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True-Time Delay Line Based on Dispersion-Flattened
19-Core Photonic Crystal Fiber

Sabahat Shaheen

Abstract—A novel design of a tunable True-Time delay line
(TTDL) based on a multicore photonic crystal fiber (PCF) is pro-
posed. It enables simultaneous transport and processing of mi-
crowave photonic signals over a broad radiofrequency processing
range. Independent group delay behavior in 19 different cores
characterized by a constant differential group delay between cores
provides TTDL operation on 19 signal samples. The 19-core PCF
structure allows tailoring the chromatic dispersion range between
1.5 and 31.2 ps/nm-km, which translates into a very broad mi-
crowave signal processing range from a few up to tens of GHz.
A near-zero dispersion slope reduces the time delay errors in the
TTDL’s operation to less than 5% in a 40-nm optical wavelength
range, thus ensuring its satisfactory performance. Its performance
as a TTDL is evaluated in terms of higher-order dispersion as
well as other degradation effects such as crosstalk and nonlinear
fiber response. A high index contrast between core and cladding,
between 0.3 to 1.5%, enables low intercore crosstalk and confine-
ment losses as well as greater robustness against fiber bends and
twists. Fabrication of this type of MCF might be possible although
it will prove challenging. This work advances the state-of-the-art
of a TTDL based on SDM technology by increasing the number of
samples and microwave processing range.

Index Terms—Microwave photonics. multicore fibers, photonic
crystal fibers, spatial division multiplexing.

1. INTRODUCTION

RUE time Delay Line (TTDL) is a key element in many im-

portant microwave photonic (MWP) applications such as
microwave signal filtering, optical beamforming for phase-array
antennas, arbitrary waveform generation and multigigabit-per-
second analog-to-digital conversion, amongst others [1]. As the
core of time-discrete signal processing, the goal of the TTDL
is to provide a set of different time-delayed samples that are
characterized by a constant differential delay between them.
Several solutions have been reported of optical TTDLs where
the signal diversity is provided by either the space dimension
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(different path lengths) or the optical wavelength dimension (dis-
persive behavior of the optical medium). Fiber-based approaches
include switched schemes with separate optical fibers and pas-
sive couplers [2], grating inscriptions [3], [4], or even nonlinear
effects [5]. Nevertheless, none of these solutions provide in a
single optical fiber both space and optical wavelength diversity
operation modes.

The current interest in optical space division multiplexing
(SDM), fueled by a need for higher transmission capacities, has
motivated further the development of novel multicore optical
fibers (MCFs) [6]. SDM finds a natural application in optical
fiber-based TTDLs as the bulk of optical fibers can now be
gathered in a single strand [7] with a considerable reduction in
size and weight. Furthermore, thanks to the combination of space
and optical wavelength dimensions, SDM-based TTDLs offer a
higher degree of versatility and flexibility. Several SDM fiber
technologies have been previously proposed and demonstrated
as distributed signal processing solutions, where each individ-
ual spatially multiplexed path provides a given TTDL sample.
These spatial paths can either be individual homogeneous [8] or
heterogeneous cores of a MCF [9], [10], or individual modes in
a few-mode fiber [11].

While each of the above mentioned SDM technologies brings
distinct advantages depending on the application scenario [12],
the use of Photonic Crystal Fibers (PCFs) [13], unexplored so
far with reference to SDM-based TTDLs, can bring several
advantages over solid-core designs. To begin with, PCFs can
offer greater robustness against bend-induced losses due to the
possibility of higher index contrast between core and cladding
[14], [15]. The stacking mechanism used for PCF fabrication
is well suited for multicore designs [15], [16]. Moreover, a
single preform can potentially be used to draw multiple different
cores, thus reducing sources of error and enabling simpler and
less costly fabrication [16]. Most importantly, not only is it
possible to vary the chromatic dispersion of a PCF over a broad
range of values but, also, its dispersion slope can be made
near-zero or invariant over a given range of wavelengths [14],
[17]. These features address key requirements of a TTDL design
where a broad range of dispersion values, preferably starting at
zero or low values, implies greater radio frequency processing
range [7]. Whereas, a near-zero dispersion slope (also called flat
dispersion), reduces errors in the TTDL performance related
to higher-order dispersion [7]. This requirement of zero and
flat-dispersion has been pursued intensively in the development
of PCFs for transmission applications: One of the earliest zero-

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/


https://orcid.org/0000-0001-5348-0747
https://orcid.org/0000-0001-8088-7796
mailto:sasha1@upv.es
mailto:itgrisan@iteam.upv.es
mailto:ivgames@iteam.upv.es
https://ieeexplore.ieee.org

6238

single carrier source /\-/
m t RN RF
— SOURCE . ”" 1

multi carrier source l =z n :‘"“
-

=

m

[l
il
UX
T
¥

Fig. 1.

