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Abstract: We present experimental and numerical studies on principal modes in a multimode
fiber with mode coupling. By applying external stress to the fiber and gradually adjusting the
stress, we have realized a transition from weak to strong mode coupling, which corresponds to
the transition from single scattering to multiple scattering in mode space. Our experiments show
that principal modes have distinct spatial and spectral characteristic in the weak and strong mode
coupling regimes. We also investigate the bandwidth of the principal modes, in particular, the
dependence of the bandwidth on the delay time, and the effects of the mode-dependent loss. By
analyzing the path-length distributions, we discover two distinct mechanisms that are responsible
for the bandwidth of principal modes in weak and strong mode coupling regimes. Their interplay
leads to a non-monotonic transition of the average principal mode bandwidth from weak to
strong mode coupling. Taking into account the mode-dependent loss in the fiber, our numerical
results are in qualitative agreement with our experimental observations. Our study paves the
way for exploring potential applications of principal modes in communication, imaging and
spectroscopy.
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1. Introduction

Recent advances in coherent control of light propagation in random scattering media [1] have
triggered experimental investigations of the transmission eigenchannels [2—13], which provide a
full description of steady-state transmission of monochromatic waves. The pulsed transmission is
much more complex and involves not only spatial but also temporal distortions of an input signal.
As the multiple scattering creates innumerable possible paths that light can take, the temporal
shape of a pulse is severely distorted and stretched. The inherent coupling between temporal
and spatial degrees of freedom makes it possible to exert control over the temporal dynamics
of the transmitted pulse solely by manipulating the spatial degrees of freedom of the incident
wavefront. Spatiotemporal focusing has been achieved by mitigating the temporal distortion in a
single spatial channel [14-20]. A global control of pulsed transmission in all spatial channels is
much more challenging, and it is not clear whether the spatial degrees of freedom are sufficient
to tailor the temporal dynamics of the fotal transmission through turbid media.

Multimode optical fibers (MMFs) have attracted much attention lately due to practical ap-
plications in communication [21, 22], imaging [23-30] and spectroscopy [31-35]. Intrinsic
imperfections (like an inhomogeneity of the refractive index in the fiber) and external perturba-
tions (such as those causing a cross-section deformation) lead to coupling of the guided modes.
Such coupling can be considered as optical scattering in mode space, with the effective transport
mean free path ¢ given by the propagation distance beyond which, for a given input, the relative
intensity distribution in mode space no longer changes [22,36]. If the fiber length L is less than ¢,
the weak mode coupling can be described as single scattering of light from one mode to another.
Once L exceeds ¢, light is scattered back and forth among the fiber modes [37]. Note that the
scattering occurs in mode space as light still propagates forward but in different modes. In the
strong mode coupling regime, light may return to the original mode after hopping to other modes,
causing interference effects. Thus multiple scattering and wave interference become dominant.

Light propagating through a MMF experiences spatial distortions that scramble the intensity
profile. Such distortions have been effectively corrected at a single frequency by shaping the
input wavefront. In fact, an arbitrary output field pattern can be generated with monochromatic
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light [38,39]. In addition to the spatial distortions, a short pulse propagating through a MMF
experiences temporal distortions. Even if a pulse is launched to a single guided mode of the MMF,
the random mode coupling spreads light to other modes with different propagation constants.
A selective excitation of modes with similar propagation constants results in the formation of
a focused spot with minimal temporal broadening at the output of a MMF [40]. This method,
however, works only when mode coupling is relatively weak, as multiple scattering spreads the
input light to all modes with distinct velocities.

To overcome modal dispersion, principal modes (PMs) were proposed for MMFs as the
generalization of principal states of polarization in a single mode fiber [41-46] and they provide
an effective approach to mitigate temporal distortions in the strong mode coupling regime. A PM
retains its output spatial profile to the first order of frequency variation [41]. Mathematically PMs
are the eigenstates of the group-delay matrix G = —iT~'dT /dw, where T is the field transmission
matrix. In the absence of backscattering in the fiber, the group delay matrix coincides with the
Wigner-Smith time-delay matrix, Q = —iS ~1dS/dw, where S is the scattering matrix [47-49].
Hence, PMs correspond to the Wigner-Smith time-delay eigenstates [50], and have well-defined
delay times that are equal to the real part of the associated eigenvalues. These eigenstates provide
the most suitable basis for studying and controlling temporal dynamics of total transmission
through MMFs.

