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Abstract—A new scheme for spatially resolved measurement of
mode dispersion, modal birefringence and differential chromatic
dispersion in few-mode fibers is presented and experimentally
validated on a weakly-coupled, 4-mode-group fiber. The method
relies on spectral correlation analysis between fiber’s coher-
ent Rayleigh backscattering traces generated by each of the
supported mode groups, measured through optical frequency
domain reflectometry. The presented technique provides a viable
and effective way to measure modal and chromatic dispersion
properties between arbitrary pairs of modes of the probed fiber,
providing sub-picosecond delay resolution and centimeter-scale
spatial resolution.

Index Terms—Mode dispersion, chromatic dispersion, dis-
tributed measurement, Rayleigh scattering.

I. INTRODUCTION

EW-MODE fibers (FMF) are widely known as a space di-

vision multiplexing (SDM) capable transmission medium,
where each of the supported modes is exploited as a transmis-
sion channel. In this context, the fiber’s modal dispersion is a
crucial parameter in the SDM system, as it plays an important
role in the determination of the required DSP complexity at
the receiver. Furthermore, in high symbol rate systems, the
relative chromatic dispersion between the supported modes is
another key feature to consider, as it significantly impacts the
channel and is, therefore, important to measure.

Usually, the accumulated dispersion effects are character-
ized at the fiber end; several techniques are available to this
aim, for both modal and chromatic dispersion, the majority
of them being based on interferometric setups [1]-[3]. How-
ever, these non-distributed methods provide only aggregate
information, making it impossible to localize irregularities or
variations along the fiber. Recent advancements have intro-
duced frequency domain methods capable of measuring group
delay and chromatic dispersion for each mode in absolute
terms without relying on fiber-specific mode multiplexers [4].
These approaches leverage vector network analyzers to extract
the fiber’s transfer function and decouple modal contributions
mathematically. While effective, they are not distributed and
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require access to both ends of the fiber, limiting their ability
to detect spatial variations or localized irregularities. Dis-
tributed characterization, based on the analysis of Rayleigh-
backscattered light, addresses this limitation by enabling
spatially-resolved measurements of key parameters such as
differential group delay (DGD) and modal birefringence (MB).
This is particularly advantageous for weakly-coupled FMFs,
where uniform modal properties are essential for advanced ap-
plications like SDM [5], [6]. Distributed methods also achieve
their maximum potential when applied to fibers spanning few
kilometers, where variations or perturbations are more likely
to occur along the length. This makes them essential for
applications requiring precise fiber diagnostics in real-world
scenarios. Recently, a method based on the spectral correla-
tion analysis (SCA) of the coherent Rayleigh backscattering
generated by the FMF has been introduced [7]. The method is
based on optical frequency domain reflectometry (OFDR) and
is able to measure along the FMFs both DGD and MB, i.e.
the difference between the propagation constants, with spatial
resolutions in the order of centimeters.

In this paper, we show how the SCA can be extended to
characterize DGD and MB between arbitrary pairs of modes.
Furthermore, we show how this technique can be exploited
to measure also the relative chromatic dispersion between the
modes composing the considered pair. The proposed method is
experimentally validated on a weakly-coupled 4-mode-group
step-index few-mode fiber [8], showing a very good agreement
with the fiber’s nominal properties.

II. FROM FIBER’S SIGNATURE TO MODES’ SIGNATURES

The SCA relies on the “signature” property of the fiber’s
coherent Rayleigh backscattering. Such a signal, despite its
disordered appearance, is in fact a repeatable outcome of the
specific distribution of Rayleigh scattering centers, peculiar to
the fiber [9].

In silica glass fibers, the Rayleigh scatterers are embodied
by density fluctuations, caused by the material’s amorphous-
ness. When shone with coherent light, each of these fluctu-
ations acts as a reflector, scattering a small portion of the
incident light back to the fiber’s input; the signal resulting from
the interference between all the backscattered contributions
corresponds to the coherent Rayleigh backscattering of the
fiber [10].

