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Abstract: The time-resolved acousto-optic technique demonstrated recently 
to be a very useful method for the analysis of fiber axial non-uniformities, 
able to detect variations of fiber diameter in the nanometric scale with a 
spatial resolution of few cm. An edge interrogation approach is proposed to 
improve further the performance of this technique. The detection of 
subnanometer fiber diameter changes or sub-ppm changes of the core 
refractive index is demonstrated. 
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1. Introduction 

At present, optical fiber fabrication techniques meet extraordinary uniformity requirements. 
With respect to diameter control, a standard deviation of 0.2 μm in fibers with 125 μm 
diameter is readily achieved. In the same way, compositional control allows constancy of 
refractive index for kilometer fiber lengths. In practice, such a level of uniformity is sufficient 
for most applications. However, in some specific utilizations of fiber optics, even smaller 
non-uniformities along the fiber can have an impact on their performance. Particularly, in 
applications where a phase-matching condition must be satisfied along a given fiber length, as 
for example, in the fabrication of long fiber Bragg gratings [1], long-period gratings, or 
applications based on the generation of parametric nonlinear processes in optical fibers [2–4]. 

Accurate characterization of the local variations of the optical fiber properties may be 
important for the improvement of these types of applications, and also can eventually provide 
useful information for the improvement of the fiber drawing process. Techniques to measure 
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fluctuations of dispersion and mode field diameter along an optical fiber have been developed 
in the last two decades [5,6], although usually with spatial resolutions much longer than 1 
meter. The detection of local variations of the fiber radius in the angstrom scale along 
sections of fiber few cm long, was demonstrated using a technique based on the excitation of 
whispering-gallery mode resonances [7]. 

Recently, we reported on the use of a time-resolved acousto-optic (AO) technique for the 
analysis and characterization of axial non-uniformities in singlemode optical fibers [8]. It is 
based on the propagation of a short packet of a flexural wave along the fiber, which causes 
coupling between the core and a cladding mode. The elastic packet propagates along the fiber 
at its group velocity, thus, at a given instant the optical transmittance is determined by the 
coupling at the specific fiber point where the elastic packet is located. Fluctuations of the 
fiber properties along the section under analysis produce fluctuations of the AO phase-
matching wavelength, which in turn causes fluctuations of the optical transmittance at a given 
wavelength. In [8], detection of fiber diameter variations in the nanometric scale was 
demonstrated by monitoring the fluctuations in the optical transmittance at the optical 
wavelength matching the AO resonance. In this paper, we show that some limitations of the 
technique can be overcome, and the sensitivity can be improved significantly, by monitoring 
the transmittance fluctuations at a specific out-of-resonance optical wavelength. 

2. Fundamentals 

A flexural elastic wave propagating along an optical fiber creates a periodic refractive-index 
perturbation that can cause coupling between the core mode and co-propagating cladding 
modes [9,10]. In a single-mode fiber, coupling between the core and a cladding mode 
produces a notch in the spectrum of the light transmitted. The light intensity propagating in 
the core mode, can be calculated using coupling mode theory, 
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where Leff is the AO interaction length, κ is the coupling coefficient related to the strength of 
the index perturbation and to the overlap of the index perturbation and the optical fields. The 
parameter δ is the so-called detuning parameter and is given by, 
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where Δnm is the difference between the modal indices of the core and the cladding mode, λ is 
the optical wavelength, and Λ is the wavelength of the elastic wave. The transmittance is 
minimum when the phase-matching condition is satisfied (δ = 0) and optimum coupling is 
achieved. The resonance wavelength, λR, at which this condition happens is R mΔn Λλ = ⋅ . 

For an elastic perturbation of a given frequency Ω, the resonance wavelength is 
determined by the fiber properties. Fluctuations of the fiber properties lead to the shift of the 
notch, and consequently, to variations of the optical transmittance at a given optical 
wavelength. Given the transmittance for a specific value of detuning δ0, the transmittance at a 
detuning δ in the vicinity of δ0, can be approximated by a Taylor series expansion, 
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Figure 1 shows, as a function of δ, the transmittance, the first, and the second derivatives 
of transmittance with respect to δ. At δ = 0, the first derivative is zero while the second 
derivative reaches its maximum value. Therefore, near δ = 0, the transmittance is given to a 
second-order approximation by, 
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Equation (4) indicates that the modulus of the detuning can be obtained from the 
difference between the optical transmittance and the transmittance at resonance, provided that 
the rest of parameters (Leff and κ) are known. The experimental results reported in [8] were 
based on these conditions: the optical wavelength was tuned to achieve minimum 
transmittance and the fluctuation of the detuning along the fiber was obtained from Eq. (4). 
This manner of addressing the issue presents two limitations. First, the sign of the detuning 
cannot be determined, and second, the sensitivity of the method is far from its optimum since 
the change of transmittance with detuning is very small around δ = 0. 

