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Abstract: We present a modified w avelength-resolved S 2 m ethod t hat a llows r ecovery of 
highly-dispersive modes. We employed this method using a variable window spectrogram to 
characterize a hollow core photonic crystal fiber where several surface-modes are recovered.
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Multi-mode optical waveguides are used in a wide range of applications. In mode-division multiplexed communication
systems for instance, different modes are exploited to increase the aggregated capacity through mode division multiplex-
ing [1]. In other scenarios, the presence of multiple modes may cause undesired effects. This is the case of hollow core
(HC)-photonic crystal fiber (PCF), where different propagation modes result in multi-path interference and a wavelength-
dependent beam shape [2]. Either if the multi-mode nature is a desirable feature, or if it constitutes a negative effect,
characterizing modal content is critical, not only to understand the behavior of the system but also to improve future de-
signs. The spatial and spectral S2 imaging method has been successfully employed to characterize few mode fibers [3] as
well as HC-PCFs [2]. This method is able to recover the mode profiles from the spatial and spectral interference between
the dominant fundamental mode and higher-order modes. S2 is simple and does not require any previous knowledge of
modes’ profile. In some scenarios, however, certain limitations have to be overcome. For example when the intensity
overlap between the fundamental mode and other modes is relatively small or when highly dispersive modes are present.
In particular, this is the case for surface modes (SMs), whose power is concentrated in the vicinity of the photonic crys-
tal boundary [4] and, at certain specific wavelengths can couple to the fundamental mode, creating anti-crossing points.
A combination of an external reference (such as proposed in [5]) and a wavelength resolved processing with variable
window applied to the S2 method would allow the mode recovery of this surface modes and understand their interaction
with core-guided modes. In this paper, we apply a wavelength-resolved modified S2 imaging method to recover highly
dispersive modes excited in a waveguide, and show the results for a HC-PCF.

In order to recover the highly-dispersive modes of the HC-PCF under test, we implemented two modifications to the
standard S2 method. The first modification was the use of a fraction of the incoming laser power as an external reference
in a Mach-Zehnder interferometer (MZI) configuration, as shown in Fig. 1(a). The light of a tunable laser is collimated
by a lens and then divided using a polarization beam splitter (PBS). The light in one of the arms of the MZI is transmitted
through a 0.98-m-long fiber sample and combined in a beam splitter (BS) with the reference wave coming from the other
MZI arm. The combined beam is captured by an InGaAs camera, where the interference pattern between the reference and
fiber modes is recorded, for wavelengths ranging from 1520 nm to 1640 nm in steps of 8 pm. Since the reference beam
does not traverse the fiber, it is not affected by the high attenuation region of the fiber, in contrast to the standard S2 method,
where the fundamental mode used as a reference may not be dominant in high-attenuation regions [4]. Additionally, the
reference beam spot size can be larger than the fiber modes, allowing the reference to overlap well beyond the core region
and revolve spatially the SMs. The HC-PCF used in our experiment has a 7-cell core with an approximate diameter of
16 µm, a cladding pitch of 4.9 µm and an air-fill fraction of 92%, which were directly measured from the scanning-
electron microscope (SEM) image shown in Fig. 1(b).
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Fig. 1. (a) Experimental setup. (b) SEM image of the characterized 7-cell HC-PCF. (c) Wavelength
window size in terms of wavelength. (d) Outcome of wavelength-resolved S2 method. (e) Mode
profiles recovered at the points identified in (d).

The second modification in the S2 method was the implementation of a variable wavelength window in the spectrogram.
To obtain a high differential group delay resolution, a wide wavelength window is necessary. On the other hand, a narrow
window is required for high wavelength definition. Thus, this new approach allows us to avoid the trade-off between the
resolution in these two domains. Depending on the wavelength window in the spectrogram, we can distinguish between
traces with relatively flat differential delay, as the case of core-guided modes, and high-slope curves corresponding to
anti-crossing regions where SMs are interacting with the core modes. In order to correctly recover the modes in both low
and high slope differential time delay regimes simultaneously, we employed a variable wavelength window spectrogram
with an overlap factor of 0.8 between contiguous windows. The wavelength window size (denoted by Wλ ) varies from
5 nm to 0.8 pm between 1560 nm and 1570 nm. This transition, which has been smoothed by a raised cosine shape, is
shown in Fig. 1(c). The variable wavelength window spectrogram is shown in Fig. 1(d), where core-guided and surface
modes can be identified. Fig. 1(e) shows the profiles of the modes recovered at different points on the spectrogram in
Fig. 1(d). In this case we presented the recovered mode profile of the fundamental LP01-like mode shown in Fig. 1(e.i), a
core-surface coupled mode in Fig. 1(e.ii) and a highly-dispersive mode (pure surface mode) in Fig. 1(e.iii).

In concludion, we employed a wavelength resolved S2 method with external reference to recover highly-dispersive
modes. Applying this method in a variable window spectrogram, we are able to recover surface modes in a 7-cell HC-
PCF.
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