The easiest way to model the phenomenon is a discrete
model [11], in which the Rayleigh backscattering is described
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as being generated by a discrete distribution of scattering
centers. In this scenario, the spectrum of the backscattered
light can be written as

b(w) = a(w) > prexp (—528(w)zk) (1)
k

where a(w) is the input spectrum and the sum, representing
the coherent superposition of the all the backscattered contri-
butions, is performed over the whole set of scattering centers
of the fiber; the quantities py and zj, identifying respectively
the reflection coefficient and the position of the k-th scatterer,
are related to the distribution of density fluctuations traversed
by the forward-propagating light.

Such a distribution is proper of each fiber, as it is determined
by the random arrangement of its molecules happening during
the quenching of the melted preform. As a consequence, two
different fibers will be characterized by completely different
distributions of scatterers, thus generating completely differ-
ent (i.e., uncorrelated) backscattering signals. Furthermore,
although being randomly placed, the scatterers are frozen
within the fiber, unless a repositioning of its molecules is
caused, e.g. by heating the fiber to melting temperature. As a
consequence, in practical situations, the distribution {py, zx}
of the scatterers can be considered as a fiber unique and
immutable characteristic - its ”signature”.

However, being an interference signal, the shape of the
coherent Rayleigh backscattering is affected also by another
quantity, namely the propagation constant 3. Indeed, as shown
in (1), whenever 8 changes, so do the phase relations between
the interfering contributions and thus the shape of the corre-
sponding Rayleigh backscattering. Nonetheless, such a change
is deterministic and results in a spectral shift.

The easiest way to understand this property is to note that
in the expression for 5 = wn/cy, the frequency w and the
effective refractive index n are factors of the same product, so
that every variation An of n can be compensated by a specific
frequency shift Af = Aw/(27) such that

Af An

fo " n
where fy is the carrier frequency. In other words, a variation
An on the fiber’s effective refractive index corresponds to
a shift Af ~ fyAn/n of the backscattered spectrum. This
spectral shift is directly linked to modal birefringence and
thus to phase delay and effective refractive index. In addition
to the spectral shift, the SCA also measures a temporal
shift, which arises from differences in group velocity and is
linked to the group index and chromatic dispersion. Together,
these measurements enable the simultaneous characterization
of both phase-related and group-related modal properties.

This principle was applied in [12] to analyze the DGD and
birefringence of polarization-maintaining fibers using high-
sensitivity OFDR. Building on this, a comparable approach
was extended to study the modal properties, such as DGD
and birefringence, in FMFs [7]. In this work, we further extend
and refine this concept by introducing the notion of modes’
signatures of a fiber, which allows a detailed characterization

2

of mode-specific properties. Indeed, as the underlying distri-
bution of the scatterers {py, 2z} is the same for each mode,
the backscattering signals generated by different modes in the
same fiber can be considered (in first-order approximation) as
frequency shifted versions of the same signature; moreover,
according to (2), the shift Af is proportional to the effective
refractive index difference An (i.e. the MB) between the two
considered modes. Furthermore, a time shift is also present
between the two signals, as a consequence of the modes’
different propagation speeds.

III. MODE-SELECTIVE SPECTRAL CORRELATION ANALYSIS

Distributed measurements are enabled by the fact that the
aforementioned properties hold also in a local sense; in other
words, the concept of signature still applies when we move
from considering the whole fiber to one of its spans. According
to this, the SCA works by cross-correlating the spectra of
different sections of the fiber’s Rayleigh time (space) trace
in order to reveal a spectral correlation peak. Owing to the
uniqueness property, the peak appears as soon as the two
sections contain the signature of the same fiber span, i.e. they
are spatially aligned for a specific mode-group pair.

In a single-mode scenario, a generic time span
Ti=[ti,t1 +T] of the backscattering signal has a
one-to-one relation with the specific fiber section

Z1 = |21, 2] = [tivg/2, (t1 + T)vy/2], where wv, is the
mode’s group velocity and the factor of two accounts for
round-trip propagation. In this case, two arbitrary spans
T = [tl, t1 + T] and Ty = [t1 + At, t1 + At + T], will
spectrally correlate only if At = 0. Moreover, the correlation
peak will be at Af = 0.