 

Fig. 1. (a) Transmittance, (b) first, and (c) second derivative of transmittance with respect to 
detuning, as a function of detuning. Leff = 10 cm, κ = 15.7 m−1 (black), κ = 11 m−1 (red), κ = 7 
m−1 (blue). Vertical lines indicates δ = 0 and δm. 

The two limitations can be overcome by looking at the fluctuations of transmittance 
around the value of δ = δm, where δm is the detuning at which T δ∂ ∂ is maximum (see Fig. 

1(b)). At δm, the second derivative, 2 2T δ∂ ∂ , is zero, thus, the transmittance near δm can be 
approximated by, 
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From Eq. (5), the fluctuation of the detuning can be obtained from the variation of the 
optical transmittance with respect to the transmittance at δm. In Fig. 2(a), we compare the 
change of transmittance caused by a small change of detuning around δ0 = 0 and δ0 = δm. It is 
clear that a small change of detuning leads to a larger change in transmittance in the second 
case. This happens no matter the value of κ·Leff. It is also pointed out that the sensitivity 
increases as κ·Leff approaches π/2. Notice that at −δm, T δ∂ ∂  has the same modulus but 
opposite sign. Thus, a given change of the fiber properties leads to a change of transmittance 
with the same magnitude as when δ = δm but with opposite sign. 

In Fig. 2(b), we analyze the error that involves the linear approximation of the 
transmittance stated in Eq. (5). The relative error is shown for two representative values of 
κ·Leff. Of course, the deviation from linearity increases as δ differs from δm. The effect 
becomes more pronounced as the strength of the notch increases. The most unfavorable case 
is when κ·Leff = π/2. Nonetheless, it is worth to note that there is a wide range of variation of δ 
for which the relative error is within ± 1%. 

The use of Eq. (5) requires the measurement of the transmittance at δm instead of at 
resonance. From the experimental point of view, it does not add any difficulty, since it can be 
achieved, for example, by simply shifting the optical wavelength in an appropriate amount, 
which is straight forward if a tunable laser source is used. 
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Fig. 2. (a) Change of transmittance with respect to transmittance at δ0 = 0 (red line) and at δ0 = 
δm (black line) caused by a small change of detuning. (b) Relative error that results when the 
transmittance at a given δ near δm is approximated by Eq. (5). 

3. Experimental results and discussion 

The experimental setup used for the experiments was described in detail in [9]. Elastic wave 
packets were generated by a piezoelectric disk and coupled to the fiber via a horn. The 
flexural elastic packets propagated along a section of unjacketed fiber and were absorbed by 
an acoustic damper at the end of the interaction region. The piezoelectric was driven with an 
electrical signal consisting of a burst of 20 periods of a sinusoidal RF signal of frequency Ω. 
The duration of the resulting elastic wave packet was 30 μs. The optical signal was provided 
by a tunable, linearly polarized laser emitting in the C band. A polarization controller was 
used to adjust the polarization state of the input light. The optical transmission was measured 
as a function of time as an elastic packet propagated along the fiber. 

Figure 3(a) shows the transmittance recorded as the elastic wave packet propagated along 
a particularly uniform section of SMF-28 fiber of 1.45 m in length. The frequency of the burst 
signal was 2.1 MHz. The attenuation shown in the transmittance traces results from the 
coupling between the LP01 and the LP11 cladding mode. The three traces are for the three 
different optical wavelengths at which the detuning was δ0 = 0 (black line), δ0 » δm (red line) 
and δ0 » − δm (blue line), respectively. 

Several features common to all traces can be pointed out. The two transients at t = 0 and t 
= 0.5 ms are related with the time that the elastic packet takes to enter and to leave the 
interaction region, respectively. From the transient time, we can obtain the effective length of 
the elastic perturbation on the fiber, Leff = 8.3 cm (the group velocity was obtained from the 
time that the elastic packet requires to propagate along the whole fiber length resulting vg = 
2800 m/s). The recovery of the transmittance as the elastic packet propagates along the fiber 
is caused by the attenuation of the elastic wave. The coupling coefficient κ is proportional to 
the elastic amplitude, thus, the attenuation of the elastic wave leads to the reduction of the 
coupling strength. The coupling coefficient varies along the fiber as follows, 

 0
ze ακ κ − ⋅= ⋅  (6) 

where z = vg·t is the propagation distance, κ0 is the coupling coefficient at z = 0, and α is the 
attenuation coefficient of the elastic wave. 

In addition to the exponential recovery, one can observe small fluctuations of the 
transmittance as the elastic packet propagates along the fiber. These fluctuations are caused 
by small shifts of the AO resonant coupling wavelength due to fluctuations of the fiber 
properties along its length [8]. It is worth to note that the fluctuations shown by the traces 
taken at the two edges of the notch are complementary, as expected since the slope at the 
edges of the notch have opposite sign. 

