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ABSTRACT: Beyond playing a primary role in high-capacity MCF Dispersion-diversity signal processing
communication networks, multicore optical fibers can bring many
advantages to optical and microwave signal processing, as not only - N /\p\ﬂ

‘ /A

space but also chromatic dispersion are introduced as new degrees
of freedom. The key lies in developing radically new multicore
fibers where the refractive index profile of each individual core is
tailored properly to provide parallel dispersion-diversity signal
processing with application in a variety of scenarios such as parallel
channel equalization, analogue-to-digital conversion, optical
computing, pulse generation and shaping, multiparameter fiber
sensing, medical imaging, optical coherence tomography, broad-
band measurement instrumentation, and next-generation fiber-
wireless communications. Here, we experimentally prove, for the
first time to our knowledge, reconfigurable two-dimensional dispersion-managed signal processing performed by a novel dispersion-
diversity heterogeneous multicore fiber. The fiber comprises seven different trench-assisted cores featuring a different refractive index
profile in terms of both radial geometry and core dopant concentration. As a representative application case, we demonstrate
reconfigurable microwave signal filtering with increased compactness as well as performance flexibility and versatility as compared to
previous technologies.
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B INTRODUCTION how we envision these representative applications can be
Multicore fibers (MCEs) have become one of the leading enabled by the proposed dispersion-diversity heterogeneous

. . . . MCPFs.
technologies to accommodate the ever-increasing capacity and . . . L
2 . . L Starting with optical communications networks, we find
parallelization demands in fiber-optic communication net-

works." Beyond the benefits provided in terms of compactness application in massive Multiple-Input Multiple-Output
and Shannon capacity increase, the growing interest in MCFs (MIMO) connectivity and digital signal processing by enabling

’ . : both parallel chromatic dispersion compensation and group
has recently opened up new avenues for research in emerging

fields of application including, among others, data-center delay skew equahzatp n simultaneously in a_set .Of N.data
: TR R channels. Further digital and analogue all-optical signal
interconnections,” high-performance computing,” imaging,

R . . processing involves recombination of a given set of temporal
automotive lighting and control, multiparameter fiber sensing, . . . .
. 4 o signal samples with different group delays, what can be easily
programmable photonics,” quantum communications, and

rovided after propagating through a heterogeneous MCF that

astrophotonics, as well as radio access networks for 5G and P propagating g e & )
Do 5 acts as a sampled true-time delay line (TTDL). This finds

Beyond communications. L . L. . . -
. . o application in optical computing including functionalities such

As a new capacity to exploit, we propose here the possibility . . L Lo o .
a. » . . . as time differentiation (combination of positive and negative
of tailoring “a la carte” the chromatic dispersion of each

samples), time integration (combination of positive samples
individual fiber core to provide parallel dispersion-managed P ).’ gra ( - Pos ples)
3 ) . ) - - o or Fourier transformation (combination of suitable complex
signal processing, while the signal is being distributed.

67 Qi . . . .
Providing the required chromatic dispersion heterogeneity, samples) " Similarly, high-speed  photonic-assisted time-
along with the exploitation of both the space and the optical -
wavelength dimensions, will open the way to a rich variety of Received:  June 14, 2022 (pistonics
2D dispersion-managed optical signal processing applications. Published: August 4, 2022 g =
Figure 1 illustrates a representative portfolio of application 5 'ﬂ
areas that will benefit from enhanced performance regarding EF
flexibility and versatility increase along with size, weight, and =
power consumption reduction. We briefly introduce below
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Figure 1. Representative examples of dispersion-diversity multicore fiber signal processing. The implementation of dispersion-diversity
heterogeneous multicore fibers opens the door to a myriad of signal processing application fields.

interleaved analogue-to-digital converters (ADCs) can also be
implemented following a similar TTDL approach.8 In this case,
the sampling rate, fs, of the ADC is increased by a factor given
by the number of cores N, if the multiple time-delayed replicas
of the analogue signal are sampled synchronously by electronic
ADCs with sampling rates fs/N and properly recombined
afterward to recover the digitized signal.

