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A Weakly-Coupled Few-Mode Hybrid Clad Photonic
Crystal Fiber With Ultra-Flattened Dispersion and
Low Confinement Loss

Xiao Lei, Fang Ren

Abstract—We propose a weakly-coupled ultra-flattened
chromatic dispersion few-mode photonic crystal fiber (FM-PCF)
supporting 10 vector modes (HE;;,, HE11,, TMp1, HE21,,
HE211, TEo1, HE314, HE31p, EHy1., EHyppp,) which works
over a large range of wavelength across the C+L band. We
investigate the chromatic dispersion, minimum effective refractive
index difference (minAncg), confinement loss, bending loss and
differential mode delay (DMD) of the proposed fiber under
the influences of design parameters by using the finite element
method (FEM). The circular holes in the first ring are replaced
by elliptical holes to obtain flattened-chromatic dispersion. And
an extra small rectangular defected hole is introduced in the fiber
core order to achieve ultra-flattened chromatic dispersion and
large minAngg. The simulated results show that the designed
weakly-coupled FM-PCF can obtain ultra-flattened (dispersion
slope < 1.8 X 10~* ns/km/nm?) and large min An g (> 1.6 X 10~%)
in the wavelength range of 1520 nm to 1640 nm. And the proposed
weakly-coupled FM-PCF also has ultra-low confinement loss
(<10~°dB/km) and good bending resistance. In summary, the
proposed weakly-coupled FM-PCF has the potential applications
for large-capacity MDM communication systems.

Index Terms—Photonic crystal fiber, chromatic dispersion,
dispersion slope, confinement loss, few modes fiber.

1. INTRODUCTION

HOTONIC crystal fibers (PCFs) intrigue many researchers

due to the high flexibility of design and some unique
optical properties, such as the endlessly single mode, high
nonlinearity, high birefringence and ultra-flatten dispersion
[11, [2], [3], [4], [S]. Therefore, PCFs can be used for many
potential applications in telecommunications [6], sensing [7],
non-linear optics [8] and other fiber devices. However, with
the exponentially growing demand on communication capacity
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of signal transmission systems, to further increase the capacity
of transmission media has become an urgent need [9]. In recent
years, several techniques such as time-division multiplexing
[10], polarization division multiplexing [11], and wavelength
division multiplexing [12] used to improve the transmission
capacity of optical fibers. However, single mode fiber, is rapidly
approaching its capacity limit due to the nonlinear Shannon
effect [13], [14]. Therefore, space division multiplexing (SDM)
technology based on PCF has become a new focus, which is
expected to expand the transmission capacity and realize the
flat dispersion transmission of few modes.

Dispersion control plays a critical role in optical commu-
nication, and photonic crystal fiber with flattened chromatic
dispersion have been the target of many researchers in the last
few years. In order to achieve flattened chromatic dispersion, two
main ways are adopted: firstly, by the arrangement of air holes
in cladding, lattice geometry size and shape of the holes, there
is possibilities to control light propagation, such as triangular,
rectangular, octagonal and equiangular spiral structure [15],
[16], [17], [18]. Another way is to add additional materials,
either by doping the core with high index materials such as
germanium [19]and fluorine [20], or by infiltrating low index
fluids into selected air holes [21]. However, using additional
materials undoubtedly increase the difficulties in the manufac-
turing process. In recent years, many photonic crystal fibers with
flattened chromatic dispersion have been proposed. For example,
Zhang [22] proposed a novel photonic crystal fiber, which is
composed of a solid silica core and a cladding with square
lattice uniform elliptical air holes and has flattened chromatic
dispersion (£2.5 ps/nm/km). Animesh et al. [1] designed a
circular-lattice photonic crystal fiber which has ultra-flattened
average dispersion of —124.0 ps/(nm.km) with a dispersion
variation of £ 0.1252 ps/(nm.km) and low confinement loss.
Wang et al. [23] proposed a new photonic crystal fiber with
D-sharped air holes in the core region, which has a flattened
dispersion of 0.09 £ 0.28 ps/THz/cm and low confinement
loss. However, these photonic crystal fibers only support single
fundamental mode, there are few reports on weakly-coupled
few-mode photonic crystal fiber (FM-PCF). In recent years,
Shi et al. [24] designed a few-mode photonic crystal fiber with
special air holes, which has the flattened chromatic dispersion
curve by removing part of the air holes in cladding. The designed
fiber can achieve three vector mode dispersion flattening in the
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Fig. 1. Cross sectional view (a) and zoomed core region (b) of proposed
weakly-coupled FM-PCF.