Things change radically when we move to fibers sup-
porting an higher number of modes. Consider the case of
a fiber with two non-degenerate modes LP; and LP; [7].
In this case, due to the walk-off between the two modes,
the generic time span 7; will be related to two different
fiber sections, namely Zi; = [t1v4,/2, (t1 + T)vy,:/2] and
21 = [t1vg;/2, (t1 + T)v, /2], where v; and v, are the
different group velocities of modes LP; and LP;. In partic-
ular, owing to the linearity of the fiber, 7; will contain the
superposition of the Rayleigh signatures generated in Z; ; and
Z,,; respectively by mode LP; and LP;. Similar considerations
apply to the delayed time span 75.

Assume now to perform SCA between 77 and 72; whenever
the two corresponding fiber sections are spatially aligned,
e.g. At is such that Z;; = Z5;, a correlation peak at a
certain A f o< An appears. However, in the presence of N co-
propagating modes, a number of cross-correlations potentially
equal to the number of mode pair combinations are generated.
Outside their peak, these cross-correlations create background
noise that decreases the already poor visibility of the peaks.

Therefore, the key point is to limit the number of simul-
taneously propagating MGs during the backscattering mea-
surement. Nevertheless, the presence of different modes’ sig-
natures in the correlated sections is obviously a mandatory
requirement for the SCA to be effective. To characterize
several MGs while maintaining a high SNR, the solution is to
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perform a mode-selective analysis, enabled by the invariance
property of Rayleigh backscattering.

According to previous considerations, the distribution
{pk, 2k} is a peculiar and immutable characteristic of every
fiber. As a consequence, as long as the fiber is not perturbed
- 1.e. the effective refractive index n; remains unaltered for
each mode ¢, the mode’s signature generated in a fiber span
is invariant in time [9]. This suggests that the sections 7;
and 7 subject to spectral cross-correlation can be selected
on different backscattering measurements by (¢) and bo(t) of
the same fiber; even then, the spectral correlation of two
spatially aligned sections will reveal a correlation peak. In the
case only mode ¢ is propagating during measurement b (¢)
and mode j during measurement bo(t), the highest SNR in
characterizing the mode pair (7, j) is achieved. We recall that
the only requirement is for the fiber to remain unperturbed
between the two correlated measurements.

" MODE SELECTIVE MUX

SWITCHING
NETWORK

Fig. 1. Experimental setup. An OFDR system is connected to a switching
network and a mode selective multiplexer. The optical circuit, composed of
4x1 switches, circulators, and a fan-in, allows for the selection of different
MGs for launching into the FMF.

To achieve this, a setup like the one shown in fig. 1 can be
implemented. An OFDR is equipped with a switching network
and a mode selective multiplexer (e.g. a photonic lantern),
allowing the selection of the launched MG without perturbing
the fiber. The fiber’s signature generated by each MG can
therefore be collected by consecutive measurements while the
fiber remains in a stable state. Subsequently, the SCA can
be performed between different measurements, revealing the
dispersion properties of the selected mode pair. Whenever this
scheme is implemented, the only limit resides in the spatial
similarity of the correlated MGs. Indeed, the spectral shift
property holds only in first approximation when dealing with
signatures of non-degenerate modes; in reality, a signature
depends also on the spatial distribution of the generating
mode. As a consequence, modes having very different field
distributions can lead to faint spectral correlation peaks.

The scheme reported in 1 was designed for a 4-mode FMF;
however, it can be straightforwardly extended to a N-mode
fiber exploiting 2 Nx1 switches and N circulators. A generic
measurement performed by such a scheme can be identified by
a the notation LP; — LP;, where the first element corresponds
to the port through which the probing light is injected in
the fiber, while the second one refers to that from which the
Rayleigh scattering is measured.

IV. MEASURING MODE DISPERSION

As introduced in the previous section, the SCA principle
is that to cross-correlate the spectra of two different sections
71 and T3 of a coherent Rayleigh measurement; in [7],
the two sections were selected on the same measurement
b(t), during which multimode propagation was happening.
Conversely, in this case, the SCA algorithm takes sections
T1 and T3 respectively from measurements by (t) and b (t); to
characterize the dispersion of LP; with respect to mode LP;,
measurement by (¢) must contain the signature of mode LP;
while bo(t) that of mode LP;. Owing to the mode selectiveness
of the exploited multiplexer, the best choice to this aim is to
set the measurement LP; — LP; as b;(t) and LP; — LP; as
ba(t).