The proposed dispersion-diversity heterogeneous MCFs can
offer as well different optical pulse generation and shaping
techniques. For instance, we envision here, for the first time,
the application of parallel temporal Talbot phenomena in
MCFs to provide pulse repetition rate multiplication,9 all-
optical clock recovery,'” or passive amplification.'’ Thanks to
the Talbot effect, the temporal shape of a periodic signal that
travels through a first-order dispersive medium reappears
periodically at certain locations, while its repetition rate is
multiplied by an integer value at some specific distance points.
Therefore, since the amount of chromatic dispersion is key to
implement the desired Talbot effect, we can provide parallel
repetition rate multiplication if we properly tailor the
dispersion of each core. Furthermore, we can implement
arbitrary tunable waveform generation and shaping by
combining the delayed signals coming from a given set of
cores, featuring both positive and negative coeflicients. Here,
the appropriate differential chromatic dispersion between cores
enables time-delay control by tuning the optical wavelength of
the source.””

Another application scenario with massive impact relates to
emerging fiber-wireless communication paradigms, such as
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Beyond 5G or 6G,"” which demand a full integration between
the optical fiber network and the wireless network while
keeping the requirements in terms of high capacity, parallel
connectivity, and system flexibility. Figure 2 illustrates a
representative scenario where dispersion-diversity MCFs
exhibit enormous potential not only to deliver parallel channels
(for instance, from a central office to a set of remote
multielement antennas), but also to process the microwave
signal while it is being distributed to its final destination.
Reconfigurable radiofrequency signal processing includes,
among others, signal filtering, radio beam-steering in phased-
array antennas or multicavity optoelectronic oscillation."*

Here, we report the design, fabrication, and experimental
demonstration of the first dispersion-engineered MCF that
enables 2D parallel dispersion-managed signal processing for
both optical and microwave signals. The 5 km heterogeneous
MCEF comprises seven different trench-assisted cores, where
each core features the required chromatic dispersion to provide
continuous linear group delay tunability along a 30 nm optical
wavelength range, while ensuring low higher-order dispersion,
nonlinearity, and intercore crosstalk. As a representative
application case, we have successfully demonstrated a variety
of reconfigurable microwave signal filters with application in
Beyond 5G communications.

B RESULTS

Dispersion-Diversity Optical True-Time Delay Oper-
ation. As the core of time-discrete signal processing, an optical
TTDL provides a set of time-delayed replicas of the incoming
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Figure 2. Application of multicore fibers to distributed microwave signal processing. Representative fiber-wireless communications scenario for
Beyond 5G and 6G, where distributed dispersion-diversity signal processing leads, for instance, to radiofrequency signal filtering, radio beam-
steering in phased-array antennas, and multicavity optoelectronic oscillation. Credit for some graphics used with permission: iStock.com/MR1805,

iStock.com/JoeFotolS, and iStock.com/Bet Noire.

signal that are characterized by a constant differential delay
(A7; as depicted in the central inset of Figure 1). In general,
we find three different approaches to induce a time delay
between optical pulses: (1) variation on the group velocity
along different optical wavelengths, that is, exploiting the
wavelength dimension, including fiber grating inscription' or
photonic crystal fibers;'® (2) variation on the length between
different optical fibers or waveguides, that is, exploiting the
space dimension, such as switched configurations in fiber-
based'” or integrated platforms;'® and (3) variation on the
group index along different optical waveguides (fiber-based'>"”
or integrated media®’), which can exploit both the space and
the wavelength dimensions without requiring different lengths
or complex configurations. The application of the last approach
to provide dispersion diversity in optical fibers allows
continuous time delay tunability with extended versatility
and flexibility as compared to precedent solutions.