In the absence of mode coupling, PMs are linearly polarized (LP) modes, i.e., the eigenmodes
of a perfect fiber in the weak guiding approximation. Mode coupling entangles spatial and
temporal degrees of freedom. However, the output spatial profile of a PM is decoupled from
its temporal profile. Different output spatial channels follow the same temporal trace, thus the
spatial profile of the output field remains constant in time. Neglecting chromatic dispersion in the
fiber, when a transform limited pulse is launched to a single PM, the output pulses in all spatial
channels remain short and undistorted, even in the presence of strong mode coupling. However,
the pulse width is limited by the spectral correlation width of the PM. Hence, it is important
to find out what determines the PM bandwidth, for potential applications in communication,
imaging and spectroscopy.

Recent experimental studies have demonstrated PMs in MMFs with weak and strong mode
coupling [51,52]. In Ref. [51], all the fibers tested are graded-index fibers, which have a step-like
distribution of propagation constants [53]. The degenerate mode-groups are separated from one
another by comparatively large spacings, giving rise to "islands"of mode coupling, where modes
couple strongly within their group, but are isolated from other modes. Intrinsic imperfections and
external perturbations can easily lift the mode degeneracy within one group, and dramatically vary
the strength of mode coupling. Consequently, the bandwidth of the PMs, which are formed by the
guided modes within one group, are very sensitive to slight index variations and environmental
perturbations. Experimentally it is impossible to know the exact index profile of the fiber or the
random perturbations along the fiber, and no consistent trend of the PM bandwidths was found
from many graded-index fibers that were tested in Ref. [51].

For a systematic study on the PM bandwidths, we switch to the step-index fibers, because
the propagation constants of the guided modes are closely spaced and the spacing is almost
constant [53]. Experimentally, it is easier to control the amount of coupling among all modes,
allowing a systematic study on the PM bandwidths in both weak and strong coupling regimes.
The transition from the weak to the strong mode coupling regime in graded index fibers has been
studied numerically in Ref. [42], including the reduction in group delay spread, the evolution
of PMs. However, the mode-dependent loss (MDL) is not included in this study. Since MDL is
common in all fibers and has a significant impact on the PMs and their bandwidths [52], it must
be taken into account when comparing the numerical results to the experimental data.

In this paper, we experimentally study PMs in both weak and strong mode coupling regimes
as well as in the transition region between them in the same step-index fiber by varying the
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Fig. 1. Experimental setup for measuring the field transmission matrix of a MMF. The
continuous-wave output from a tunable laser source (Agilent 81940A) at wavelength ~
1550 nm is collimated (C1) and linearly polarized (PBS1). The beam is split into two arms
by a beam splitter (BS1). In the fiber arm, light is modulated by the SLM in the reflection
mode and then coupled to the MMF by a tube lens (L) and an objective (O). The output
light from the MMF is collimated (C2) and linearly polarized (PBS2), before combining
with the beam from the reference arm at a second beamsplitter (BS2). To match the optical
path-length in the two arms, two mirrors (M1, M2) are inserted to the reference arm to adjust
the path-length. BS2 is tilted to produce interference fringes of the two beams, which are
recorded in the far field by a CCD camera.

strength of mode coupling. With weak mode coupling, each PM is a mixture of a few modes with
similar propagation constants, while with strong mode coupling, a PM consists of many modes.
We investigate spectral correlation widths of PMs with different delay times and how mode-
dependent loss affects the widths. In the weak mode coupling regime, the spectral correlation
widths of PMs decrease dramatically with the increase of the delay times. However, in the strong
mode coupling regime, the correlations exhibit a plateau within the short delay time range. We
perform numerical simulations to further confirm and understand our experimental observations.
By calculating the intensity distribution over the path-length, the finite bandwidth of PMs can
be explained. Taking into account mode-dependent loss in the MMF, we obtain a qualitative
agreement between the numerical results and the experimental data.