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 38, NO. 22, NOVEMBER 15, 2020

(a) Space Diversity (b) Optical Wavelength
‘ o Diversity
ol - 2. rYYSR
A1
=~ U b, il Core ‘
) " n Hﬂm&m A,
(n-1)At,, — ‘ ‘
(m-1)At,
‘ A p— A
" v (M=ljhs, time"I
(N-1)Ar,, time N \_ > )

Heterogeneous multicore PCF as a sampled delay line, fed by an RF modulated single- or multi-carrier optical source. (a) Single-carrier source: At the

output, each core incurs an independent group delay to the input signal such that the differential group delay, A, is common to all cores. (b) Multi-carrier source:
In addition to the space diversity, the exploitation of wavelength diversity allows another set of delay lines characterized by a constant differential group delay A,
between consecutive carriers within each core n. RF: radiofrequency; EOM: Eletro-optic modulator.

and flat-dispersion designs comprised only three rings of air-
holes [18], but, in practice, eleven rings were required to control
the confinement loss [19]. Later, variable airhole sizes for each
ring were introduced to accommodate the total air fraction with
smaller number of rings [20]. Several other flat and/or zero
dispersion designs are relevant to our work [20]-[25].

In this work, we present, for the first time to our knowledge, a
multicore PCF that operates as a fiber-distributed element for
microwave signal processing. Section II provides the design
of a heterogeneous 19-core PCF to act as a 19-sample TTDL
fulfilling the pertinent requirements in terms of incremental
group delay and chromatic dispersion properties. In Section III,
we evaluate the performance of the designed TTDL in terms of
the main sources of degradation. Finally, Section IV closes the
paper with the relevant conclusions.

II. DESIGN OF MULTICORE PCF As A TTDL
A. Requirements to Operate as a TTDL

A TTDL based on a MCF can work in two different operation
regimes, space diversity and wavelength diversity, depending
upon whether the TTDL samples are provided by the different
fiber cores or by different input optical wavelengths, respectively
[7]. The basic group delay 7,, for a given core n at an optical
wavelength A, can be expanded as

Sn 2

Tn (M) = 70 (o) + Dy (A — 20) + 7(A —20)°, (D)
where D,, and S,, represent, respectively, the chromatic disper-
sion and the dispersion slope for core n at the anchor wavelength,
Ao. For a MCF to function as a sample TTDL in the space
diversity regime, it must fulfil two basic requirements. First, each
core must feature an independent group delay at a given optical
wavelength, such that the difference in group delay between
successive cores, named as basic differential group delay, A,
is common to all cores [7], as shown in Fig. 1. Secondly,
tunability of the TTDL with the optical wavelength requires that
the differential chromatic dispersion between consecutive cores,
AD = D, 1 — D,,, must also be common to all cores [7]. The

expression for the differential group delay between cores n and
n +1 is then derived from (1) as [7]:

AT, (A) = A7(ho) + AD (2 — %)
Sn—l—l - Sn

2

sm+1

+ (h = Ro)?, @)
where A7(%o) = Tnt1(ho) — T(Ao) is the differential group
delay at the anchor wavelength.

In the wavelength diversity regime, the differential group
delay is created between adjacent wavelengths, as shown in
Fig. 1(b) for core n and optical sources m and m +1, with
wavelength spacing A = X,,4+1 — A,,,. The differential group
delay between wavelengths A,,, and A, is obtained from (1)
as [7]:

ATn (Am7m+1) = Dn(”L + Sn ()\.1 - )L()) o

n Sp (2m —1)

522,
2

3)

In both operation regimes, the PCF must be optimized in
terms of high-order dispersion as much as possible to offer
linear tunability in a broad optical wavelength range. In fact, for
satisfactory performance as a TTDL, we can assume a maximum
relative error in the basic differential delay of 5% [10]. The
relative error in space diversity regime between cores n and n

+1 as a consequence of high-order dispersion is calculated from
(2) as [10]:

Sn+1 - Sn

oAD (A —20).