To date, we have demonstrated experimentally two sampled
TTDLs based on commercial SDM fibers: (1) homogeneous
7-core MCF with inscription of selective fiber Bragg gratings”'
and (2) 4-LP-mode step-index FMF with inscription of long
period gratings (LPGs).”> However, those approaches did not
provide 2D time delay continuous tunability, which requires
the design of customized fibers where the chromatic dispersion
of every core or mode are tailored properly. Following that
principle, we theoretically proposed for the first time different
dispersion-engineered SDM fibers: (1) heterogeneous 7-core
doped MCF where each core features a different refractive
index profile;'” (2) 19-core photonic crystal fiber where each
silica core is surrounded by a different configuration of air
holes;** (3) 7-LP-mode ring-core FMF with an inscription of
LPGs for the 4-sample operation,”* and (4) 5-mode-group
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double-clad FMF for the S5-sample operation.25 All in all,
balancing both performance (in terms of crosstalk and
stability) and manufacturing complexity, heterogeneous solid-
core MCFs are the most promising candidate.

As presented in ref 19, the design of a heterogeneous MCF
to behave as a group-index-variable delay line requires that
each core features an independent group delay with a linear
dependence on the optical wavelength A. For each fiber core ,
we can expand the group delay per unit length, 7,(4), in a
second-order Taylor series around an anchor wavelength A, as

1
w(4) = %+ Dk = 4) + 28,04 - o) W

where D, is the chromatic dispersion and S, is the dispersion
slope of core n, both at the anchor wavelength A, Further
development on how to model the basic differential group
delay A7 and the associated relative error introduced by high-
order dispersion effects can be found in the Supporting
Information. Figure 3a shows the spectral core groups delays in
the designed 7-core fiber, where we can appreciate the basic
differential group delay for a representative case in both space
and wavelength diversity domains. Proper tunability requires
the set of chromatic dispersions to increase constantly with the
core number.

Heterogeneous Multicore Fiber Design. We designed a
heterogeneous MCF for tunable TTDL operation that
comprises seven distinct trench-assisted cores with a core
pitch A = 40 ym inside a 150 ym diameter cladding. The core
refractive index profiles consist of a GeO,-doped core layer
(core radius a; and core-to-cladding relative index difference
A,) surrounded by a silica inner cladding (core-to-trench
distance a,) and a 1%-fluorine-doped trench (width w), as
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Figure 3. Design of a heterogeneous multicore fiber as a true time delay line. (a) Spectral core group delays for the designed 7-core MCF. (b)
Computed chromatic dispersion variability dD (filled contours), chromatic dispersion D (dotted lines), dispersion slope S (dashed lines), and
effective index n. (solid lines) as a function of the core radius a; (um) and the core-to-cladding relative index difference A, (%) for a, = w = 4 ym
at an optical wavelength of 1530 nm. (c) Refractive index profile of a trench-assisted core. (d) Cross-sectional area of the designed MCF where
cores within the same color range comprise a group of cores with similar effective indices. (e) Cross-sectional area of the fabricated MCF. (f) SEM
picture of core 1 detailing the layers’ dimensions (core, inner cladding, and trench).

Table 1. Designed and Measured Core Parameters and Chromatic Dispersion at 4, = 1530 nm

designed measured
core 1 a, (pum) A, (%) ay/a, w/a, D (ps/km/nm) A, (%) ay/a, w/a, D¢ (ps/km/nm) Dyys (ps/km/nm)
1 3.3 0.335 1.758 0.970 14.3 0.344 1.758 0.972 13.9 143
2 32 0.300 0.750 1.281 153 0.302 0.750 1.265 149 1S8.5
3 3.5 0.315 1.286 1.143 16.3 0.320 1.286 1.141 16.4 16.8
4 3.7 0.301 1.000 0.973 17.3 0.298 1.000 0.976 174 17.7
S 4.8 0.293 1.208 0.625 18.3 0.284 1.208 0.623 18.3 18.7
6 5.0 0.287 0.920 1.200 19.3 0.283 0.920 1.175 19.4 19.7
7 5.3 0.279 0.623 1.132 20.3 0.276 0.623 1.121 20.3 20.8