2. Experimental measurement of principal modes

To construct the Wigner-Smith time-delay matrix, we measured the field transmission matrices
of a MMF at multiple wavelengths. Figure 1 is a schematic of an interferometer setup. A spatial
light modulator (SLM) in the fiber arm prepares the phase front of the light field, which is then
imaged to the front facet of a MMF. The output from the fiber combines with the reference beam
and forms interference fringes. From the interferogram, we extract the spatial distribution of the
transmitted field through the fiber. The measured intensity is I = |E,|> + |Es|*> + E YE getkrsing o
ErE;‘e_“" sinf where E, and E, are the electric fields of the reference arm and the fiber
arm, respectively, and 6 is the tilt angle between them. The first two terms represent the dc
components, and the last two terms are modulated at the spatial frequency +k sin 6. These terms
can be separated in the Fourier domain, namely, by performing the spatial Fourier transform. By
applying a Hilbert filter, we select only the third term that has the positive spatial frequency, then
remove the factor e’*” 5" before applying an inverse Fourier transform to obtain the amplitude
and phase of Ej.
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Fig. 2. Field transmission matrix of a MMF with weak (a,b) and strong mode coupling (c,d).
The one-meter-long step-index fiber has a 50 um core and a numerical aperture of 0.22.
There are about 120 guided modes for one polarization, which are labeled by the propagation
constant (from large to small). Amplitude (a,c) and phase (b,d) of the measured transmission
matrix at A = 1550 nm (w = 194 THz) for one linear polarization. The transmission matrix
is nearly diagonal in (a), indicating weak coupling among modes of similar propagation
constants. In (c) all modes are coupled, although higher-order modes have more attenuation.

The transmission matrix is measured in momentum space. The SLM scans the incident angle
of light onto the fiber facet, and the transmitted light is measured in the far field of the distal
tip. We apply stress to the fiber with clamps to enhance the mode coupling. By adjusting the
stress, we can tune the coupling strength. To evaluate the strength of mode coupling in the fiber,
the transmission matrix is transformed to the mode basis by decomposing the input and output
fields by LP modes, which are simply referred to as modes below. Figure 2 shows the amplitude
and phase of the measured transmission matrices of the MMF. Without external stress, the field
transmission matrix is nearly diagonal [Fig. 2(a)]. The small off-diagonal terms result from weak
mode coupling due to inherent imperfections and macro-bending of the fiber. With an increase in
the stress applied to the fiber, the off-diagonal terms grow and eventually become comparable
to the diagonal terms, as shown in Fig. 2(c). Hence, in the weak coupling regime only modes
with similar propagation constants are coupled. However, in the strong coupling regime, light
diffuses to all modes regardless of which mode it is injected with. Greater loss results in a lower
amplitude of higher order modes at the output. However, if higher order modes are launched
into the fiber, they can be scattered to lower order modes which experience less attenuation and
dominate the output fields. Consequently, the transmission matrix presents a stronger decay
for the output modes of high-order than the input ones. The phases of the transmission matrix
elements are randomly distributed between 0 and 27, reflecting the random nature of the mode
coupling in the MMF.
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Fig. 3. Experimental realization of PMs at 4 = 1550 nm. Experimentally measured (a,b)
and numerically calculated (c,d) amplitude and phase of the output field of a PM in the
same fiber as in Fig. 2. The agreement confirms the accuracy of the transmission matrix
measurement.

After measuring the transmission matrices at multiple wavelengths, we construct the group-
delay matrix G = —iT~'dT /dw. An eigenvector of G gives the input field for a PM. We generate
the input waveform of the principal mode by the SLM and launch it to the fiber. Since the SLM
is limited to phase-only modulation, a complex-to-phase coding technique is used to convert
the computer-generated phase-only hologram to a complex function with amplitude and phase
modulation [54]. Figures 3(a)- 3(b) depict the measured amplitude and phase of the output field
pattern ¥ for a PM. For comparison, we also calculate the output field ¥’ from the input field
of the same PM using the measured transmission matrix [Figs. 3(c)- 3d)]. To quantify their
difference, we compute f ¥ — ¥ |2dr, with f |¥|%dr = 1 and f |¥’)2dr = 1. The difference is
3.8%, confirming the accuracy of our experimental measurement.

We note that the transmission matrix is measured for one linear polarization of input and output
light only. Since the polarization is scrambled in the MMEF, some of the input light is converted
to the other polarization and thus is not measured at the output. The transmission matrix is thus
non-unitary even without intrinsic loss, and it is part of the full transmission matrix for both
polarizations. Nevertheless, we can still obtain the group-delay matrix for one polarization from
the partial transmission matrix. Its eigenstate gives the linearly-polarized input waveform that
generates an output field whose one polarization component has a frequency-invariant spatial
profile. Below we study the characteristics of such polarized PMs, which are simply referred to
as PMs.

