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A novel single-mode single-polarization (SMSP) photonic crystal fibre has been proposed and analysed based on

the polarization-dependent coupling and absorption effect via a full-vector finite element method with perfectly matched

layers. The numerical results predict that very efficient SMSP operation can be achieved with both high bandwidth

and high extinction ratio at low loss penalty. Effects of the fibre structural parameters on the SMSP bandwidth and

extinction ratio have been explored, which will provide useful guide for the design and fabrication of the fibre. The

results obtained will be instructive for the realization of new SMSP fibres with high performance.
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1. Introduction

Single-mode single-polarization (SMSP) fibres,
in which propagates one and only one polarization
state of the fundamental mode, have recently been
the subject of extensive experimental and numerical
studies.['=121 SMSP fibres can eliminate both polar-
ization mode coupling and polarization mode disper-
sion, which is desirable for some polarization-sensitive
applications such as high-power fibre lasers, fibre op-
tic gyroscopes, current sensors and optical coherent

communication systems.!12:13l

In the past years, most research efforts have been
paid to the polarization maintaining fibres (PMF's)
other than SMSP fibres since it is relatively more dif-
ficult to fabricate the latter.
SMSP fibres, large birefringence is necessary to sep-

In general, to realize

arate the two polarization modes, and what is more,
a differential cutoff mechanism is needed to eliminate
the unwanted polarization mode. Although SMSP fi-
bres were first put forward in the 1980s,'4=20 the re-
search in this area was not so active until the advent of
photonic crystal fibres (PCFs) or hole-assisted fibres

(HFs). PCFs possess many unusual optical proper-
ties like endless single-mode operation, highly tunable
dispersion and highly controllable nonlinearity.?!-2?
Highly birefringent PCFs have also been extensively
studied, and the typical modal birefringence is on the
order of 1072 or even 1072, which is at least one
order of magnitude larger than that of conventional
PMFs.[23=27] This high birefringence is very helpful to
realize high performance SMSP fibres. The potential
of PCF's acting as SMSP fibres was first predicted by
Steel et all?8) when considering the polarization prop-
erties of elliptical-hole PCFs. So far, various SMSP
fibres utilizing PCFs or HFs have been proposed or
demonstrated.!'=12 The large birefringence can be
induced by geometric asymmetries,!=46:9-11] or by

[5,7] (8]

stress effects, or even by material anisotropies.

It was predicted in the 1980s that the resonant
absorption effect could be used to realize a SMSP
fibre.'9) However, the author did not specify how to
produce the large birefringence, and it seems difficult
to fabricate this kind of multi-core fibre by the conven-
tional techniques. In this paper, we propose a novel
SMSP photonic crystal fibre based on polarization-
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dependent coupling and absorption effect, for the first
time to our best knowledge. An absorbent core with
high material loss is introduced along the fibre to
induce differential fundamental mode cutoff. The
high index-contrast between air and silica glass with
the highly flexible fabrication procedure permits large
birefringence to be easily obtained in PCFs. More-
over, the stack-and-draw procedure of PCF's will make
it straightforward to fabricate a multi-core fibre with-
out any additional efforts.

A full-vector finite element method (FEM) with
perfectly matched layers (PMLs) as the boundary con-
dition is used to investigate the characteristics of the
proposed fibre. Numerical results show that both high
SMSP bandwidth and high extinction ratio can be
achieved with proper design. And effects of the fibre
structural parameters on the SMSP bandwidth and
extinction ratio are explored.

2. Fibre structure and operation
principle

Our proposed fibre consists of two parallel cores,
and its cross structure is depicted in Fig.1(a). Due to
the structure symmetry, only a half of the fibre cross
section is presented. The fibre cladding is composed
of triangular air hole lattice in pure silica background.
A missing central air hole with two enlarged air holes
defines the birefringent core A. The diameters of the
cladding air holes and the enlarged air holes are de-
noted by d; and dy respectively. The air hole pitch is
A. Meanwhile, a down-doped circular lossy core with
high material loss and its surrounding six air holes
define the isotropic and lossy core B. The diameters
of the lossy core and its surrounding six air holes are
denoted by d4 and ds respectively. The distance be-
tween core A and core B is p. That is, core A is bire-
fringent and lossless (no material loss), whereas core
B is isotropic and highly lossy (large material loss).
Figure 1(b) shows the equivalent refractive index dis-
tribution of the fibre along the x-axis.