wavelength range of 1530 ~ 1560 nm, but the confinement loss
is large (>1dB/m), and the actual manufacturing will be difficult
because of the complexity of fiber structure.

In this paper, we proposed the weakly-coupled FM-PCF sup-
porting 10 vector modes, which has ultra-flattened dispersion
(dispersion slope < 1.8 x 10~* ns/km/nm2) and ultra-low
confinement loss (<10—9 dB/km). The chromatic dispersion,
minAneff, effective mode area, bending loss and nonlinear
coefficient of the proposed FM-PCF are investigated. To achieve
ultra-flattened chromatic dispersion and large minAneff, an
extra small rectangular defected hole is introduced in the fiber
core. The circular holes in the first ring are replaced by el-
liptical holes to further obtain flattened-chromatic dispersion.
Simulation results show that the proposed weakly-coupled FM-
PCF can support 10 vector modes and the minimum effective
index difference (minAneff) is larger than 1.6 x 10—4 over
the whole C+L band, which can improve the utilization of
vector modes and avoid the mode coupling between adjacent
modes. The proposed weakly-coupled FM-PCF can meet the
two advantages of low mode crosstalk and flat dispersion and
can improve the communication capacity and communication
quality of Mode Division Multiplexing communication systems.
And the proposed weakly-coupled FM-PCF also has strong
resistance bending sensitivity (the bending loss <10—4 dB/km),
which has the potential applications for large-capacity MDM
communication systems.

II. GEOMETRY OF THE PROPOSED FIBER STRUCTURE

The weakly-coupled FM-FCF cross section and the enlarged
view of the fiber core proposed in this paper are shown in Fig. 1.
It is composed of five hexagonal rings of circular air holes and
a circular ring of elliptical air holes. The distribution of air
holes in the inner and outer rings of the cladding is different,
which the outer holes are kept large to reduce the confinement
loss and the inner hole size is scaled down in order to control
the dispersion. The pitch and the diameters of the outer and
inner cladding air holes are A, d, A; and d;. The circular
holes in the first ring are replaced by elliptical holes to obtain
flattened-chromatic dispersion, and the diameter of the first ring
holes are a and b. An extra defected rectangular air hole (with
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Fig. 2. Confinement losses of the proposed weakly-coupled FM-PCF versus
the number N of air holes rings.

hole diameter M and N) is introduced in the center of fiber,
which is apt to control dispersion and obtain the ultra-flattened
chromatic dispersion. The proposed weakly-coupled FM-PCF
characteristics are simulated with finite element method (FEM),
the background material is silica and its refractive index is given
by the Sellmeier equation [25],

Nsilica ()")

_ 0.696166312 + 0.407942612 + 0.897479422 +1
22-0.06840432 22-0.11624142 12-9.8961612 ’

ey

where A is the transmission wavelength.

III. PARAMETERS OPTIMIZATION OF THE PROPOSED
WEAKLY-COUPLED FM-PCF

In this section, the main work is to find out the optimum geo-
metrical parameters for the proposed weakly-coupled FM-PCF.
We first obtain the approximate value of the design parameters
based on the structural size of the conventional fiber and the
simulation results. Then according to the result of simulation,
we choose the optimized value for the proposed FM-PCF.