At this point, the SCA algorithm works by selecting consec-
utive sections 71 = [t;,¢; + 1] on by (t), and spectrally cross-
correlate them with sections Tz = [t; + At, t; + At + T of
by (t), taken for different values of At. In order for the
procedure to be effective, the two measurements must be
referred to the same absolute time axis, so that the two
OFDR scans have to be performed over the same optical
bandwidth B. The outcome of this procedure is the volu-
metric dataset C'(¢, At, Af), representing the modulus of
the cross-correlation value at Af, when section 77 starts at
t and section Ty is shifted of At with respect to it. If a
polarization-diverse receiver is implemented in the OFDR,
the SCA can be performed for every possible combination
of measured polarization states, so that the outcome becomes
C(p,t, At, Af), p corresponding to one out of four possible
combinations. Nonetheless, a polarization-independent dataset
can be obtained by taking the maximum of C' with respect
to p, obtaining C’(t, At, Af). We recall that, if a significant
correlation peak occurs at a specific point of coordinates
(t, At,Af), then it means that at position z = cot/(2ng)
two modes (LP;, LP;) are experiencing a modal birefringence
equal to An; ; = ngAf/fo, fo being the central frequency of
the OFDR scan, and a round-trip DGD equal to At; note that
all the extracted quantities depend on the choice of a reference
refractive index ng.

The distributed information about the cumulated DGD can
be revealed taking the maximum of C” with respect to A f. On
the other hand, local MB information can be extracted taking
the maximum of C’ with respect to the At axis.

This analysis is governed by two main parameters, namely
the OFDR scan bandwidth B and the SCA window length L. B
directly determines the sampling period §t = 1/B with which
the Rayleigh signal b(¢) is recorded, and corresponds to the
lower limit of the measurable cumulated DGD. On the other
hand, the window length L determines the spatial resolution of
the measurement as well as the resolution én on An through
the frequency resolution 0f of the cross-correlation, being
equal to 6f = Boz/L = foon/ng.

In this case, the measurements were performed by means
of a custom OFDR setup developed by the Nokia Bell Labs
[3]; the optical bandwidth B was set to roughly 8.5 THz,
corresponding to d¢t = 118 fs or, equivalently, to a spatial
sampling step dz = ¢p/(2noB) = 12 um. The window length
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Fig. 2. Modal dispersion properties of the fiber with respect to the LPp; mode group. Each column corresponds to a mode group LPj;; the related plots
have been obtained from the SCA outcome C’(t, At, Af) between measurements LPg; — LPo1 and LP; — LP;. Subplots (a)-(c) have been obtained as
maxa; C'(t, At, Af). Subplots (d)-(f) as maxa f C'(t, At, Af). Modal birefringence and DGD are reported on the y-axis of the first and second row
subplots respectively. Distance along the fiber is reported on the x-axis on all the subplots. The columns of each subplot in fig. 2 have been normalized by
their mean value; each obtained plot have been then normalized to its own maximum.

L was set to roughly 2 cm, leading to a resolution An on the
MB equal to An =3.1-107°.

The new scheme has been tested on a 1 m sample of a
weakly-coupled, step-index 4-mode-group FMF [8], support-
ing LPg1, LPy1, LP2; and LPy2 mode groups; the fiber has
been equipped with a mode-selective photonic lantern [13]
and connected to the switching network. The measurements
of the modes’ signatures have been carried out consecutively
and as fast as possible, in order to rule out any effect brought
by environmental fluctuations. The exploited lantern allows
for the selection of the two degenerations a-b of modes LP1;
and LP>1; as a consequence, the SCA outcomes C’ related to
the two degenerations of the same mode have been merged
together taking the point-wise maximum, in order to obtain a
single outcome C’ for each mode group.

To perform a complete characterization of the mode disper-
sion properties of a FMF it is sufficient to measure DGD and
MB for each mode group with respect to a fixed reference one.
Figure 2 shows the results of the above analysis, performed
using LPy; — LPy; as the reference measurement b;(t). The
first row (Fig. 2a-c) refers to the MB, reported in the y-
axis; as previously stated, those plots are obtained taking the
maximum of C’ with respect to the At axis. The second row
shows the accumulation of group delay, reported on the y-
axis, with respect to the reference LPy; mode. To enhance
the visibility of the traces over the effect of local oscillations
of the correlation peak, the columns of each subplot in Fig.
2 have been normalized by their mean value; each image has
then been normalized to its own maximum. The three columns
refer to the target mode groups; distance along the fiber is
reported on the x-axis of all the subplots.