The composite waveguide system can be viewed
as two individual but coupled waveguides, and a sim-
ilar system composed of two parallel slab nonidenti-
cal waveguides has been analysed using an improved
coupled-mode theory.[??) However, a waveguide sys-
tem with multiple parallel fibre cores can also be anal-
ysed by some numerical methods for the fibres with
complex cross-section, such as effective-index method

and finite element method (FEM).[??l In fact, a di-
rect numerical mode solver seems more intuitive and
effective in our case since it just provides the prop-
agation constant and mode distribution that we are
interested in. Using FEM, we have simulated a fibre
structure with parameters A = 3.3 um, d;/4 = 0.40,
da/A = 0.95, d3/A = 0.565, dy/A = 1.0. The refrac-
tive indices of pure silica, air and down-doped lossy
core are set at ng = 1.45, na = 1.0 and n; = 1.448,
respectively. The choice of d; and dy is to produce
large birefringence based on the structure asymmetry.
The parameters of ds and n; is properly adjusted to
make the effective index of the isolated core B cross
that of the isolated core A at a suitable wavelength.
For convenience, we define this fibre as PCF1.
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Fig.1.
Equivalent index profile along the z-axis.

(a) Cross structure of the proposed fibre. (b)

Before simulation, we assume that all the modes
are x-polarized. Figure 2 plots the real part of the ef-
fective index Re(neg) as a function of wavelength for
the modes supported by the isolated waveguides (core
A and core B) and the two supermodes supported by
the whole structure. The effective index of the first su-
permode is larger than that of the second one. For the
first supermode, the effective index curve is core- A-like
in the short wavelength region and becomes core-B-
like with the increase of wavelength. The transition
point is around the phase matching wavelength A,
at which the propagation constants of the two modes
supported by the two isolated waveguides (core-A and
core-B) are equal. In other words, for the first super-
mode, when the wavelength is shorter than Ap, light
is mainly confined in core A; whereas, when the wave-
length is longer than A, light is mainly trapped in core
B. However, things are totally converse when it comes
to the second supermode, as shown in Fig.2. These
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findings are in good agreement with those reported
in Ref.[29]. The similar phenomena have been em-
ployed to design a dual-core dispersion-compensating
photonic crystal fibre as in Ref.[30].
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Fig.2. Effective index versus wavelength for the modes of
isolated waveguides and supermodes.

At the phase matching wavelength, the first and
the second supermodes can be equally excited and
are responsible for the energy exchange between the
cores A and B. However, at other wavelengths, there
is nearly no energy exchange between the two cores
due to the lack of phase matching.l®!l In this case,
the mode excitation is dependent on the light input.
When the light is well input from core A, the first
supermode is successfully excited, whereas the second
one is very weak; however, when the light is well input
from core B, the second supermode will be success-
fully excited, whereas the first one is very weak. In
this paper, we must take care that the light should be
well input from core A. To simplify the matter, we
consider only the first supermode at the non-phase-
matching wavelengths.

The mode characteristics of the y-polarized mode
are similar to those of the z-polarized mode. How-
ever, because core A is highly birefringent while core
B is isotropic, the phase matching wavelengths for the
2- and y-polarized modes will be different. Therefore,
when the operating wavelength lies between these two
phase matching wavelengths (that means Ap; < A <
Apy, Where A, and Ay, represent the phase match-
ing wavelengths for the x- and y-polarized modes re-
spectively), if the mode is z-polarized, most of the
energy will be trapped in the lossy core B and suffer
from very high material absorption loss; however, if
the mode is y-polarized, most of the energy is con-
fined in the lossless core A and propagates along the

fibre with low loss. Thus, large differential loss can be
produced between the two polarization modes, and an
efficient fibre polarizer can be obtained. In this paper,
we call this the polarization-dependent coupling and
absorption effect.