A. Optimization of Cladding Air Holes Parameters

Excessive confinement loss will cause excessive power at-
tenuation, resulting in the inability of the signal to transmit.
Therefore, confinement loss is what we must consider when
analyzing the properties of photonic crystal fiber. Confinement
loss (CL) can be obtained by the formula [15]:

CL = 8.086koIm(neyr) )

where kg = 27/A is the wavenumber in vacuum, the Im(neg) is
the imaginary part of effective refractive index, and the unit of
CL is dB/km. The confinement loss strongly depends on fiber
structure, and higher-order modes usually have more severe
confinement losses. Therefore, we analyze the effect of the
number of rings of air holes N on the confinement loss to obtain
ultra-low confinement loss. From Fig. 2, we can find that the
confinement loss decreases with N, and the confinement loss of
ten vector modes (HE11,, HEq1, TMg1, HE21,, HEo11,, TEgq,
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Fig. 3. Variation of (a)Mode number and (b)Minimum effective refractive
index difference minAncg as a function of L and J at A = 1550 nm.

HE31a, HEglb, EHlla and EHllb) are all below 10—8 when N
is 6 or bigger, and the change of the confinement loss of each
mode is relatively small. It should be noted that increasing the
diameter of cladding by adding more rings of air holes could
make the fiber vulnerable. Considering the manufacturing cost
and calculation complexity, we take N = 6 for the proposed
weakly-coupled FM-PCF which can support 10 vector modes
and obtain ultra-low confinement loss (<10~° dB/km).

According to the preliminary optimization, we determine the
initial parameters of the cladding air holes as A = 2.95 um, d
= 1.8 um, Ay = 1.78 um and d; = 1.33 um. And according
to the equivalent refractive index method, the photonic crystal
fiber can simulate as a step-index fiber, and the cladding area
containing the air hole is approximated as the low-index cladding
of the step-index fiber. Therefore, as the area of air hole with
low refractive increases, the relative refractive index difference
of the fiber with step index profile similar to the photonic crystal
fiber will increase, and the number of propagation modes also
increases. The different air holes distribution in the cladding adds
extra freedom to the fiber design and consequently the control of
fiber dispersion. We set the parameters L and J as scaling factors
for the distance and the diameter of the inner and outer cladding
air holes, respectively. We adjust distance and the diameter of
the inner and outer cladding air holes in the same proportion
to change the area of air hole with low refractive. Then, the
influence of scaling factor L and J on mode number and minAng
are shown in Fig. 3(a) and (b), respectively. It depicts that with
the increase of L, the number of supporting modes decrease. And
with the increase of J, the area of air hole with low refractive
increase, so the relative refractive index difference of the fiber
with step index profile similar to the photonic crystal fiber will
increase, and the number of higher-order modes will increase.
However, if the J is too large, the minAngg between adjacent
modes will decrease and cannot meet the condition of minAngg
>10"*. When J = 0.8~1 and L = 0.85~0.95 um, the proposed
weakly-coupled PF-PCF can support 10 vector modes and can
achieve large minAneg (>1 x 1074).

The chromatic dispersion is a significant parameter in optical
fiber design. The chromatic dispersion of PCF can be easily
calculated from the real part of the obtained effective refractive
indices using following equation [26]:

A dPn. ff
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wavelength for the scaling factor L of distance between air holes varying from
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Fig. 5. Variation of chromatic dispersion (a) and chromatic dispersion slope
(b) With wavelength for the scaling factor J of air holes diameter varying from
0.8 to 1.0.

where X\ is operating wavelength and c is speed of light in
vacuum. After calculating dispersion, we can also calculate
dispersion slope with following equation:
dD())
dr -’ @)
Firstly, we study the influence of scaling factor L of pitch and
scaling factor J of air holes diameters on chromatic dispersion.
Fig. 4(a) and (b) depict the chromatic dispersion and dispersion
slope versus wavelength with different values of scaling factor
L of pitch. As it can be observed, with the increases of L, the
distance between air holes increase, the chromatic dispersion and
dispersion slope decreases. However, if the distance between air
holes is too large, the number of modes supported by the fiber is
reduced. In order to obtain flat dispersion and large minAn,g of
10 vector modes, we choose the point of L = 0.95, where A =
2.8 ym, A; = 1.7 pm. And Fig. 5 shows that the dispersion and
dispersion slope increase with the increases of scaling factor J
of air holes diameter. The large minAngg (>1 x 10~*) and flat
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Variation of minAneg with wavelength for the a varying from 0.8 to

chromatic dispersion can be achieved by choosing scaling factor
of air holes diameter J] = 0.8, where d = 1.57 yum, d; = 1.2 ym.

