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Abstract: We demonstrate polarization-resolved frequency domain cross-correlated (C?)
imaging to characterize a 5m length of hollow-core photonic bandgap fiber. We produce a
spectrogram of the fiber response to investigate the spatial, polarization, spectral, and
temporal behavior. We then show how this temporally-resolved technique can be used to
characterize multiple fiber launch conditions simultaneously by assigning each a unique time
delay.
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1. Introduction

Many techniques exist for the characterization of multimode optical waveguides [1-12].
Spatially and spectrally (S%) resolved imaging [8,13,14] has become a popular technique for
characterizing the modal content of optical fibers, due to its experimental simplicity and the
fact that it requires no a priori knowledge regarding the fiber being characterized. However S*
imaging does have limitations which arise from the fact that it only measures the amplitude of
the spectral information, neglecting phase. Hence, it requires the presence of a dominant
mode, ideally the fundamental mode, which acts as a reference against which the other far
weaker modes interfere. Interference amongst the weaker modes is neglected. S* imaging also
cannot differentiate between positive and negative time delay. These deficiencies have given
rise to many techniques which either attempt to improve the accuracy of S* imaging through
more advanced data processing [15,16] or through more advanced experimental techniques
such as cross-correlated (C*) imaging [9,10,17] which overcomes the limitations of S?
imaging through the use of an external reference arm.

C? was implemented first in the time-domain [9] and then later in the frequency-domain
[17] which can have advantages such as faster acquisition time and higher dynamic range.
Previously, a frequency-domain C* system was implemented which analysed a single
polarization at the output of the fibre [17]. The modes which propagate in optical fibres,
particularly in the presence of mode coupling, are in general not linearly polarized. Rather
they are vector modes with spatially-dependent polarization states. Hence in order to fully
characterize a fiber’s output beam, it is necessary to also include polarization information.
Polarization-resolved C? imaging has previously been demonstrated in the time-domain [10].

In this paper we extend frequency-domain C* to include full polarization-resolved
measurements. We demonstrate this technique to characterize the modal properties of a
hollow core photonic band-gap fibre (HC-PBGF) [13,15,18,19]. This air-guidance
mechanism of this fiber type is attractive for its low nonlinearity, low latency and potentially
low loss [18]. The large design parameter space of the fiber also allows the modal and
spectral properties of the fiber to be tailored in a way which is impossible for traditional solid
core fibers and in combination with its difficult manufacture process makes it a good test case
for new fiber characterization techniques [13,15].

2. Experimental setup

The experimental setup is illustrated in Fig. 1(a). The principle of C* imaging is similar to that
of Optical Coherence Tomography [20,21] (OCT) in biomedical imaging. Both techniques
measure a sequence of images corresponding with different delays as illustrated conceptually
in Fig. 1(b). For OCT, this represents different depths into the sample being measured and for
C? these represent different propagation delays which in turn correspond with different modes
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of the fiber-under-test. The system of Fig. 1(a) consists of a Luna Technologies OVA-5000
swept-wavelength interferometer (SWI) which is attached to SLM systems at either end of the
hollow-core photonic bandgap fiber. The SWI measures 32768 wavelength points in the C-
band (1525-1566.7nm) and performs the initial data processing internally, outputting
wavelength-dependent Jones matrices.
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Fig. 1. (a) Experimental setup. (b) Illustration of C* imaging data set, consisting of x vs. y vs.
time datacube for both output polarizations. (c-d) Examples of the spatially-dependent
polarization states of two different delay times, corresponding to LP; ; and LP,;-like modes.

The SLM at the input of the fiber can be used to generate arbitrary launch conditions for
characterization, while the SLM at the outzput in this case is simply performing the function of
an x-y translation stage in traditional S° imaging [14] by rastering a 4.16pm mode-field
diameter (MFD) Gaussian sampling spot across the output facet of the fiber-under-test. As for
S? imaging, an alternative to rastering would be the use of a polarization-diverse imaging
system with a camera. The specifics of which approach is faster will depend on the camera’s
frame rate, laser sweep rate and the SLM frame rate or mechanical update rate of the raster
stage. For the most common use cases, a camera based approach would be quicker as it
allows more spatial information to be acquired in parallel. A raster scanning approach can be
faster if the measurement requires many wavelength points but few modes. Raster scanning
can offer superior dynamic range and noise as a single mode detector will typically have
better performance than a camera. Cameras may also be prohibitively expensive or difficult to
obtain for certain wavelengths. The principles of the system shown in Fig. 1(a) can be applied
to other fiber types and wavelength bands, with the most appropriate choice for implementing
each aspect dependent on the measurement requirements and equipment availability.