ATn,n-‘rl ()‘) "r‘el_ew' - (4)
The relative error in the wavelength diversity regime, for a
given core n fed by an array of M different optical wavelengths,

(m=1,2, ...M), is given from (3) as [10]:
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D,

(2m —1)

5 oA .

&)

AT ()\ma )\m—i-l) |rel_er7" = ()"1 - )\'O) +



SHAHEEN et al.: TRUE-TIME DELAY LINE BASED ON DISPERSION-FLATTENED 19-CORE PHOTONIC CRYSTAL FIBER

Moreover, we must keep in mind that in both regimes the
smaller the basic differential delay the higher is the radiofre-
quency processing range of the MWP signal processing func-
tionality built upon the TTDL [7]. Apart from the above men-
tioned specific TTDL conditions, all the cores are required to
be single-mode and should exhibit linear propagation, minimal
inter-core crosstalk and maximum robustness against fiber bends
and twists. In addition, the physical parameters of the cores must
be distinct enough from each other such that they lie within
manufacturing capabilities.

B. PCF Design

The design of the multicore PCF involves tailoring the chro-
matic dispersion and group delay of individual cores while keep-
ing other propagation characteristics such as losses, nonlinearity,
inter-core crosstalk and single-mode behavior within tolerable
limits. The behavior of a PCF is characterized by the number
of rings of airholes, x, the airhole diameter for each ring, d;,
ds, ... d, the separation or pitch between airholes, ¢, and the
wavelength of operation [24].

Fig. 2(a) shows the schematic cross-section area of the de-
signed 19-core silica PCF where we can see that each core is
surrounded by 5 rings of airholes. It also shows the arrangement
of 19 cores, each centered at the intersections of regular triangu-
lar lattice to facilitate fanout incorporation. Fig. 2(b) depicts in
detail the structure of core 19 with relevant geometrical parame-
ters. We used finite element method (FEM) software to compute
different propagation characteristics at a fixed wavelength of
1550 nm, which is taken as the anchor wavelength, A¢.

The PCF parameters were varied in a three-level hierarchy
comprising x, d and J, respectively. At the top level of the hier-
archy, x is varied between 2 and 5, with the dispersion behavior
largely affected by the first three rings in the short-wavelength
limit, while the outer rings help to control losses by increasing
the total air fraction [20]. At the second level of hierarchy, where
x is fixed, d; for each ring is varied such that d,/6 spans a range
of 0.15 to 0.5, the upper and lower values representing the limits
of single-mode confinement [13], [21]. For the rest of the rings,
d/§ goes up to maximal value of 0.9. To vary the airhole diameter
of each ring, we use the strategy given in [20], which enables us
to evaluate a broad range of PCF structures with variable-sized
airhole rings. Finally, at the third level of hierarchy, where x and
d for each ring are fixed, J is varied such that the Ao/ lies in
the range of 0.1 to 0.9; low limit corresponding to large size
and low index contrast and upper limit with smaller effective
areas [22]. This analysis leads us to the design parameters for a
19-core PCF, which effectively meets the requirements set out
in Section IT A.

Each core of this design comprises a basic 5-ring PCF struc-
ture (similar to one reported in [23]) such that: d; = ds = d3
(here in referred to as inner rings) and dy = d5 (here in referred
to as outer rings), as shown in Fig. 2(b). While the basic structure
for each core of our design remains the same, as can be seen in
Fig. 2(a), J increases as we move from core 1 to 19, while, d/d
for each core also varies such that inner and outer rings increase
or decrease in a fixed ratio (d; = 0.36 d5).
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(b)

Fig. 2. Schematic cross-section view of: (a) the 19-core PCF with Acore =
36 pm that gives a cladding diameter of ~250 p4zm (dashed line is for visualization
purposes, does not reflect the outer diameter of the MCF); (b) Close-up of core
19,d1 =do =d3 =0.87 pm, dg = ds = 2.42 pm and A = 3.08 pm.