3. Principal modes in weak and strong mode coupling regimes

We now experimentally investigate the differences in PMs of the MMF with weak and strong
mode coupling. Figures 4(a)- 4(c) shows the far-field patterns of three PMs in the weak mode
coupling regime with short, medium and long delay times. The PM with short delay time has
small transverse momentum, similar to the low-order modes [Fig. 4(a)]. With increasing delay
time, the PM acquires larger transverse momentum [Fig. 4(b)]. The far-field pattern of the
PM with long delay time consists of large transverse momentum, like the high-order modes
[Fig. 4(c)]. We decompose the output field pattern by the LP modes, and the coefficients are
given in Figs. 4(d)- 4(f). The PM with short/medium/long delay time is composed mostly of
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Fig. 4. PMs in the weak mode coupling regime. (a-c) Spatial distribution of the far-field
amplitude for three PMs in the weak mode coupling regime with short (a), medium (b) and
long (c) delay time. (d-f) Decomposition of output fields in (a-c) by the LP modes. The PMs
with short/medium/long delay time are composed mostly of low/medium/high-order LP
modes. N, is the mode participation number.

low/medium/high-order modes. Hence, in the weak mode coupling regime, each PM contains
only a few modes with similar propagation constants.

Figures 5(a)- 5(c) plots the spatial distribution of the output field amplitude for three PMs with
short, medium and long delay time in the case of strong mode coupling. The far-field patterns
contain many transverse momentum components and do not resemble any modes of the perfect
fiber. The modal decomposition verifies that these PMs are a superposition of many LP modes
[Figs. 5(d)- 5(f)]. Since higher-order modes experience more attenuation, their contributions
to PMs, especially to the ones with shorter delay times, are reduced. To be more quantitative,
we define the mode participation number as N, = (3, |@,|*)?/(Z, la,]*), where a,, is the
decomposition coefficient for the n-th mode. As noted in Figs. 4 and 5, the values of N, for the
PMs in the weak mode coupling regime are significantly smaller than those in the strong mode
coupling regime.

Next we compare the spectral properties of PMs in the weak and strong mode coupling
regimes with each other. For this purpose we scan the frequency w while keeping the input
field profile to that of a PM at a given frequency wy. The output field pattern is measured
at each frequency and correlated to that at wg. We compute the spectral correlation function
C(Aw) = |P(wp) - Y(wo + Aw)*|, where ¥(w) is a vector representing the output fields in all
spatial channels, and its magnitude is normalized to one at each frequency. Figures 6 (a)- 6(b)
plots C(Aw) for three PMs with short, medium and long delay times in weak and strong mode
coupling regimes. For comparison, C(Aw) for a random superposition of modes at the input is
also shown. The small revival of the correlation for the random input in the weak mode coupling
regime is due to the spectral beating between different modes. One can clearly observe that the
PMs decorrelate much more slowly with frequency detuning than the random input, and that
they exhibit a plateau at Aw = 0. Moreover, the PM with short delay time decorrelates more
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Fig. 5. PMs in the strong mode coupling regime. (a-c) Spatial distribution of the far-field
amplitude for three PMs in the strong mode coupling regime with short (a), medium (b) and
long (c) delay time. (d-f) Modal decomposition of output fields in (a-c), revealing the PM is
a superposition of many LP modes. N, is the mode partition number.

slowly than the one with long delay time in both weak and strong mode coupling regimes.

4. PM bandwidth

To be more quantitative, we define the PM bandwidth Aw, as the frequency range over which
|[C(Aw)| = 0.9|C(0)|. Since the spectral decorrelation of the output pattern for any input
waveform depends on fiber properties, such as the fiber length and numerical aperture, we plot
the enhancement ratio of the bandwidth of PMs to the bandwidth of random inputs termed
"normalized bandwidth" in the following. Figures 6 (c)- 6(d) plots the normalized PM bandwidth
Aw, for all PMs versus their delay times. In the weak mode coupling regime the PM bandwidth
first drops sharply with increasing delay time, then levels off. In the strong mode coupling regime,
Aw,. remains nearly constant at short delay time, and starts decreasing as the delay time becomes
larger. The normalized bandwidths of PMs in the weak mode coupling regime are larger than
those in the strong mode coupling regime, indicating the enhancement of PMs is more substantial
in the weak mode coupling regime.