To quantify the quality of the correlations, we computed the
signal-to-noise ratio (SNR) for the correlation peaks in Fig. 2.
The SNR is calculated as the ratio between the normalized
correlation peak and the noise floor. The resulting SNR values

are approximately 10 for LPy;, 5 for LPsq, and 8.33 for LPgs.
These values reflect the strength of the superposition between
the backscattered signals of the corresponding modes with the
reference mode LPg;.

The measured properties were validated against the nominal
characteristics of the fiber, as detailed in Table I. This weakly-
coupled, step-index FMF was designed to support four robust
mode groups (LPg;, LPy;, LP2;, and LPyy), with large ef-
fective refractive index differences (Aneg) and DGD between
mode groups, as reported in its nominal design in Ref. [8].
Table I provides a comparison of the nominal and measured
properties for the mode pairs, highlighting the low mode
coupling achieved by the fiber.

TABLE I
COMPARISON BETWEEN THE MEASURED MODAL PROPERTIES AND THE
NOMINAL ONES (REF. [8])

Mode Pair Aneg (X1073) DGD (ps/m)
Nominal Measured Nominal Measured
LPg1-LP11 2.3 2.2 4.4 4.5
LPg1-LP2y 5.1 5.0 8.5 9.0
LPg1-LPo2 5.9 5.8 7.2 8.6

Table I summarizes the results obtained relative to the LPy;
mode group. For DGD, the values were calculated as half of
the slopes detected in Figs. 2d-f, accounting for round-trip
propagation. As previously discussed, any other mode can be
used as reference, the only constraint is to correlate signatures
of modes that are sufficiently spatially similar. As an example,
Fig. 3 shows the results obtained exploiting the LP>; mode-
group as reference, i.e. setting LPy; — LPs; as by(t). The
measured values are summarized in table II, showing great
consistency with those reported in table I. Nonetheless, it can
be readily seen e.g. in Figs. 3c and 3f how the reduced spatial
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Fig. 3. Modal dispersion properties of the fiber with respect to the LP21 mode group. Each column corresponds to a mode group LPj;; the related plots
have been obtained from the SCA outcome C’ (¢, At, Af) between measurements LP2; — LP2; and LP; — LP;. All the subplots have been derived and
normalized as in fig. 2. Modal birefringence and DGD are reported on the y-axis of the first and second row subplots respectively. Distance along the fiber

is reported on the x-axis on all the subplots.

TABLE I
MEASURED MODAL DISPERSION WITH RESPECT TO LP21

LPo; LPq; LPo2
An -5.107% -2.8.107% 0.8.1073
At [ps/m] -9 -4.5 -0.4

similarity between the correlated LP5; and LPy, mode groups
impacts on the SNR of the analysis, resulting in a reduced
contrast. Specifically, the SNR values computed for the LPs;
reference mode are approximately 6.7 for LPy1-LPgq, 10 for
LPQl-Lpll, and 4 for LPQl'LPOQ.

V. DETECTING CROSS-MODE SCATTERING

In the previous section, we have shown that whenever the
SCA is performed among the signatures of two modes LP;
and LP;, the identified spectral shift Af; ; is related to the
refractive index difference An; ; between the selected modes.
In particular, Af; ; is defined as the frequency shift such that
the propagation terms of the compared signatures coincide,
i.e. such that —j25,;(f + Af; ;) = —j26;(f). However, this
definition holds as long as the propagation term is of the type
exp(—j2Bz); this is true when the forward and backward
propagations occur on the same fiber mode. We refer to this
kind of signals as to “round-trip” signatures of a certain mode.