The rationale for the proposed design can be understood by
looking at Fig. 3, which shows a color-coded contour plot of
chromatic dispersion (black thin lines) and group delay (red
thick lines) at Ao in which horizontal axis shows the sweep
of § and vertical axis shows the sweep of d/d for inner rings,
outer ones changing in fixed ratio to the inner. We can see
that a change in § between 2.1 to 3.3 um translates to a broad
range of chromatic dispersion from below-zero all the way up to
35 ps/nm-km. Moreover, we anticipate the high-order dispersion
to be near-zero for this range of ¢ and d/é considering our
analysis as well as the reported flat-dispersion designs [18]-[20],
[24]-[27], [23]. Therefore, in order to get constant increments in
D for successive cores, d values can be picked from this range,
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Fig.3.  Contour plot showing chromatic dispersion (black thin lines) and group
delay (red thick lines) for a 5-ring structure as a function of § and d1/0. By
changing both parameters simultaneously, 19 cores with constant 7(1() covering
a broad dispersion range are possible, as marked by red circles.

depending on the AD and range of dispersion required. Also,
in order to fulfill the condition of constant group delay at the
anchor wavelength 7(A¢) for all cores, we must stay on one of
the contour lines of 7. Hence, d1/0 is changed on the vertical
axis to keep 7(Ag) constant, corresponding to the § value chosen
on horizontal axis.

The final values of § and d/0 depend on the application
scenario envisioned for the TTDL. For the proposed design,
in order to get a microwave signal processing range from 1 up
to 60 GHz for a 10-km link, we need a D range between 1.5
and 31.2 ps/nm-km with AD = 1.65 ps/nm-km for a 19-sample
TTDL. Each core is defined by the respective values of § and
d/§ that we have marked by red circles in Fig. 3. We can
also see that these values lie on the contour line corresponding
to 7(Ag) = 4.9 ns/m. The value of 7(Ag) being the one that
gives us a relatively broad spread in terms of J, to aid in fiber
manufacturing, while optimizing the confinement and coupling
losses. The individual values of these parameters are given in
Table I. Taking into account the dimensions of each individual
core and with the premise of keeping mechanical reliability for
bending, we assume core pitch, A, (separation between cores)
in the range from 35 to 40 pum, what translates into a cladding
diameter in the range from 245 to 280 pm.

III. PERFORMANCE EVALUATION

We analyze the performance of the 19-core PCF design as a
tunable delay line. First, we evaluate the behavior of the group
delay and chromatic dispersion to see if the conditions for TTDL
functionality are fulfilled. Then, we evaluate high-order disper-
sion effects to see the operation wavelength range over which
the TTDL performance remains satisfactory. This is followed
by an analysis of the signal processing range of the TTDL

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 38, NO. 22, NOVEMBER 15, 2020

TABLE I
PCF DESIGN PARAMETERS AND PROPERTIES

Core Pitch, A d/a d/n Dispersion D
n (nm) (ring 1 -3) (ring 4 - 5) (ps/nm-km)
1 2.13 0.2888 0.8023 1.50
2 2.17 0.2869 0.7969 3.15
3 221 0.2850 0.7918 4.80
4 2.24 0.2833 0.7869 6.45
5 2.28 0.2816 0.7823 8.10
6 2.32 0.2801 0.7780 9.75
7 2.37 0.2787 0.7741 11.40
8 2.41 0.2774 0.7707 13.05
9 2.46 0.2764 0.7677 14.70
10 2.51 0.2755 0.7652 16.35
11 2.56 0.2748 0.7634 18.00
12 2.62 0.2744 0.7622 19.65
13 2.67 0.2743 0.7618 21.30
14 2.73 0.2744 0.7624 22.95
15 2.80 0.2750 0.7639 24.60
16 2.86 0.2760 0.7666 26.25
17 2.93 0.2775 0.7707 27.90
18 3.00 0.2796 0.7766 29.55
19 3.08 0.2824 0.7844 31.20

PCF design parameters and chromatic dispersion for each core. The group delay at
the anchor wavelength 7(1g) = 4.9 ns/m is constant for all cores.

when applied to microwave signal filtering. Finally, we discuss
intercore crosstalk and fiber nonlinear response.

A. TTDL Operability

Fig. 4 plots the main propagation characteristics for each core,
enabling us to get an overview of the TTDL performance over
a broad wavelength range between 1.5 and 1.6 pum.

Fig. 4(a) shows the differential group delay per unit length
where we can appreciate, first, that the condition of common
group delay at the anchor wavelength is fulfilled by all the
cores as A7 is zero at 1550 nm. Second, we can see that the
differential group delay increases linearly as the optical wave-
length increases, always keeping the same value between all
adjacent cores at a given wavelength. When we operate in space
diversity, the basic differential delay A7 ranges approximately
from 16.5 (starting at 1551 nm) up to 825 ps (at 1600 nm).
These values translate into a radiofrequency processing range
(given by the inverse of A7) from 1.21 up to 60.60 GHz. If
we operate in wavelength diversity considering 61 = 1 nm, the
basic differential delay spans from 15 (core 1) up to 312 ps (core
19), resulting in a radiofrequency processing range from 3.21
up to 66.70 GHz. For the particular application of microwave
signal filtering, which we will evaluate later, the radiofrequency
processing range corresponds to the filter Free Spectral Range
(FSR) or spectral periodicity.