shown in Figure 3c,d. Four basic propagation parameters
govern the performance of a dispersion-diversity MCF with
low intercore crosstalk: group delay 7, effective index n.g D,
and S. All cores must experience a common 7, at an anchor
wavelength with linearly incremental D and low variability
between their S, while we require at least three groups of cores,
each group containing a set of cores with similar n.g to ensure
that each core is surrounded by cores with sufficiently different
neff.26’27 The larger the effective index difference between cores
of dissimilar groups, the better the crosstalk performance.
Dispersion-diversity TTDLs are sensitive to fabrication
inaccuracies that can induce chromatic dispersion mismatches.
The current manufacturing tolerances are in the order of +0.1
um for the radial dimensions and +0.01% for the relative
refractive index differences. Figure 3b shows the chromatic
dispersion variability (dD) due to fabrication tolerances (color
bar) on both a, and A, for fixed values of the remaining design
parameters. While larger a4, provide more robustness against
fabrication inaccuracies, lower a;, are required for lower

2853

chromatic dispersions and, as less confined cores provide
lower effective indices, the maximization of the range of
effective indices requires at least one of the core groups to be
low confined (preferably the group that contains a single core).
To guarantee the maximum number of samples available after
fabrication, we set the lowest-confined core to be one of the
first samples (i.e., having one of the smallest D).

Using the numerical software Fimmwave, we tailor each
refractive index profile independently by varying the core
design parameters a,, a,, w, and A;. We set a common group
delay at an anchor wavelength 1y = 1530 nm and a range of
chromatic dispersion D, from 14.3 up to 20.3 ps/km/nm with
a 1 ps/km/nm incremental dispersion at 1, As we see in
Figure 3a, the computed spectral group delay increases linearly
with the core number. The average dispersion slope variability
between adjacent cores is 0.007 ps/km/nm?, allowing a linear
behavior of the space-diversity basic delay in the C+L
wavelength bands. The core distribution inside the cross-
sectional area of the MCF was set to minimize the intercore
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Figure 4. Experimental characterization of the true-time delay line built upon the fabricated 5 km heterogeneous MCF. (a) Measured optical
output power spectra when the central core is excited; (b) Intercore crosstalk temporal evolution at 1550 nm when core 2 is excited; (c) Measured
24 h time variation worst-case crosstalk (i.e., from core 1 to core 2) for a set of representative wavelengths: markers indicate average values while
bars provide the standard deviation (the dashed line acts as a visual aid to point out how the crosstalk increases on average with the optical
wavelength); (d) Measured differential group delay; (e) Measured differential dispersion with respect to core 7; and (f) Temperature-dependent
skew between the central (core 2) and the outer cores, normalized to the differential group delay (DGD) at 25 °C.

crosstalk, as shown in Figure 3d: group #1 is formed by core 2
(blue core); group #2 by cores 1, 3, and 4 (green cores); and
group #3 by cores S up to 7 (red cores). The minimum
effective index difference between adjacent cores is 6.8 X 1074
leading to a threshold bending radius of 85.5 mm, as we can
see in Supporting Information, Figure S1. The core design
parameters are listed in Table 1.

Heterogeneous Multicore Fiber Fabrication and
Characterization. Following the design specifications, a
5.038 km MCF was fabricated by the company YOFC. The
fiber is winded in a 90 mm radius spool. Figure 3e shows the
cross section of the 7-core fiber, which has a cladding diameter
of 147.5 um and an average core pitch of 41 um. Seven
different preforms in terms of radial dimensions and core
dopant concentration were manufactured to obtain the
required propagation characteristics. Figure 3f shows the
scanning electron microscope (SEM) picture of a representa-
tive core with the measured physical dimensions of its layers.
Table 1 compares the designed and measured values for the
layers’ radial proportions and refractive index in each core,
where we appreciate a considerable good match with slight
variations that may be caused by fabrication tolerances and
measurement inaccuracies.

Insertion Losses and Intercore Crosstalk. Characterizing
the intercore crosstalk behavior depends on fiber bending and
twisting,28 optical wavelength,zg*32 modulation,**™** and
temperature.3 Regarding bending and twisting, we must
note we have worked above the theoretical threshold bending
radius of 85.5 mm, since the fiber bending radius is
approximately the spool radius, that is, 90 mm.