To understand what determines the bandwidths of PMs in the MMFs with weak and strong
mode coupling, we perform numerical simulations using the concatenated fiber model [55]. In
particular, we consider a one-meter-long step-index fiber with 50 um core and 0.22 numerical
aperture. The fiber is divided into 20 short segments; light propagates in each segment as in a
perfect fiber without mode coupling. Between adjacent segments, the guided modes are randomly
coupled. The scattering in the mode space is simulated by a unitary random matrix, which is
given by A = exp[iH], where H is a random Hermitian matrix. We construct H = G - (R + R"),
in which R is a complex random matrix whose elements are taken from the normal distribution,
and G is a real matrix imposing a Gaussian envelope function on the matrix elements along the
off-diagonal direction. Specifically, the magnitude of the matrix elements decays away from
the diagonal, and the decay rate, i.e., the width of the Gaussian envelope function, depends on
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Fig. 6. Spectral decorrelation of PMs. (a,b) Spectral correlation function C(Aw) of the
output field pattern, measured experimentally for three PMs with short delay time (red line),
medium delay time (blue line) and long delay time (green line) in the MMF with weak (a)
and strong (b) mode coupling. For comparison, C(Aw) for a random input is also shown
(black dashed curve). C(Aw) is normalized to one at Aw = 0. The output field pattern for
the PM with short delay time decorrelates more slowly with frequency than that with long
delay time. (c,d) Normalized spectral correlation width of PMs vs. delay times in weak (c)
and strong (d) mode coupling regime. The red, blue and green arrows indicate the PMs of
which the three spectral correlation curves are plotted in (a) and (b).

the degree of mode coupling. The faster the decay, the narrower the envelope function and the
weaker the mode coupling. Therefore, by varying the width of the Gaussian envelope function,
we can tune the scattering strength in mode space.

To quantify the amount of scattering in mode space, we calculate the effective transport mean
free path ¢, which is given by the propagation distance beyond which, for a given input, the
relative intensity distribution in mode space no longer changes [22,36]. In the concatenated fiber
model, the transport mean free path is obtained numerically by launching light into a single
mode and computing the number of segments light propagates until the intensity distribution in
mode space, after ensemble average, is uniform. The coupling strength is described by the ratio
of the fiber length L to the effective transport mean free path ¢.

First we ignore the fiber loss and calculate the normalized bandwidths of PMs in the MMF
with different degrees of mode coupling. In the weak coupling limit (L/{ <« 1), the normalized
bandwidth has two maxima at the shortest delay time and the longest delay time [Fig. 7(a)].
As the mode coupling (L/{) increases, the normalized bandwidths of all the PMs are reduced.
However, the decrease at the medium delay time is slower than that at short and long delay times.
Consequently, a new maximum arises at the medium delay time when (L/{ = 1) [Fig. 7(b)].
With a further increase of mode coupling, the two local maxima at the shortest and longest delay
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Fig. 7. Calculated PM bandwidths (upper row) and corresponding path-length distributions
(lower row). The MMF is a step-index fiber with 50 pm core and 0.22 numerical aperture.
The mode coupling strength (L/¢) is 0.2 in (a,d), 1.0 in (b,e), and 10 in (c,f). (a,b,c) PM
bandwidths vs. delay times. The bandwidth is normalized to the average width of random
inputs. The shortest delay time is set to be 0 and the difference between the shortest and
longest delay time is normalized to 1. (d,e,f) The intensity distributions over the relative
path-length of the PMs in (a,c,e) with the delay time = 0 (red solid line), 0.5 (blue dashed
line) and 1 (green dotted line). In the weak mode coupling regime (a), the PM bandwidth is
maximized at the shortest and longest delay time. In the strong mode coupling regime (c),
the PM bandwidth is the largest at the medium delay time. (b) shows the transition between
the two regimes.

times disappear entirely [Fig. 7(c)]. Thus the variation of the bandwidth with the delay time in
the strong mode coupling regime (L/¢ > 1) is just opposite to that in the weak mode coupling
regime.

To interpret these results, we resort to an intuitive picture of optical paths in the MMF. A
MMF supports many propagating modes, each having a different propagation constant. From the
geometrical-optics point of view, various rays propagate down the fiber at different angles relative
to the axis of the fiber, and thus travel different distances and experience different phase delays.
Inherent imperfections and external perturbations result in light hopping among the trajectories
with different angles and lengths. Hence, light can take many paths of different lengths to transmit
through the fiber. The sum of waves following different paths gives the output field. Formally,
this fact can be expressed by writing the transmission amplitude ¢,,,, (Aw) from an incoming
mode m and an outgoing mode 7 at frequency Aw (central frequency is set to zero) through a sum
over infinitely many paths g, each of which contributes with an amplitude A, and with a phase
that depends on the path length L, in the following way: 7, (Aw) = 3, A, exp(iAwL,/c) [56].
This relation follows directly from the Feynman path integral formulation of the Green’s function,
for which several semiclassical approximations have been worked out (see [57] for an overview).
The interesting insight that we now deduce from this path picture is that in the weak guiding
approximation one can deduce the path spectrum 7,,,(L) contributing to the transmission
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amplitude ¢,,,, (Aw) by a simple Fourier transform 7,,,,, (L) = fk]:n” dk tm (k) exp(—ikL) [58],
where we define k = Aw/c. Correspondingly, the power spectrum of the total transmission
through the fiber is given as T(L) = X, [fnm (L)I*.