Fig. 4(b) plots the chromatic dispersion D showing that the
second condition of constant AD between consecutive cores is
fulfilled strictly over a broad wavelength range for most of the
cores (1 to 15), while for the larger cores (15 to 19) is fulfilled
over a wavelength range of approximately 40 nm around A . This
is because the dispersion slope S, shown in Fig. 4(c), increases
with the core number, as § increases. Nonetheless, we consider
the maximum value of S, around 0.035 ps/nmz-km, very small
to represent a source of considerable error, as explained below.



SHAHEEN et al.: TRUE-TIME DELAY LINE BASED ON DISPERSION-FLATTENED 19-CORE PHOTONIC CRYSTAL FIBER

; ; . . 19
. 1500f ]
k9 16
[0))
D —
S E 1000} — A8
o< = £
o3 “ 10 2
St = 2
5 < so0f = {7 3
£ 4
a -
| — : :
1.55 1.56 1.57 1.58 159 160
Wavelength, A\ (um)
()
35 : : : : 19
30r 1 {16
EE 25' e —— : 13 g
e e E———— E
o (— p— R
@@15- g
a
Q qof o
5 4
0 : . - ; 1
150  1.52 1.54 1.56 158  1.60
Wavelength, A (um)
(b)
0.04 . : : : 19
. 003} {1116
&€
e} 13 @
» 5 0.02f ] S
c e - €
S £ 10 2
g & 001 —— s
2 o s | 7 0O
-_—
2 000 =2 M
/
-0.01 s . : : 1
150 152 1.54 1.56 158  1.60
Wavelength, A\ (um)
(©)

Fig. 4. Propagation characteristics of the 19 cores as a function of the wave-
length. (a) Differential Group Delay A, which is constant between any pair
of cores at a given wavelength; (b) Chromatic Dispersion D, which exhibits a
constant increment between consecutive cores (AD) over a broad wavelength
range and (c) Dispersion Slope S, which is near-zero for all cores.

We evaluate in Fig. 5 the relative error given by (4) in terms
of high-order dispersion for the space-diversity regime, which
depends on the ratio AS/AD and the operation wavelength. In
Figs. 4(b) and (c), we saw that as the wavelength increases,
AD increases slightly while AS decreases. As a consequence,
the relative error increases as we move apart from the anchor
wavelength at 1550 nm, as shown in Fig. 5. All in all, we can
see that the overall error remains below 6% over a very broad
wavelength range of Ay & 50 nm. This will result, as we stated
before, in a broad TTDL radiofrequency processing range up to
60.60 GHz.

Fig. 6 shows the relative error as a function of each core
when we operate in the wavelength-diversity regime for different
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Fig. 6.  Wavelength-diversity error (%) as a function of the core number,
given by (5), for different conditions of the input optical wavelength array.
A1 = initial wavelength, m: wavelength index, A: wavelength spacing, (m =
1,2, ... M, hpp = A1 + (m — 1) 61).

conditions of the optical wavelength input array comprising M
wavelengths. We selected three different values for the initial
optical wavelength, A;: light green lines correspond to A; =
1570 nm; medium green lines to A1 = 1550 nm (i.e., the reference
wavelength Ag) and dark green lines to A; = 1530 nm. For each
initial wavelength, we compared 3 different situations where we
vary the wavelength spacing dA and the position of the specific
optical wavelength into the array m (m = 1, 2, ... M), which we
call wavelength index. For the sake of clarity, we must keep in
mind that A,,, = A1 + (m — 1) 0A.
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Generally, the first three cores perform worse than the rest for
which the errors stay within 5% over the 40-nm wavelength
range. This can be explained by the relatively high ratio of
S/D for the initial cores since D is very small. Referring to
Figs. 4(b) and (c), we can see that S and D follow opposite
trends with increasing wavelengths, what results in relatively
worse performance at smaller wavelengths. As for the effect of
increasing m or dA, we see in Fig. 6 that: for relatively smaller
wavelengths such that 1 < A (dark green lines showing the case
in which ; = 1.53 pum), the error decreases with the increase in
m or dA. Whereas, as we reach the anchor wavelength for A; =
Ao (medium green lines) and beyond where A > A (light green
lines showing the case in which A; = 1.57 pm), the error now
increases. Interestingly, Core 6 has a near-zero dispersion slope
S due to which it has almost zero error for all cases. All in all, the
error remains low for most of the cores over a broad wavelength
range, enabling tunability of the TTDL with a radiofrequency
processing range, as stated before, up to 66.70 GHz.