We first characterized the intercore crosstalk in the
wavelength domain. As a representative case, Figure 4a
shows the measured optical spectrum of the output power
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when the central core (core 2) is excited. We can see how
cores 1, 3, and 4 (group 1) as well as cores S, 6, and 7 (group
2) have a similar output power level within their respective
group, as they have similar effective indices. Cores from group
1 exhibit higher crosstalk than group 2, as they generally have
lower mode confinement. Additionally, we observe how
intercore crosstalk increases generally with the optical
wavelength as the mode field diameter enlarges causing
wider overlapping between adjacent cores. The output power
spectra for the remaining core combinations can be found in
Supporting Information, Figure S2. The insertion losses for the
whole fan-in + MCF + fan-out structure range from 4.6 to 7.7
dB at 1550 nm. The optical propagation losses for each fiber
core were obtained from an optical time domain reflectometer
at an optical wavelength of 1550 nm as 0.46, 0.31, 0.31, 0.50,
0.19, 0.20, and 0.17 dB/km, respectively, for cores 1-7.

We measured as well crosstalk time variation in a 24 h
window at room temperature. Figure 4b gathers the temporal
evolution at every core output when core 2 is excited, and the
central wavelength is 1550 nm. Crosstalk fluctuation relates to
core position and its relationship with fiber bending and
twisting along with small changes in the room temperature.
The results for other representative cases (input cores 1 and 6,
both at 1530 and 1550 nm) can be found in the Supporting
Information, Figure S3. Figure 4c shows the worst-case
intercore crosstalk, which is given between cores 1 and 2.
Red squares represent the 24 h average crosstalk while error
bars the standard deviation. A maximum standard deviation of
0.78 dB is obtained at 1550 nm, while the highest mean
crosstalk is —26.9 dB at 1560 nm.

Experimental Evaluation of Tunable True-Time Delay
Performance. We measured the DGDs for different optical
wavelengths ranging from 1535 up to 1560 nm by means of an
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optical interferometric based technique (see Materials and
Methods).” Figure 4d shows the measured DGDs between
core 7 and the rest, where circle markers represent the
experimental values and solid lines the designed ones. We see
that the measured DGDs of cores 3 to 7 are well-matched with
the designed values up to a 30 nm range, while cores 1 and 2
have been more affected by fabrication inaccuracies.

In second place, we measured the chromatic dispersion by
means of two different techniques (see Materials and
Methods): (1) evaluating the carrier suppression effect
(CSE) that affects the RF response of the S km link;*® and
(2) white light source (WLS) interferometry over a short piece
of fiber (39.1 cm long).””** Table 1 shows the measured
chromatic dispersion of each core at the anchor wavelength A,
= 1530 nm in comparison with the designed values. In the
WLS experiment, we observe an offset dispersion of around 0.4
ps/km/nm that can be attributed to the unbalanced number of
objectives between both arms of the interferometer, as
discussed in Materials and Methods. Nevertheless, if we pay
attention to the incremental dispersion, we can see a good
agreement between the CSE and the WLS methods. Figure 4e
shows the measured incremental dispersion (D, — D, n =1, 2,
., 6) as a function of the optical wavelength for the WLS
(solid line) and the CSE (circle markers) experiments in
comparison with our design (dashed lines). We see how the
chromatic dispersion for cores 3 to 7 matches well the
designed values up to a 30 nm range, while cores 1 and 2 were
more affected by fabrication and do not preserve the designed
chromatic dispersions. Although these two cores cannot
operate as the first two TTDL samples when we exploit the
fiber spatial diversity, they can however distribute two
additional signal channels or implement other applications.
All in all, TTDL operation by using wavelength diversity can
be implemented by all seven cores.