B. Optimization of First Ring Air Holes Parameters

Compared with the change of air hole in the outer rings, the
change of the air holes in the first ring will directly affect the size
of the defect area, and has the greatest impact on the dispersion
characteristics of the proposed weakly-coupled FM-PCEF. Firstly,
only the air-hole diameter a in the first ring has been changed,
while all the other geometric characteristics are kept constant to
investigate the impact on chromatic dispersion and dispersion
slope. It can be seen from Fig. 6 that when the diameter of first
ring air holes increase, the chromatic dispersion and dispersion
slope increase. Therefore, in order to get small and flat chromatic
dispersion, the diameter of first ring air holes should not be
too large. At the same time, we also considered the influence
of the first ring air holes diameter on effective refractive index
difference between adjacent modes. Fig. 7 shows the variation
of minAngg with wavelength in the range of a = 0.8~1.2 um,
which depicts that with the increases of a, the minAn.g between
adjacent modes decreases. And when a = 0.8~1.0 um, the
minAngg >1 x 1074, so the large minAn,g and flat chromatic
dispersion can be guaranteed.
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We also investigate the influence of ellipticity of the first ring
holes on chromatic dispersion and dispersion slope. As shown
in Fig. 8, with the increase of b/a, the air holes of first ring
are gradually rounded, and the dispersion and dispersion slope
increase. Compared with the circular air holes (when b/a =
1.0), the elliptical structure of the first ring air holes can reduce
the dispersion value and flat dispersion curve. In addition, we
also analyze the effect of ellipticity on the effective refractive
index difference between adjacent modes. It can be observed
from Fig. 9, the elliptical structure of the first ring air holes
cannot increase minAn.g, and it decreases with the increase of
ellipticity. And when b/a = 0.2, the minAnqg <1 X 10~*, which
means that these modes cannot be transmitted independently. In
order to flatten the dispersion and increase the An.g, a balance
should be found in the elliptical holes design, so we choose the
ellipticity of first ring holes b/a = 0.6.

C. Optimization of Center Defected Air Hole Parameters

The rectangular air hole design in the center of the fiber
can help to separate adjacent modes and increase the effective
refractive index difference. Therefore, we first investigate the
effect of center air hole diameter M, and the aspect ratio of the
rectangle on minAngg as shown in Fig. 10. It depicts that when
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the diameter of the air hole M is larger, the mode spacing is
further separated, the value of minAneg is larger, and the effect
of the central air hole is more significant. And when the central
defected air hole is a square, the minAn.g between adjacent
modes is less than 10~4, and as the aspect ratio of the central
rectangular defected air hole increases, minAn.g can reach more
than 1074,

The design of adding small holes in the center of the fiber
also helps to flatten the dispersion. From the Fig. 11, we can
see the influence of the increase of center defected rectangular
air hole diameter M on the chromatic dispersion and dispersion
slope. As the diameter M of the central air hole increases, the
chromatic dispersion and dispersion slope decrease. At this time,
the dispersion will be evenly distributed in the fiber cross-section
structure, so it becomes more flatten. Because the design of
the central small hole will cause certain energy loss, the hole
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Fig. 13
FM-PCF.