In FMFs, cross-mode scattering happens [14]; in this case,
the related propagation term becomes exp(—j(f5; + 5;)zk),
and the corresponding frequency shift Af must change
accordingly. In particular, when compared to the round-

trip signature of mode LP;, the “mixed” signature
involving LP; and LP; must lead to a frequency
shift Af such that —j28; = —j(8;+5;), so that
Af = foAn;;/(2n;) = Af;;j/2. Owing again to the

mode selectiveness of the exploited multiplexer, the mixed
signatures, if present, should be detected in measurements of
the type LP; — LP;, with ¢ # j.

To verify this, we performed SCA between measurements
LP; — LP; and LP; — LP;. In particular, only one pair of
modes has been found to give rise to mixed signatures, namely
LPy; and LPy,. The plots in Fig. 4 report the results obtained
comparing the measurements LPy; — LPy; and LPy; — LPgs.
As expected, the obtained modal birefringence and differential
group delay are half of those identified in Figs. 2¢ and 2f; the
results obtained performing SCA between LPy; — LPy; and
LPy2s — LPy; are similar.

VI. MEASURING RELATIVE CHROMATIC DISPERSION

The spatial resolution that can be achieved when mea-
suring coherent Rayleigh backscattering with an OFDR is
proportional to the optical bandwidth B scanned during the
acquisition. To achieve high spatial resolution, i.e. small
dz = co/(2noB), a typical OFDR scan is performed over a
wide optical bandwidth 3, usually in the order of several tens
of nanometers; as a consequence, the measurement outcome
can be affected by the chromatic dispersion of the fiber.

x10!

2

1 o
0 z[m] 10 z[m] 1
0.1 normalized C' [a.u.] 1.0
Fig. 4. Evidence of cross-mode scattering in the outcome C’ of the
SCA performed between measurements LPg; — LPg; and LPg; — LPga2.

Subplot (a) is obtained as maxa; C' (¢, At, Af); MB is reported on y-
axis, while distance along the fiber on x-axis. Subplot (b) is obtained as
maxa y C’'(t, At, Af). The delay is reported on y-axis, distance along the
fiber is reported on x-axis. The plots have been normalized as in fig. 2.
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Fig. 5. Effects of chromatic dispersion in the outcome C” of the full-length,
full-bandwidth SCA performed between measurements LPgp; — LPp1 and
LPo1 — LPo2. The plot is obtained as maxay C’(t, At, Af). Delay is
reported on the y-axis as the deviation from the corresponding value in table
I .i.e. 8.6 ps/m, while distance along the fiber is reported on the x-axis. The
plot has been normalized as in fig. 2.

In terms of delay, the strength of these effects is related
to the propagation distance and the OFDR scan bandwidth
B, through the dispersion coefficient D; of the mode LP;.
Whenever the fiber is short enough to make the chromatic
dispersion effects fall in the order of the delay resolution
0t, the full bandwidth B can be exploited to obtain the
measurements to be analyzed, without introducing detrimental
effects, as it was done in Figs. 2 and 3.

However, as the propagation distance increases, the effects
of chromatic dispersion become more and more prominent
in the measurement’s outcome. This is the case of Fig. 5,
where the full bandwidth B = 8.5 THz has been exploited
to obtain the time (distance) domain coherent backscattering
signal of a 14.8-meters long sample of the FMF previously
introduced. In particular, the round-trip signatures of modes
LPy; and LPy,; have been obtained respectively through the
measurement LPy; — LPy; and LPy> — LPy2; SCA has then
be performed between the two. For the sake of clarity, the
figure reports the measured deviation from the DGD value
reported in table I; it can clearly be seen how the delay trace
spreads as the propagation distance increases, as a result of
the cumulated effects of chromatic dispersion, resulting in a
unclear outcome.

The most straightforward way to limit the effects of chro-
matic dispersion on the SCA is to exploit signatures obtained
from a smaller bandwidth B, at the cost of an increased
spatial sampling step 0z = co/(2noBs). Such signatures can
be directly derived from a full-bandwidth measurement of
mode LP;, b;(t), through pass-band filtering; hereinafter, we
refer to the signature obtained from b;(¢) through pass-band
filtering over the sub-band B, C B as to b; s(1).

At this point, it is possible to evaluate the effect of chromatic
dispersion between modes LP; and LP; by partitioning the
bandwidth B in sub-bands {Bs}{scsy and deriving b; 4(t)
and b; (t) for each of them. Subsequently, the SCA can be
performed between b; s(t) and b; s(t), derived from the same
sub-band Bj; from the related outcomes C’, modal disper-
sion information can be extracted following the procedure
described in section IV.