Finally, we apply the proposed TTDL to a representative
microwave photonic application of tunable signal filtering in
both space- and wavelength-diversity regimes for a 10-km link.
The RF filtering effect is produced when we combine in the
optical domain all the TTDL samples at the PCF output and
detect them using a single photodetector [1]. The spectral pe-
riodicity or FSR of the microwave filter is then given by the
inverse of the differential basic delay, i.e., FSR = 1/A7. Fig. 7(a)
shows the frequency response of the 19-tap RF filter in space
diversity for two extreme cases of wavelength of operation. In
one case, we operate the TTDL at a wavelength of 1551 nm,
with only 1-nm separation from A, giving a maximal FSR of
60.6 GHz. While, in the second case, a wavelength of 1560 nm
is used to get an FSR of 6.0 GHz. Fig. 7(b) shows the frequency
response of a 10-tap RF filter implemented with the same 19-core
PCF when we feed the delay line by an array of 10 lasers and
exploit the wavelength-diversity regime. We compare here the
FSR obtained from the TTDL implemented on core 1 and 19,
assuming a wavelength spacing between lasers of 1 nm. Core
1, which exhibits the lowest dispersion, features the highest
FSR of 66.7 GHz, while core 19, which exhibits the highest
dispersion, provides the minimal value of FSR at 3.2 GHz. Thus,
the tunability of the filter covers the entire microwave region
making it suitable for a broad range of microwave applications.

B. Intercore Crosstalk

Intercore crosstalk is calculated by using the expressions
of average power coupling coefficient h,,, between cores m
and n at a distance between cores, A.y.. = 36 um, using the
expression given in [28], that takes into account the effects of
bends and twists. The mode-coupling coefficient x,,,, which
is required as input to the expression of h,,,, is calculated
semi-analytically by directly extracting the electric field values
from the FEM solver. Correlation length is assumed to be 50
mm [28].

Table II provides the range of different core propagation
characteristics, where we can see that the minimum index con-
trast between core and cladding An corresponds to core 19.
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Fig. 7. Comparison of the transfer function of a microwave signal filter based
on the proposed TTDL for a 10-km link while operating in: (a) Space-diversity
regime, (b) wavelength-diversity regime.

TABLE II
PROPERTIES OF CORES

Property Core 1 Core 19
Effective Area (um?) 224 29.7
Index Contrast (%) 1.52 0.34
Confinement Loss (dB/km) 2.4e-3 1.1e-5
Nonlinearity Index(1/W.km) 4.1 3.9

The corresponding characteristics (not shown) for cores 2 to 18 lie between those of
cores 1 and 19.

Furthermore, we show in Fig. 8 the effective index difference
between consecutive pairs of cores, An.yy, computed at A =
1550 nm. We can see An, sy decreases for cores with higher core
number, being cores (18, 19) the worst theoretical case since the
crosstalk is inversely proportional to both An and An. ¢, [28].
Hence, we arrange the cores with lower An. sy to be far apart
from each other. After this arrangement, in the final layout shown
in Fig. 2(a), the worst case in terms of effective index difference
between adjacent cores can be easily assessed as being cores 16
and 13. We must note, therefore, that other pairs of cores with
similar or lower effective index difference will not produce a
higher crosstalk because they are not placed in adjacent positions
in the cross-sectional area of the fiber. Thus, we evaluate the fiber
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intercore crosstalk and its sensitivity against fiber curvatures for
the pair of cores 16 and 13.

Fig. 9(a) shows the intercore crosstalk between cores 16
and 13 as a function of the link length, L, for three different
wavelengths, A = 1.53 pum (light green lines), 1.55 pm (medium
green lines) and 1.58 pum (dark green lines). We appreciate a
crosstalk level of —50.1 dB after 10 km at the anchor wave-
length of 1.55 pm, whereas, at A = 1.53 pym and 1.58 pm, it
is —63.4 dB and —49.0 dB, respectively. Fig. 9(b) shows the
intercore crosstalk as a function of the fiber bending radius Ry,
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Fig. 10. (a) Histogram illustrating the distance at which MI sets in for
1400 runs (blue), fitted to a normal distribution (red) with mean length L 577 and
standard deviation o (see labels). (b) Work length versus input optical power Pg
defined at —20, —40 and —60 (dotted, dashed, and solid lines respectively). The
horizontal dashed line represents the 10 km of fiber length. (c) Typical spectral
evolution of the RF-modulated optical signal in core 1 ata modulating frequency
of 11.2 GHz, showing that the nonlinear regime appears only after a length of
7.35L,,; (equivalent to 1544.6 km for Pg = 1 mW and ~ = 0.0048 (W.m)~1).