For each spatial sampling position (x,y) a wavelength sweep is performed with the SWI
yielding the wavelength/frequency dependent Jones matrices between the fiber input and the
sampling point at the output. In this way, in addition to both polarizations being analyzed at
the output of the fiber, two launch conditions corresponding to both orthogonal polarizations
at the input are also measured in the same sweep. Hence, with the SLM at the input, it is
possible to configure the launch conditions to an arbitrary spatially dependent polarization
state. Given that the system measures the amplitude and phase of both output polarizations as
illustrated in Fig. 1(b), it is possible to construct the full spatially-dependent polarization
states of the modes as shown in Fig. 1(c) and Fig. 1(d), which show examples for LP;; and
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LP,;-like modes respectively. The time evolution of the electric field for these examples is
animated in Visualization 1 and Visualization 2.

3. Experimental results

3.1 Spatial and polarization resolved impulse response
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Fig. 2. Fiber impulse response including spatially and polarization resolved images for selected
delays at 1530nm.

In this demonstration, the fiber-under-test is a S5m length of NKT Photonics 19-cell HC19-
1550 hollow-core photonic bandgap fiber. The fiber was coiled and taped to the optical table
on an approximately 20cm diameter. The SLM is configured to launch a superposition of
lower-order modes, LPy;, LP,;, LPy, and LP,; with approximately equal weighting and the
resulting impulse response at each spatial position at the output measured using the SLM and
SWI. The impulse response of the fiber launch is shown in Fig. 2 both for the total optical
bandwidth measured (1525-1566.7nm) as well as an example of the impulse response with a
Gaussian filter applied at 1530nm with a 250GHz FWHM bandwidth. The measured impulse
response contains both mode dispersion and chromatic dispersion and as is indeed the case for
this fiber, it is possible for two different spatial modes to have the same group-delay at two
different wavelengths. Hence where chromatic dispersion is significant, it is appropriate to
analyse the impulse response filtered to relatively narrow bandwidths so as the individual
spatial modes can be observed with the chromatic effects removed [13,22]. The spatial
profiles illustrated in Fig. 2 are taken from the impulse response at 1530nm. The impulse
response is qualitatively similar to previously observed impulse responses in photonic
bandgap fibre [13] There are several discrete peaks corresponding to air modes (also known
as core modes) with spatial profiles similar to the lower-order LP;,, type modes of a solid-
core fiber. In this fiber as shown in Flg 2, LPO,I» LPl,la LP2’1, LPO,2, LP3’1, LP1,2, LP4,1 and
LP,,-like discrete modes can be observed up to 0.38ns. The discrete peaks are followed by a
continuum of delays corresponding with strong distributed mode coupling. Finally, at the
largest delays, light arrives which has travelled mostly as surface modes along the length of
propagation. Surface modes are primarily confined to the silica ring and struts around the
fiber’s centre hole as can be seen in the two largest delay (1.59 and 1.70ns) images of Fig. 2.

3.2 Spectrogram analysis

By performing a sliding window Fourier transform [5,13,22] we obtain the spectrogram of
Fig. 3. containing the spectrally filtered (250GHz FWHM) responses for many wavelength
bands. With this a more detailed description of the spatial and spectral behavior of the fibre is
obtained which can differentiate between modal and chromatic effects. Across the entire
band, the trend is the same; multiple discrete peaks at short delays, increasingly turning into a
continuum of delays corresponding with modes undergoing distributed coupling of decreasing
strength beyond approximately 0.4ns of delay, before a final diffuse set of peaks at delays
beyond 1.4ns for the surface modes. The modal dynamics are far more complicated than
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traditional solid-core fibers. A comprehensive ‘fly-through’ of the spectrogram of Fig. 3 is
provided in Visualization 3, which illustrates the spatial and polarization properties for each
time delay step in Snm wavelength spacings from 1530 to 1565nm.
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Fig. 3. Spectrogram of fiber response. (a) Full impulse response (b) First 0.4ns of impulse
response with selected lower-order modes indicated.