Figure 6 shows the results for the mode pair (LPy;, LPg2),
whose signatures have been obtained from 4 different 1.5
THz-wide sub-bands B, taken from the full measurement
bandwidth B = 8.5 THz. The cumulated delay is reported on
the y-axis, distance along the fiber on the x-axis. Each subplot
a-d corresponds to a sub-band B, whose carrier wavelength
is reported in the corresponding title. As in Fig. 5, the delay is
reported as a deviation from the corresponding value in table
I. Looking at the 4 subplots, it can clearly be noted how the
detected slope changes according to the considered sub-band.

Repeating the above procedure for all the mode groups, a
plot like the one in Fig. 7 can be obtained, where the DGD
with respect to the LPy; mode group is reported as a function
of the sub-band carrier wavelength. In particular, the plot in
Fig. 7 reports the DGD per unit length computed considering
the maximum cumulated delay, at the fiber end; however,
such analysis can be performed at any point along the fiber,
thus enabling the distributed characterization of the relative
chromatic dispersion between arbitrary pairs of modes. Fig. 8
complements this by reporting the corresponding chromatic
dispersion values, derived for each sub-band and mode group
relative to LPy;. In Figure 8, the chromatic dispersion values
for the LP2; mode exhibit more pronounced oscillations
compared to the other modes (LP;; and LPys). This behavior
can be attributed to the lower SNR observed in the correlation
between the LPy; and LPg; modes (see Fig. 2). The reduced
correlation strength arises from the weaker overlap between
the mode field distributions of LPy; and LPgy;, which results
in increased noise and wider oscillations in the chromatic
dispersion measurements.

As previously introduced, when performing this kind of
analysis, a trade-off has to be made between the attainable
delay and wavelength resolutions. In particular, exploiting
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Fig. 6. Evolution of the cumulated group delay between LPp1 and LPo2
in 4 different 1.5 THz sub-bands Bs, whose carrier wavelength is reported
in the title of the related subplot a-d. Delay is reported on the y-axis as the
deviation from the corresponding value in table I, i.e. 8.6 ps/m, while distance
along the fiber is reported on the x-axis. Each subplot a-d has been obtained
as maxa f Cf(t, At, Af) from the related SCA outcome C, and has been
normalized as in fig. 2.
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Fig. 7. Effects of chromatic dispersion: DGD computed for each LP mode
group with respect to the LPp; as a function of the sub-band carrier
wavelength

smaller sub-bands enables a more careful characterization of
the evolution of the DGD along the wavelength axis. On the
other hand, smaller sub-bands lead to worse delay resolution
ot. In this case, we exploited 1.5 THz sub-bands to get
5 wavelength points along the full 8.5 THz bandwidth B,
providing a delay resolution d¢ equal to 0.67 ps. The increased
sampling step &t affects also the attainable spatial resolution
through the window length L, which must be sufficiently long
(in terms of samples) to provide the necessary SNR when
performing correlations. In this case, it was set to 512 samples,
leading to L ~ 3.5 cm.

VII. CONCLUSIONS

In this paper, we have shown how to perform a spatially-
resolved measure of modal and chromatic dispersion between
arbitrary pairs of modes of a weakly-coupled FMF, obtained
through a proper analysis of its Rayleigh backscattering traces.
Relying on a high-resolution OFDR, the method cannot be
straightforwardly extended to fiber lengths beyond few hun-
dreds of meters, thus being indicated for laboratory character-
ization of fibers. Currently, the analysis focuses only on the
positions (in terms of differential delay At and frequency shift
A f) of the correlation peaks, neglecting their amplitude. How-
ever, we believe that these amplitudes may provide quantitative
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Fig. 8. Chromatic dispersion values computed for each LP mode group
relative to the LPp1 mode group, plotted as a function of the sub-band carrier
wavelength.

information about the mode coupling; yet, the development of
an appropriate model to interpret the data will be the object
of future studies. Nonetheless, the analysis provides values in
very good agreement with the nominal ones with centimeter-
scale spatial resolution and sub-picosecond delay resolution.
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