Optical field intensity distributions of 10 vector modes in the proposed

diameter should not be too large. The influence of the aspect
ratio N/M of the central rectangular defected air hole on the
chromatic dispersion and dispersion slope as shown in Fig. 12.
It is clearly observed that, with the increase of the N/M, the
chromatic dispersion and the dispersion slope decrease. The
results show that a large N/M of central air hole is beneficial
to the flattening of dispersion. In order to flatten the dispersion
and increase the Angg between adjacent modes, a balance
should be found in the rectangular design. And when M =
0.6 pm and N/M = 0.4, the proposed weakly-coupled FM-PCF
can obtain large minAneff (>1.6 x 10~*) and flat chromatic
dispersion (chromatic dispersion <0.13ns/nm/km, dispersion
slope<1.8 x 10~* ns/km/nm?). Fig. 13 shows the optical field
intensity distributions of 10 vector modes and the light is well
confined in the core of the proposed weakly-coupled FM-PCF.
The final parameters of the proposed weakly-coupled FM-
PCF are summarized in Table I. The chromatic dispersion of the
target value is low than 0.15 ns/km/nm, and the chromatic disper-
sion slope of the target value is low than 1.8 x 10~* ns/km/nm?.
The chromatic dispersion of lower than 0.2 ns/km/nm and the
dispersion slope of lower than 1.8 x 10~*ns/km/nm?, can be
realized for the tolerance scopes listed in Table I, indicating that
the variations of all parameters maintain the negative flattened
dispersion characteristics and that make the fabrication tolerance
satisfied. And the bending in X and Y directions will not have
a great impact on minAn,g between adjacent modes, chromatic
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TABLE I
OPTIMAL PARAMETERS WITH FABRICATION TOLERANCE OF THE
WEAKLY-COUPLED FM-PCF

Tolerance | Target Tolerance | Target
range value range value
A a
2.5-2.95 2.8 0.7-1.0 0.8
[um] [nm]
M
1.53-1.8 1.7 b/a 0.4-1.0 0.8
[nm]
M
. 1.44-1.8 1.57 0.4-0.8 0.6
[pm] [pm]
dy
1-1.33 1.2 N/M 0.2-0.6 0.4
[nm]
HE, 1
BE
-o-T)lm»H
~-HE, 1
v-HE,,, -
*'n:ol'H
L ~-HE, 1
[ ot EH :::j HE, 1
9 A 1Ma

10*
1520 1540 1560 1580 1600 1620 1640
‘Wavelength/nm

1.3 — H
1520 1540 1560 1580 1600 1620 1640 1
wavelength/nm

Fig. 14.  Variation of neg (a) and Aneg (b) With wavelength.

dispersion and dispersion slope. Considering the realization of
the desired fiber characteristics, the precise and well-established
fabrication technology is also required because dimensional
deviation has an impact on chromatic dispersion.

For short-haul transmission fibers, the coupling crosstalk
between modes can be reduced by designing a larger effective
refractive index difference. When the effective refractive index
difference Ang of each transmission mode in the fiber is larger
than 10, the crosstalk between the transmission modes can
be reduced, thereby the mode crosstalk in the mode division
multiplexing system can be effectively weakened or eliminated.
[27] The variation of neg and Aneg with wavelength curve are
shown in Fig. 14(a) and (b), respectively. It is observed that
the minAngg between adjacent modes of the proposed weakly-
coupled FM-PCF is large than 1.6 x 10~%, which indicates that
the 10 vector modes can be independently transmitted.

IV. DIFFERENTIAL MODE DELAY

In short-haul transmission systems, MIMO-DSP can be sim-
plified or eliminated when differential mode delay is low. Thus,
the computation complexity and power consumption can be
reduced. DMD between two modes is defined as the value of
subtracting the group delay 75 and 7g, which is expressed as
follows [28]:

NeffB — MeffA

DMD = Tp — 7o =nygp —Nga = .

A <8neff3 _ 8neff,4>
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where ngp and ngg are the group indices of mode A and
B, c is the light velocity in a vacuum and A means the free
wavelength. Fig. 15 shows the variation of DMD as a function
of wavelength. Calculated results of DMD for the proposed 10
modes weakly-coupled FM-PCF is from -5 x 103 t0 0.5 x 10~
ns/m, which can induce negligible power penalties in short-haul
optical communication links.