To obtain the fluctuations of detuning along the fiber we analyze first the trace at 
resonance. Following the procedure described in [8], we obtained κ0 = 8.16 m−1, and α = 0.55 
m−1. The transmittance at resonance in a perfectly uniform fiber as a function of position 
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calculated using Eqs. (1) and (6) is also shown in Fig. 3(a). Given that the excitation 
conditions of the elastic wave are identical for all the traces, the values of κ0 and Leff obtained 
from the trace at resonance also apply for the traces obtained out of resonance. The 
experimental value of detuning δm for the transmittance recorded at optical wavelengths at the 
edges of the notch (δ = ± δm) is obtained by fitting both curves to the transmittance in a 
perfectly uniform fiber given by Eq. (1), taking into account the elastic attenuation. Figure 
3(a) shows the best-fit, obtained with a value of δm = 15.65 m−1. 

The fluctuations of the detuning along the fiber with respect to δm can be calculated using 
Eq. (5). The derivative of the transmittance with respect to the detuning can be related with 
the derivative of the transmittance with respect to wavelength as follows, 

 
m m m
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δ λ λ
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δ λ λ
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where λm is the wavelength at which the detuning is δm. The term 
m

T λλ∂ ∂ was obtained 

experimentally by measuring the transmittance at two wavelengths close to λm. Notice that the 
attenuation of the elastic wave leads to the attenuation of the coupling constant, κ, and this 
affects the slope at the edge of the transmission notch. In particular, the modulus of 

m
T λλ∂ ∂  decreases with the propagation distance z. Figure 3(b) shows the difference 

between the transmittance measured experimentally for the optical wavelengths lying at the 
edges of the notch and the transmittance given by Eq. (1), as a function of fiber position. 
Finally, the detuning fluctuation along the fiber is obtained from the experimental data, taking 
into account Eqs. (5) and (7). The result obtained from the transmittance recorded at the 
optical wavelengths lying at the two edges of the notch is shown in Fig. 3(c). The term 

( )
mλδ λ∂ ∂  = 6.11 × 10−3 μm−2, was calculated numerically assuming a step-index profile 

fiber with NA = 0.12 and cutoff wavelength = 1.26 μm. 
A feasible origin for the detuning fluctuation along the fiber is the non-uniformity of the 

fiber radius. In that case, one can calculate the fluctuation of radius that would lead to the 
detuning fluctuation shown in Fig. 3(c). For small radius fluctuations, 
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0 0
a

a a
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δδ δ ∂− ≈ −
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where a0 is the nominal fiber radius. Figure 3(c) also shows the corresponding radius 
fluctuation. Again, the derivative term of Eq. (8) was calculated numerically, taking into 
account the nominal parameters of the fiber, the elastic properties of the fiber, and the two 
modes involved in the coupling. 

The sensitivity of the technique depends essentially on the characteristics of the fiber, the 
acoustic frequency, the optical wavelength, and the modes involved in the AO coupling. For 
the experiment reported above, assuming that the smallest transmittance deviation able to be 
detected is 1 × 10−3, a detuning change of 0.05 m−1 can be resolved. Such detection limit 
implies that, if the origin of the transmittance deviations is the fluctuation of the fiber radius, 
a radius variation of 0.4 nm can be detected. If the transmittance deviations would be caused 
by fluctuations of the core refractive index, then core refractive index variations of 4 × 10−8 
could be resolved. 
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Fig. 3. (a) Transmittance as a function of time/position for different optical wavelengths. Grey 
lines are the transmittance calculated with Eq. (1) at δ = 0 and at δ = 15.65 m−1. (b) 
Transmittance fluctuations, and (c) detuning fluctuations along the fiber. (d) Transmittance as 
a function of fiber position in a segment of Nufern SM-YSF-HI fiber. Grey line is the 
transmittance calculated with Eq. (1) and δ = 15.4 m−1. (e) Fluctuation of detuning and the 
corresponding radius fluctuation. 

The experiment was repeated with a single-mode, core-pumped YDF (Nufern, SM-YSF-
HI, with nominal NA = 0.11, λc = 870 nm), and the main results are shown in Figs. 3(d) and 
3(e). In this example, the coupled modes were the LP01 and LP15, the resonance wavelength 
1569 nm and the frequency of the elastic wave 2.1 MHz. Notice that the detuning fluctuation 
is almost five times larger than in the previous fiber. 

It is worth to note that broadening of the elastic packet due to group-velocity dispersion of 
the flexural mode affects the length resolution of the technique. For our experimental 
conditions, however, this effect is small. After 1 m, the duration of the elastic packet, and 
consequently the resolution in length, increases just about 3%. However, it is an issue to be 
taken into account when shorter packets are used, or longer fiber lengths are analyzed. 

4. Conclusion 

We have shown that the performance of the time-resolved acousto-optic technique for the 
analysis of fiber axial non-uniformities can be greatly improved by applying an edge 
interrogation strategy. Detuning fluctuations as small as 0.05 m−1 are detected along sections 
of 1.5 m long SMF-28 fiber by measuring the transmittance at wavelengths located at the 
edges of the transmission notch. Such a resolution in detuning enables the detection of 
subnanometric fiber diameter changes or sub-ppm changes of the core refractive index. 
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