The width of the intensity distribution over the path-length spectrum determines how fast the
output field decorrelates with frequency. The narrower the distribution, the weaker the dephasing
among different paths, and the slower the decorrelation. We calculate (L) for the PMs in
different mode coupling regimes. Figures 7(d)- 7(f) presents the results for three PMs with the
shortest, intermediate, and longest delay times. In the case of weak mode coupling, the intensity
distribution over the path-length is narrow [Fig. 7(d)] because each PM contains only a few
modes with similar propagation constants. For example, the PM with short delay time consists of
a few low-order modes. The adjacent modes that these low-order modes can couple to are higher
order modes with smaller propagation constants. However, the PM with intermediate delay time
is composed of modes with medium propagation constants, which are surrounded by both lower
and higher order modes to which they can couple to. Since the propagation constants of modes
in a step-index fiber are almost equally spaced, the constituent modes for an intermediate PM
have more neighboring modes to couple to, and the intensity distribution over the path-length
is wider than that for the fast PM. Consequently, the fast PM has a broader bandwidth than
the intermediate PM. The same argument applies to the slow PM that has a long delay time.
Therefore, the fastest and slowest PMs have the maximum bandwidth.

As the mode coupling strength increases gradually, the intensity distribution over the path-
length is broadened [Fig. 7(e)], and the normalized bandwidth of PMs is reduced. Eventually
all modes are coupled, and the transition from single scattering to multiple scattering occurs
in mode space. Since light can follow many possible trajectories of similar length from the
input to the output of the fiber, the interference of the fields from these paths determines the
intensity distribution over the path-length. In Fig. 7(f), the fast PM has intensity concentrated on
shorter paths, as the destructive interference of different trajectories with similar length is more
pronounced for longer path-length. The opposite happens to the slow PM. Quite remarkably, Such
interference effects are completely determined by the input wavefront. PMs with intermediate
delay times suppress both short and long paths by destructive interference. In the absence of
mode-dependent loss, the central-limit-theorem dictates that the density of path-lengths has a
Gaussian distribution that is peaked at the medium delay time [52]. Thus the intermediate PMs,
whose delay times coincide with or are close to the medium path-length of maximal density, only
need to suppress a small number of trajectories of short or long path-lengths via interference.
By contrast, the PMs with short delay times require destructive interference of both medium
and long paths. Since there are more trajectories with medium path-length, it is more difficult
to suppress them via interference, as evident from the shoulder at medium path-length for the
fast PM in Fig. 7(e). Hence, the fast PMs have broader path-length distributions and narrower
bandwidths than the medium PMs. The same explanation applies to the bandwidths of the slow
PMs.

We further analyze the transition from weak to strong mode coupling for fixed fiber length L
and for a transport mean free path ¢ that decreases with increasing mode coupling. In Fig. 8(a),
we plot the average bandwidth of PMs and of random inputs as a function of the ratio L/{. As L/€
increases for stronger mode coupling, the average bandwidth of random input fields increases
monotonically, as shown by the black dashed line in Fig. 8(a). At first sight this behavior may
look very suprising. Consider, however, that in a multimode fiber of fixed length L, the path
length spectrum is bound from below by the shortest path that light travels (corresponding to the
lowest-order guided mode) and from above by the longest path (corresponding to the highest-
order mode). Mode coupling causes light to randomly scatter from one mode to another, thus the
overall path length spectrum becomes narrower. Consequently, the bandwidth of a random input
increases [36,42,59]. This is different from light diffusion in a random scattering medium. With
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Fig. 8. Evolution of PM bandwidth with mode coupling strength. (a) With L fixed, the aver-
age bandwidth of all PMs (blue solid curve) first decreases with L/¢, reaches the minimum
at L/€ ~ 1, and then increases. For comparison (black dashed curve), the average bandwidth
of random inputs increases monotonically with L/¢. (b) The normalized bandwidths (band-
width enhancement ratio) of PMs decrease with L/¢ and approaches a constant. (c) The
difference between the maximum bandwidth and the minimum bandwidth (blue, solid line)
exhibits a similar trend as the average bandwidth. The bandwidth difference is normalized
by the average bandwidth to show the relative bandwidth fluctuation (black, dashed line).

a fixed system size L, an increase of the scattering strength (corresponding to a decrease of the
transport mean free path ¢) will increase the mean scattering path length and broaden the path
length spectrum. Note that the longest and the shortest scattering path lengths are not fixed by L
but change with ¢. In a diffusive medium, the width of the path length spectrum increases linearly
with the mean path length ~ L?/¢, thus the bandwidth will decrease as £ becomes shorter.