The effect of temperature was evaluated by measuring the
DGD between the central and the outer cores. The
experimental setup can be found in Supporting Information,
Figure SS. Figure 4f shows the average skew at different
temperatures, where a maximum 35.28 ps variation is obtained
for core 7. However, the temperature-controlled chamber does
not only vary the temperature, but also inherently the
humidity, especially for lower and higher temperatures. By
taking a shorter temperature range, for instance from 15 to 35
°C, we can further reduce this humidity variation, so that the
maximum skew remains below 15.08 ps (less than 1 ps/°C).
As such, a small temperature variation should not cause any
critical disruption in the TTDL performance. In fact, on actual
deployed fiber scenarios the measured dynamic skew is in the
order of picoseconds.” Additionally, we see that each core
skew behaves differently with the temperature, which could be
caused by fiber bending and twisting" and polarization mode
dispersion.*’

Finally, regarding bending and twisting effects on the true-
time delay line performance, in*’ we studied both theoretically
and experimentally how bends and twists affect the core
differential group delay on a 7-core MCF. There, we showed
that, although fiber curvatures can produce high group delay
skew between the fiber cores (especially on the outer cores),
twist-induced perturbations help to diminish this effect.
Although in ref 40 we evaluated a quasi-homogeneous MCF,
the effect of having heterogeneous cores is negligible as
compared to the bending effect itself. On the other hand, we
show in the Supporting Information that fiber bending and
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twisting induce a negligible effect on the core chromatic
dispersions. By means of eqs 6—9 of the Supporting
Information, we theoretically demonstrate that bends and
twists produce a worst-case relative error below 0.1% in the
core chromatic dispersions, what translates into a deviation
below 2% in the differential chromatic dispersion parameter,
AD (ie, below 0.02 ps/km/nm).

Experimental Demonstration of 2D Distributed
Microwave Signal Processing. As a representative micro-
wave signal processing functionality, especially demanded in
converged fiber-wireless communications, we experimentally
demonstrate continuously tunable microwave signal filtering
exploiting both the space and the wavelength diversities (i.e.,
2D operation). Microwave signal filtering is implemented by
combining and detecting together all the delayed signal
samples coming from the MCF. The filtering frequency
response depends on both the sample differential delay, which
determines the filter Free Spectral Range (FSR), and the
sample amplitude distribution.'* The space-diversity differ-
ential group delay can be continuously tuned up to 150 ps by
varying the optical wavelength from 1530 nm up to 1560 nm,
what translates into FSRs ranging from the mm-wave band
(100 GHz at 1532 nm) down to 6.7 GHz, while that for
wavelength diversity varies with both the core number and the
laser separation (see Figure Sab). Figure Sc depicts the
experimental setup for the measurement of the RF filtering
responses, whose description can be found in Materials and
Methods.

In the space-diversity domain, our approach offers up to S-
sample operation by using cores 3 to 7, since cores 1 and 2 do
not fully satisfy the TTDL condition in this regime. Figure 5d
shows the measured RF filter transfer function up to 30 GHz,
where blue dotted, orange dashed, yellow solid, purple dash-
dotted, and green solid lines correspond to the measured
responses at the operation wavelengths of 1540, 1545, 1550,
1555, and 1560 nm, respectively. We see that varying the
operation wavelength continuously tunes the FSR from 20
GHz at 1540 nm down to 6.7 GHz at 1560 nm with no
significant degradation. The main-to-secondary lobe level
remains below —12 dB for the first filter resonances, while in
the case of large operation wavelengths it increases up to —8
dB for the highest resonances.