for the same pair of cores, L = 10 km, and the same wavelengths.
The trend for wavelength is the same as Fig. 9(a), signifying
better performance in terms of crosstalk at lower wavelengths.
Moreover, we see that at the phase-matching condition between
cores, we get a peak value of crosstalk of —27.7 dB at the anchor
wavelength. This corresponds to the threshold bending radius for
the proposed fiber layout in Fig. 2(a), that is, R, = 44.75 mm
[29]. At A = 1.53 pm and 1.58 pum, the peak value of crosstalk
is —42.1 dB and —26.2 dB, respectively.

Allin all, that value of crosstalk can be considered low enough
to not represent a problem across the length of the fiber link.
Moreover, as shown in Fig. 2(a), we have arranged the cores
within the fiber cross-sectional area as to place dissimilar ones in
terms of effective index next to each other to reduce the crosstalk
further.

C. Fiber Nonlinear Response Analysis

The aim of this section is to demonstrate that all fiber cores
behave linearly for a 10-km link in the power range relevant
for microwave photonics applications (around 1 mW). In this
context, linear means that none of the noise frequencies exhibits
a normalized spectral power beyond a threshold set to —80 dB.
In effect, the process behind the growth of noise frequencies is
modulation instability (MI). Since MI is a stochastic process,
we have run 1400 propagation simulations using the nonlinear
Schrodinger equation for optical fibers [30], neglecting fiber
losses, initiated with different noise seeds. The normal dis-
tribution in Fig. 10(a) shows the length at which our fiber
satisfies the above criterion. We called this length modulation
instability length L/, which is shown in units of the nonlinear
length, L,,; = 1/(~vPy). To ensure linear signal propagation in
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Fig. 11. Random fabrication errors in the range of 10, £5 and &1 nm added
to design values of airhole diameter and pitch reflect in the transfer function of a
microwave signal filter based on the proposed TTDL for a 10-km link operating
at A = 1551 nm in the space-diversity regime.

all cores, we modelled the propagation of microwave photonic
signals for the worst-case scenario. This case is represented by
the core 1 that features the highest non-linearity index: v =
0.0048 (W.m)~!.

We define the fiber link work length, i.e., the fiber length
at which nonlinear effects are statistically insignificant, a few
standard deviations, o, below Lj;;. In Fig. 10(b), we show the
work length in physical units in relation to Py for —20, —40,
and —60. The horizontal dashed line represents the proposed
fiber link length of 10 km for the given Py and . We see that
the fiber design presented in this paper will operate in the linear
regime according to the established criterion and for input optical
powers Py on the order of 100 mW.

Fig. 10(c) shows a particular case, from the 1400 simulation
runs, of the evolution in which we can appreciate the transition
between the linear and nonlinear regimes. The horizontal white
dashed line marks the length 7.35 L,,; (equivalent to 1544.6 km
for P = 1 mW and the v mentioned above) at which the
normalized spectral power of the new frequencies generated,
caused by the nonlinear effects, reaches —80 dB.

IV. DISCUSSION

In our design, variations on the airhole and pitch values would
have a direct impact on the overall TTDL performance. Here
we discuss the impact of fluctuations in the design values due
to potential random fabrication errors on the performance of
a TTDL in the space- and wavelength-diversity regimes for
the representative case of a microwave signal filter. We must
note that final fabrication errors cannot be predicted with full
certainty because the actual dimensions will fluctuate across the
length of the fiber during a realistic drawing process. This may
serve to average out the errors to our advantage and can only be
ascertained by fabricating the fiber and testing its performance
as a delay line.
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Fig. 12.  Random fabrication error in the range of £10 nm added to design
values of airhole diameter and pitch reflect in the transfer function of a microwave
signal filter based on the proposed TTDL for a 10-km link operating at A = 1550
nm with dA = 1 nm in the wavelength-diversity regime.