For PMs, the average bandwidth first decreases rapidly, then goes through a turning point
at L/¢ ~ 1, and starts increasing again [Fig. 8(a), blue solid curve]. In the absence of mode
coupling, the PMs are simply the linearly polarized (LP) modes, which are the eigenmodes of the
fiber in the weak guiding approximation. Each PM corresponds to a single path length and has
an infinite bandwidth. This is different from the case of a random input field that excites all LP
modes with distinct propagation constants, leading to a large spread of path lengths and a small
bandwidth. With the introduction of mode coupling, a LP mode is scattered to nearby ones with
similar propagation constants. Each PM becomes a superposition of a few LP modes with slightly
different propagation constants. The increase of the path length spread results in a reduction
in the PM bandwidth. In the single scattering regime L/{ < 1, stronger mode coupling further
spreads light in mode space, and each PM consists of more LP modes. In particular, the number
of LP modes in the PM with short or long delay time grows faster than for the medium PMs and
approaches that with medium delay time. Consequently, the path-length distributions broaden
more quickly and the bandwidths decrease more rapidly for the slow and fast PMs, leading to
the reduction of the two local maxima at the shortest and longest delay times [Figs. 7(a)- 7(b)].

The scenario changes when L/{ = 1, where light injected into a single LP mode will spread
to all other modes, reaching the broadest path-length spectrum. Consequently, the average
bandwidth of PMs is the narrowest. Once L/¢ exceeds 1, the light is coupled back and forth
among the modes, and the path length spectrum gets narrowed, similar to the case of random input
fields. The PMs utilize the spatial degrees of freedom at the input to manipulate the multipath
interference effect in the fiber to further narrow down the path-length spectrum. Stronger mode
coupling creates more paths with intermediate path-length, leading to an increase of the average
bandwidth of PMs [Fig. 8(a), blue solid curve]. As the multi-path interference effect is more
efficient in narrowing the path-length spectrum for a PM with intermediate delay time, its
bandwidth is broader than that of a PM with short or long delay time. Hence, a local maximum
in the bandwidth arises at the medium delay time, as seen in Figs. 7(b)- 7(c).

Fig. 8 (b) plots the normalized bandwidth, i.e, the ratio of the average bandwidth of PMs
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Fig. 9. Effects of MDL on PM bandwidths and path-length distributions. (a) Normalized
bandwidths of PMs in the weak (a) and strong (c) mode coupling regimes with (red dots) or
without (black crosses) MDL. (b,d) Calculated intensity distributions over the path-length
of PMs in (a,c) with delay time = 0, 0.2 ns in (b) and 0, 0.12 ns in (d) with (red dashed) or
without (black solid) MDL. In the weak coupling regime, the MDL reduces significantly
the bandwidth of slow PMs (a) by broadening their path-length distributions (b). In the
strong coupling regime, the MDL enhances the bandwidth of fast PMs (c) by narrowing
their path-length distribution (d).

to that of random inputs, when the fiber length L is fixed. As the transport mean free path £
decreases with increasing mode coupling, the normalized bandwidth drops monotonically and
eventually approaches a constant in the strong mode coupling regime. This behavior is in contrast
to the non-monotonic variation of the actual bandwidth of PMs in Fig. 8 (a), and it is attributed
to the continuous increase of the random input bandwidth with mode coupling strength.

To find the range of PM bandwdiths, we also calculate the difference between the largest and
smallest bandwidths of PMs, which exhibits a trend similar to the average bandwidth as seen in
Fig. 8 (c) (blue, solid line). In the weak mode coupling regime, the range is large but it declines
dramatically with the coupling strength. When the system gradually transits to the strong mode
coupling regime, the range increases slightly, but still remains at a small value. We normalized
the range of PM bandwidth by the mean, which gives the relative fluctuation of the bandwidth
(black, dashed line), as show in Fig. 8 (c)