V. BENDING LOSS ANALYSIS

Fiber bending influences the individual modes differently due
to their mode felid distributions and propagation constants, and
propagation modes that bear higher bending loss will distort
and shift away from the center of the curvature. Therefore,
the bending loss is very important for the analysis of fiber
characteristics. The bending loss can be expressed by [29]:

20 27

In (10) A ©)

Im(neyy)

where Im(neg) means the imaginary part of neg. As shown in the
Fig. 16(a) and (b), we analyzed the influence of bending radius
in X and y directions on bending loss. It depicts that with the
increases of bending radius R, the bending loss of propagation
modes decrease, and the bending loss of higher-order modes is
larger than low-order modes. When R is larger than 5 mm, the
corresponding maximum bending losses of the first six modes
along the x axis and y axis are smaller than 10~'* dB/km, which
can be negligible. And when R>20 mm, the bending loss of the
four higher-order modes along the x axis and y axis are around
10~ dB/km. Simulation results show that the proposed weakly-
coupled FM-PCF has strong resistance bending sensitivity.
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VI. EFFECTIVE MODE AREA

The mode effective area (Aqg) is also one major parameter to
decide fiber size. Large Aqg can limit the nonlinearity impair-
ments in fiber transmission. We compute A.g by [30]:

2
72 B dady]
Aujp = : 7
R B dedy @

where E represents the mode field power distribution of the
fiber cross section. Meanwhile, the nonlinearity coefficient ~y
(L) of the PCF can be defined as formula (8) and the nonlinear
coefficient in fibers are inversely proportional to A.g [31],

27Ny

T =5 ®)

where ny = 3.0 x 1072 m? w! is the nonlinear refractive index

of silica. As shown in Fig. 17(a) and (b), we calculate effective
area A.g and nonlinear coefficients v (1) of the 10 propagate
modes within the wavelength from 1520 nm to 1640 nm. As
it can be observed from Fig. 17(a), the A.g increases with the
wavelength increases, and the effective area of 10 modes are
larger than 18 pm?. From Fig. 17(b), with the wavelength in-
creases, the nonlinear coefficients of 10 vector modes decrease,
the nonlinear coefficients v of HE 15, HE11p, TMg1, HE21a,
HEs1y,, TEg1 HE31., HE311,, EHy14, EHyqp, are smaller than
8w km~!.

The practical fabrication of the designed FM-PCF based
on current fiber manufacture technologies is expected to be
achievable. More recent technologies, such as extrusion and
3D printing, are demonstrated to fabricate different complex
shaped asymmetrical air holes [32]. The extrusion technique
developed by J. Wang et al. [33] offers fabrication freedom
for complex structures including crystalline and amorphous
PCFs. The sol-gel casting technique and in-situ polymerization
demonstrated in [34], [35] offers the design freedom to fabricate
micro-structured PCFs where air hole size and spacing can be ad-
justed independently, which can be anticipated that the verified
techniques should be enough to fabricate small-sized elliptical
and rectangular air holes the proposed structure. Therefore, we
believe that the fabrication of the designed fiber is expected to
be realized.

VII. CONCLUSION

In conclusion, the weakly-coupled ultra-flattened dispersion
photonic crystal fiber supporting 10 vector modes (HEj,,
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HE111, TMo1, HE21,, HE211,, TEo1, HE314, HE311,, EH11, and
EH; ) is proposed and investigated by numerical simulations.
By using finite element method, we carry out numerical sim-
ulations to investigate the influence of design fiber parameters
on Aneg and chromatic dispersion, and the ten vector modes
of the proposed fiber satisfy the conditions that the effective
refractive index difference is greater than 10~ and the dispersion
is flat. The ultra-flattened chromatic dispersion is achieved by
introducing a small defected air hole in the center of core
and the first ellipticity holes ring. The results show that the
proposed fiber structure can achieve ultra-flattened chromatic
dispersion (the dispersion slope<1.8 x 10~*ns/km/nm?) and
the effective refractive index of adjacent modes are larger than
1.6 x 10~* in the wavelength range of 1520 nm to 1640 nm. The
designed weakly-coupled FM-PCF supporting six vector modes
also can achieve ultra-low confinement loss (<10~? dB/km)
and low bending loss (< 10~* dB/km), which has the potential
application for large-capacity MDM communication systems.
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