Figure 3(b) contains the first 0.4ns of the spectrogram of Fig. 3(a), where individual
modes can still be easily identified before the continuum of mode scattering for larger delays.
As has been previously observed [13], the LP; -like mode family is split into four non-
degenerate modes. Similarly, splitting between the LP,; modes is also observed, with the
splitting being significantly larger than for the LP;; modes. It can also be observed that two
of the LP,; modes cross at approximately 1530nm. The most dispersive of the LP,; modes,
which starts with a delay of approximately 0.2ns at 1525nm is a good example of how the
spectrogram approach is useful for differentiating between the spatial and spectral properties
of the modes. This mode intersects multiple other modes at multiple wavelengths and as a
result it is not possible to observe this LP,; mode in isolation at most wavelengths. However
from observation of the spectrogram it is possible to find certain wavelength bands, in this
case between 1545 and 1550nm, in which the mode happens to exist relatively clear of other
modes so as their individual structure can be observed. The LP,, (0.37ns,1545nm) is another
example.

As the modes become of increasingly high order their properties become increasingly
complicated. Two orthogonally polarized LP;, modes are observed, both with delays of
approximately 0.16ns, but do not appear to propagate at the same wavelength. One being
cutoff above 1542nm and the other not propagating below 1558nm. The LP,, modes appear
to be split into four non-degenerate types, with very different dispersion. Two appear to split
from one another at approximately 1535nm and 0.27ns of delay. Another variant begins to
propagate at 1540, with a shorter delay of 0.23ns and the fourth type appears to largely be lost
amongst other modes and distributed coupling except for a band between 1550 and 1560nm
where it can be seen propagating at a delay of approximately 0.32ns. LP;; and LP,; modes
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are also observed with large splittings and varied chromatic dispersion although the complete
set of four modes for each type are not so easily identifiable. Some individual modes can also
be observed beyond 0.4ns including those with similar profiles to the traditional solid-core LP
modes, as well as photonic bandgap specific mode types. A comprehensive examination of
these can be obtained by observation of Visualization 3.

3.3 Time-multiplexed c? imaging

Just as for other fully time-resolved characterization techniques [5-7,23] it is possible to
measure multiple launch conditions in the same measurement by assigning each launch a
unique delay. The number of possible launches which can be measured simultaneously will
depend on the dynamic range of the measurement as the total power is split amongst multiple
launches, but primarily on the number of impulse responses which can fit within the
maximum delay measurable by the SWI. This depends on the wavelength resolution of the
sweep and for the Luna Technologies OVA-5000 used here, the maximum delay is 6.26ns.
These multiple launch conditions could be different phase masks for exciting specific modes
[5], a photonic lantern [24] or as in this case, multiple offset spots [11]. In this way, it would
be possible to characterize the entire mode basis of the fibre in a single measurement.

Figure 4 presents the impulse response of the fibre where two spot launches have been
measured simultaneously. Power from the SWI is split in half and sent into a fibre array
which is imaged onto the core of the fiber-under-test such that there are two Gaussian spots of
4.16pm MFD spaced by 20pum with one spot aimed at the centre of the fiber core. The offset
spot is delayed by 2.6ns as shown in Fig. 4 with green lines indicating the delay of the
fundamental mode for both launch conditions. As the SWI itself also uses time multiplexing
to measure both orthogonal polarizations in a single sweep, there are in fact 4 launch
conditions being measured simultaneously corresponding with both polarizations for both
offset launches. Visualization 4 animates each of the 4 launch conditions as a function of
delay in detail. Both the launch at the centre and at an offset have the same basic features and
observable modes as the previous example, with discrete peaks at low delays followed by a
continuum of scattered modes. Albeit it with different relative mode strengths.
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Fig. 4. Time-multiplexed C* imaging response. Two independent fiber launch conditions being
obtained in the same measurement by assigning each launch a different delay. Time-axis
defined relative to centre launch LP,; mode.

4. Conclusion

We have demonstrated polarization-resolved frequency domain cross-correlated (C) imaging
of a hollow-core photonic bandgap fiber. We applied sliding-window Fourier transform
(spectrogram) analysis to differentiate between the spatial and spectral mode dynamics in the
fiber. Finally, we demonstrated how the temporally-resolved nature of this technique can be
used to characterize multiple launch conditions in the same measurement.
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