5. Effect of mode-dependent loss

The numerical study in the last section assumes no loss in the fiber. However, loss is common in
a MMF, and it is usually greater for higher-order modes. In this section, we thus investigate the
effects of mode-dependent loss (MDL) on PMs. In the concatenated fiber model, we introduce a
uniform absorption coefficient to each segment of the fiber. Higher order modes that have longer
transit time thus experience more loss.
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We compare the PM bandwidth with MDL to that without MDL in Fig. 9. In the weak mode
coupling regime, MDL significantly reduces the bandwidth of PMs with long delay times, as
indicated by the arrow in Fig. 9(a). In contrast, the bandwidth of PMs with short delay time are
nearly unchanged by the MDL. This behavior can be explained by the change in the intensity
distribution over the path-length 7'(L). The slow PM is composed of long paths, and the stronger
attenuation of the longer paths broadens the distribution, as shown in Fig. 9(b). Consequently,
the bandwidth of the PM with long delay time is reduced. The fast PM, by contrast, consists of
short paths, which experience little loss, thus T(L) remains almost the same, and with it also the
bandwidth of the PM. The longer the delay time, the stronger the effect of MDL, and the greater
the reduction in the PM bandwidth.

In the strong mode coupling regime, the MDL enhances the bandwidth of a PM with short
delay time, while reducing the bandwidth of PMs with long delay time [Fig. 9(c)]. Since the fast
PM has a broader path-length distribution than that in the weak mode coupling regime, the MDL
suppresses the longer paths and narrows the distribution that centers on the short path-length
[Fig. 9(d)]. In contrast, the path-length distribution for the slow PM, which centers on the long
path-length, is broadened by the MDL, as the shorter paths experience less attenuation than the
longer ones. The variations of the PM bandwidth with the delay time in both weak and strong
coupling regimes agree qualitatively with the experimental results in Figs. 6(b)- 6(d). We may
thus conclude that MDL has a significant impact on the bandwidths of PMs and needs to be
taken into account to understand the experimental data.

6. Conclusion

We have performed experimental and numerical studies on the principal modes (PMs) in a
multimode fiber, which are the eigenstates of the Wigner-Smith time-delay operator or the group
delay operator. By applying external stress to the fiber and gradually adjusting the stress, we
have realized the transition from weak to strong mode coupling. Such a transition is mapped to
that from single scattering to multiple scattering in mode space. We experimentally demonstrate
that PMs have distinct spatial and spectral characteristics in weak and strong mode coupling
regimes. In the weak mode coupling regime, each PM is composed of a small number of fiber
eigenmodes with similar propagation constants. In the strong mode coupling regime, however, a
PM is formed by all modes. When there is no mode-dependent loss in the fiber, PMs with shorter
or longer delay times have broader bandwidths in the weak mode coupling regime. The opposite
is true for strong mode coupling where the bandwidth is maximal for PMs with medium delay
times. By analyzing the path-length distributions, we discover two distinct mechanisms that
determine the bandwidth of PMs in the weak and strong mode coupling regime. For weak mode
coupling, fast or slow PMs spread less in mode space and experience weaker modal dispersion,
thus having broader bandwidth than intermediate PMs. In the presence of MDL, the bandwdith
for a slow PM is reduced significantly while that for a fast PM remains nearly unchanged. In
the strong mode coupling regime, the path-length spectrum gets narrowed, and the maximum
bandwidth is reached for the PMs whose delay time corresponds to the maximum density of
path-length. Without MDL, the density of path-length is peaked at intermediate lengths such
that the PMs with medium delay time have the largest bandwdith. With MDL, the maximum
density of path-length shifts to shorter paths, due to stronger attenuation of longer paths in the
fiber. Consequently, MDL enhances the bandwidth of fast PMs while it reduces the bandwdith of
slow PMs.

During the transition from the weak to the strong mode coupling regime, the mean bandwidth
of all PMs displays a non-monotonic evolution, reaching a global minimum at the transition
point right between these two regimes. In contrast, the normalized bandwidth, which represents
the enhancement of the PM bandwidth over that of random input fields, decreases monotonically
with increasing mode coupling. The evolution of PM bandwidth with the disorder strength in a
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multimode fiber is thus very different from that in a random scattering medium, highlighting the
subtle differences of light transport in multimode fibers and turbid media.

Funding

This work is supported partly by the US National Science Foundation under the Grant No. ECCS-
1509361 and by the US Office of Naval Research under the MURI grant No. N00014-13-1-0649.
P.A. and S.R. acknowledge support by the Austrian Science Fund (FWF) through projects SFB
NextLite (F49-P10) and project GePartWave (11142).

Acknowledgments

We acknowledge Chia Wei Hsu, Nicolas Fontaine, Tsampikos Kottos, and Boris Shapiro for
simulating discussions.