All seven cores can be exploited in the wavelength-diversity
domain, where the number of samples are given by the number
of optical sources. We use an array of four lasers operating at
optical wavelengths ranging from 1540 up to 1543 nm to
implement a different filter in each core. Figure Se shows the
measured transfer functions of the four-tap filters created in
cores 1 (blue solid line), 2 (orange dashed line), and 7 (yellow
dash-dotted line) for a wavelength separation 54 of 1 nm. In
this case, the FSR depends inversely on the chromatic
dispersion, decreasing from 14 GHz for core 1 down to 9.6
GHz for core 7. For each core, the FSR reconfigurability is
given by the wavelength separation between the optical
sources. Figure 5f shows the measured RF transfer functions
of the same filters when the separation between lasers increases
to 2 nm for wavelengths ranging from 1540 up to 1546 nm.
We see how the increment on the wavelength separation
reduces the FSR down to 7, 6.6, and 4.8 GHz, respectively for
cores 1, 2, and 7. In all cases, the secondary lobes are kept
below —10 dB even for the highest filter resonances.
Reconfigurable performance of the remaining filters (cores
3—6) is demonstrated in Supporting Information, Figure S6.
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Figure S. Experimental realization of tunable microwave signal filtering. Measured TTDL differential group delay (blue) and its associated RF
processing frequency (orange) as a function of (a) the optical wavelength for cores 3—7 and (b) the laser wavelength separation for cores 1—7,
respectively, for the space- and wavelength-diversity regimes. (c) Experimental setup for (1) space- and (2) wavelength-diversity domains;
Measured RF transfer function for (d) the five-tap filter built upon the fabricated fiber when we operate in the space-diversity domain and (e, f) the
four-tap filter built upon cores 1, 2, and 7 when we operate in the wavelength-diversity domain using a four-laser array with (e) 1 and (f) 2 nm
wavelength separation between lasers. BS: broadband source, MUX: wavelength multiplexer, EOM: electro-optic modulator, EDFA: erbium-doped
fiber amplifier, VDL: variable delay line, VOA: variable optical attenuator, PD: photodetector, VNA: vector network analyzer.

B CONCLUSIONS

We have proposed the exploitation of dispersion-diversity
MCFs to provide parallel optical and microwave signal
processing while the signal is being distributed with increased
compactness as well as performance versatility and flexibility.
The combination of the chromatic dispersion diversity with the
space and optical wavelength degrees of freedom in a single
fiber will enable a comprehensive range of digital and analogue
signal processing applications, going from interference-
controlled signal distribution, parallel chromatic dispersion
compensation, time differentiation and integration, Fourier
transformation, multigigabit-per-second analogue-to-digital
conversion, self-imaging phenomena (Talbot effects), optical
beamforming for phased-array antennas, microwave signal
filters, and instantaneous radiofrequency measurement to
multicavity optoelectronic oscillation, among others. The
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applicability of the envisioned functionalities covers a myriad
of information technology scenarios, such as broadband
wireless and satellite communications, distributed antenna
systems, physical, chemical, and smart structure sensing, high-
performance computing, medical imaging, optical coherence
tomography, broadband electronic and RF measurement
instrumentation, and quantum communications.

Following this rationale, we have developed and successfully
demonstrated, for the first time to our knowledge, an entirely
heterogeneous MCF that provides the so-called parallel
dispersion-diversity signal processing while the signal (or
signals) is (are) being distributed along the fiber link. This
unique capability is accomplished thanks to a novel MCF
structure where each core has been drawn from a distinct
preform, featuring a different refractive index profile in terms of
both radial geometry and core dopant concentration.
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B MATERIALS AND METHODS

Optical Losses and Intercore Crosstalk Character-
ization. The intercore crosstalk and the optical losses were
measured by injecting the optical signal coming from a tunable
laser source ANDO AQ4321D (1520—1620 nm optical
wavelength range) into one of the MCF cores and measuring
the outer power of all the cores via a YOKOGAWA AQ6370C
Optical Spectrum Analyzer.

Differential Group Delay Characterization. The core
differential group delays were measured by implementing an
optical interferometer, where core 1 was used as the reference
arm and the remaining cores interfered one by one. The optical
signal was generated by a Yenista TUNICS T100R tunable
laser source (1490—1650 nm optical wavelength range). We
swept the optical wavelength of the source in a 1 nm range
around the desired optical wavelengths (up to 2 nm range for
optical wavelengths near the anchor wavelength 4, = 1530 nm,
where the differential delay is smaller) to measure the
interference pattern by means of a YOKOGAWA AQ6370C
optical spectrum analyzer. The differential delay between cores
was then obtained by calculating the Fourier transform of the
measured interference pattern.