Fig. 11 shows the filter transfer function when operating in
space diversity for three cases in which we randomly fluctuate
airhole diameter and pitch values for each core in the range of
+10, +5 and £1 nm around the design values and a fourth case
showing the ideal design. We can see that when the fluctuations
are =10 nm (solid cyan line), the filter transfer function is
distorted completely for the second resonance. For an error
ranging +5 nm around the design values (dashed black line), the
situation is somewhat better as the second resonance is above
—5 dB. Finally, if the error can be brought in the range of £1
nm (red dotted line), we can have an almost ideal TTDL, with
similar levels for the main resonances and a high value of main
to secondary side-lobe (MSSL) ratio.

Effect of fabrication errors on wavelength-diversity operation
for the worst case given by maximum tolerances of +10 nm
is evaluated in Fig. 12. Here, only the absolute values of S
and D in each core are of significance for the filter transfer
function. Thus, to the extent that fabrication errors change the
value of these parameters for a given core, only the FSR of
the filter will be affected, compressing or stretching the filter
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response. Maximum variation will be given in core 1, as shown
in Fig. 12(a), where the FSR is reduced from its ideal value
(black solid line) to 41.8 GHz (red dotted line) as D increases
from the ideal 1.5 to 2.4 ps/nm-km. In Fig. 12(b), we show the
minimum alteration of FSR, which occurs for core 19, where D
is slightly reduced from 31.2 down to 30.9 ps/nm-km.

To appreciate the fabrication challenge posed by this design,
consider that each core features two different d/d values, since
the airhole diameters for inner rings and outer rings are different.
To get a certain value of pitch, this 5-ring core preform is scaled
down at the intermediate stage of drawing a cane. Thus, we
need 19 different core preforms for the proposed design, which
could result quite challenging since each preform could present a
certain manufacturing error in initial capillary sizes. We discuss
a few approaches to address this challenge.

In the first approach, we start with a single preform (instead
of 19 different preforms) and scale it in size to serially draw
19 different canes (with distinct § values), which can subse-
quently be stacked together to draw the final multicore fiber. This
approach can take two different directions. First, if one could
apply different gas pressure to each air hole size during the final
draw stage, the airholes would inflate or collapse accordingly,
thus changing the d/d values. This would require 38 different
pressure controls (one for each airhole size). However, in current
fiber manufacturing facilities, the available number of pressure
controls is lower.

Alternatively, we could use the same pressure for all cores, i.e.,
the standard one used to keep the holes from collapsing under
surface tension. In this scheme, we would have the same value
of d/é for all cores. What this means for the TTDL is that group
delay would no longer be constant at the anchor wavelength,
i.e., the group delay would not follow the same red contour
line as plotted in Fig 3. However, the incremental dispersion
values would remain as required, so tunability with the optical
wavelength would be guaranteed. Group delay could then be
compensated externally by adding a fiber segment with a certain
length to each core, as part of the fan-in/fan-out. It will be the
focus of future work to fabricate the latter version as an initial
step to see how well fabrication errors can be controlled.

V. CONCLUSION

We have presented, for the first time to our knowledge,
the design of a 19-sample tunable TTDL for radiofrequency
signals using a multicore PCF. To allow TTDL operation, the
PCF comprises 19 different cores where each core features an
independent and incremental value for both the group delay and
chromatic dispersion while providing low confinement losses,
low crosstalk and linear operation. As compared to other SDM
optical fiber technologies, this PCF offers higher design flexi-
bility and better performance since it is possible to change the
chromatic dispersion over a broad range from zero up to around
35 ps/km-nm while keeping the dispersion slope negligible
using a 5-ring PCF structure for all the cores. For comparison,
dispersion range of a recently reported TTDL based on a 7-core
heterogeneous solid-core fiberis 14.3 t0 20.3 ps/nm-km, [31]. As
a result, a tunable TTDL for microwave signal processing with
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a broad radiofrequency processing range (from 1 to 67 GHz) is
possible, at least theoretically, in both space- and wavelength-
diversity regimes for a link length of 10 km.

The design and analysis presented here has important implica-
tions for MWP applications since it opens the way to increasing
both the number of samples and the radiofrequency processing
range of a TTDL based on SDM technology in a single optical
fiber. This tunable TTDL can be applied to a variety of radiofre-
quency signal processing applications, such as signal filtering,
optical beamforming for phased array antennas, multi-cavity op-
toelectronic oscillation or arbitrary waveform shaping. Beyond
MWP, this approach can be extended to additional electrical or
optical signal processing applications that require a given set of
group delay or chromatic dispersion values.
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