of which require a highlevel of guided power.The insertion and polarization dependent losses ofEr3+:Ti:LiNbO3 optical waveguides are greater than thoseof Ti:LiNbO3.The obtained results may be used for the improvement ofthe optical characterization of optoelectronic integratedcomponents, and also for the design of complex integratedcircuits.
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