Chromatic Dispersion Characterization. The measure-
ment of the chromatic dispersion of the fiber cores was carried
out by two different techniques. For the WLS interferometry
experiment, we created an interferometer between one core of
the MCF and an air path (see Figure S4a of the Supporting
Information). The air path is composed of four mirrors, a
translation stage, two beam splitters (common to both paths),
and two microscope objectives (common to both paths), while
the fiber path has one mirror, the mentioned common
components, and two extra objectives. We use Olympus Plan
Achromat Objectives with 10X and 40X magnification and
numerical aperture of 0.25 and 0.6S, respectively, for the
common objectives and the objectives to go throw/come from
the core under test. Although the unbalanced number of
objectives between both arms, which are dispersive elements,
causes imbalance in the chromatic dispersion measurement, it
should be noted that it is a common mismatch to all cores for
each optical wavelength, so it can be treated as an offset and
can be simply avoided by differentiation between cores. We
used a Fyla supercontinuum laser SCT1000 as the broadband
optical source, which emits more than 1 W optical power in
the wavelength range from 450 up to 2400 nm, and a
YOKOGAWA AQ6370D Optical Spectrum Analyzer to
measure the interference pattern, which has a measurement
optical wavelength range from 600 up to 1700 nm. To avoid an
excessive noisy signal from the supercontinuum laser source
near the pump wavelength (~1064 nm), we selected a 400 nm
bandwidth band ranging from 1250 up to 1650 nm (upper
limit due to the OSA measurement range). The chromatic
dispersion was calculated by fitting the phase extracted from
the interference pattern with a five-element Cauchy dispersion
formula.””**

For the CSE experiment, we measured the RF frequency
response of each core up to a 50 GHz RF frequency. We used a
Yenista TUNICS T100R tunable laser source, a Photline MX-
LN-40 30 GHz bandwidth Electro-optical modulator, a
FINISAR XPDV3120 70-GHz bandwidth photodetector and
an Agilent N4373C Vector Network Analyzer (PNA-X).

Demonstration of Microwave Signal Filtering. For the
MWP filtering experiments, depending on the diversity domain
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exploited, we used different equipment to generate the optical
signal. For the spatial diversity domain, we used a NP
Photonics ASE-CL-20-S broadband source (output spectrum
from 1525 up to 1610 nm wavelength range with an output
optical power of 20 dBm) and an Alnair Laboratories BVF-
300CL bandwidth-variable tunable optical filter (bandwidth
tunability: 0.03—3 nm; center wavelength tunability: 1525—
1610 nm). SSB modulation was implemented by using an ET
Industries Q640—90 90° hybrid coupler that operates in RF
frequencies up to 40 GHz to avoid the CSE.*® The broadband
source was used to avoid optical coherent interference, while
the optical filter was required to suppress high-frequency
fading effects due to the broadband source.”” For the
wavelength diversity domain, we used an EXFO IQS-
2403BLD-XX-P7-EA wavelength-division multiplexing laser
source providing a four-laser array with 1 and 2 nm wavelength
separation in the C-band. In both cases, we used a Sumitomo
T.DEH1.5-40-ADC-001 30-GHz bandwidth electro-optical
modulator to modulate the RF signal coming from an Agilent
N4373C Vector Network Analyzer (PNA-X). An Amonics
AEDFA-23-B-FA C-band Erbium Doped Fiber Amplifier is
used then to amplify the modulated signal. The signals are then
treated differently depending on the operation regime. In the
spatial diversity domain, the signal is split and injected into
cores 3—7. After a 5 km propagation, a set of VOAs finely
equalize the output power of the samples for uniform
amplitude distribution before all optical signals are combined
and detected together. In the wavelength diversity domain, the
optical signal is injected (and photodetected) into (from) a
unique core, so that every single core provides a different RF
filtering functionality. In both schemes, the signals are
photodetected by using FINISAR XPDV3120 70 GHz
bandwidth photodetectors. Variable delay lines (VDLs)
compensate minor group delay fabrication mismatches at the
anchor wavelength. The electrical transfer function is measured
by a PNA-X (capability up to SO GHz RF frequencies).
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