3. Modelling

FEM has been proved a very powerful, accurate
and versatile tool for solving optical waveguide prob-
lems with the ability to deal with the waveguide cross
section with arbitrary index distribution, which makes
it very suitable for our case. A full vector model is
necessary to accurately predict the propagation char-
acteristics of PCF's due to the high index-contrast be-
tween air and silica glass. The Maxwell equation using
electric field as a working variable can be expressed as

V x (1] 7'V x B) — kiled] E =0, (1)

where kg is the free-space wavenumber, £ denotes the
electric field, and [e,] and [u,] are the relative dielec-
tric permittivity and magnetic permeability tensors,
respectively.

In our simulation, a complex FEM modal solver
for optical waveguides with PML boundary conditions
is used to investigate the propagation characteristics
of the proposed fibre such as effective index and mode
field distribution.[?l The solution domain is divided
by rectilinear triangular mesh elements, and the struc-
ture symmetries are exploited to save computation ef-
forts and reduce the necessary memory. The element
model we use is the hybrid edge/nodal element com-
posed of the basic constant tangential and linear nor-
mal (CT/LN) vector basis functions with three tan-
gential variables Fy1, Fis and Fys, and a linear nodal
(conventional Lagrange) element with three axial vari-
ables F.,1, .o and Ezg,[33] as shown in Fig.3. Apply-
ing the standard full vector finite element procedure

yields a complex generalized eigenvalue equation!?

(KK E} = rignie[MI{E}, (2)

where [K] and [M] are the finite element matrices,
{E?} is the discretized electric field vector consisting
of the edge and nodal variables, e.g is the complex
effective index.

This equation can be solved by means of high per-
formance algebraic solvers. And the necessary mem-
ory can be significantly reduced by utilizing the spar-
sity of the matrix. Finally, we can obtain the com-
plex effective index of the fundamental mode and the
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mode field distribution. The modal birefringence can
be simply calculated using

B = [Re(ngg) — Re(ngy), (3)

where nY; and n%; are the complex effective indices
of the y— and x—polarization modes respectively, and
Re represents the real part.

Ezl Etl Ez?

Fig.3. Hybrid edge/nodal element.

Suppose the material loss of the down-doped cores

is vs, then the mode loss v can be simply expressed
[20]
as

(4)

where Py is the fraction of the mode power in the lossy

'7:'75Psa

region, here we define it as the normalized mode loss

coefficient (0 < P, < 1). Ps can be simply evaluated

by

e |E|*dady
ffs |E|2dxdy ’

where (2 represents the lossy region, and s represents

P (5)

the whole fibre cross section.
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4. Simulation results and discus-
sion
4.1. mode field distribution

To demonstrate how the mode field distribution
varies with the wavelength and polarization state, we
have simulated the fibre PCF1.

First, we consider core A and core B separately.
With core B ignored, core A is highly birefringent,
and the effective indices versus wavelength for the
z- and y-polarization fundamental modes are plotted
as the dashed and solid lines in Fig.4(a) respectively.
The modal birefringence of core A is on the order of
10~*— 1073, as shown in Fig.4(b), which is very help-
ful to yield a high bandwidth SMSP operation. With
core A ignored, core B is isotropic, and the effective
index for the degenerate fundamental mode supported
by core B is plotted against wavelength as the dotted
The cutoff wavelength of the
fundamental mode (core A) is determined when the

line shows in Fig.4(a).

effective refractive index crosses that of the lossy core
B at phase-matching wavelength. The difference in
wavelength between the phase matching wavelengths
of the two fundamental polarization modes is defined
as the SMSP bandwidth.

As depicted in Fig.4(a), the phase matching wave-
length of the z-polarization mode is about 1.24 pm,
however, for the y-polarization mode, the phase
matching wavelength is about 1.67 pm. Therefore,
the fibre can operate as a SMSP fibre within the range
from 1.24 to 1.67 pm and the SMSP bandwidth is as
high as 430 nm.
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Fig.4. (a) Effective index versus wavelength for the fundamental mode supported by core A and core B. (b) Modal

birefringence of core A.
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The evolution of the mode field of the fundamen-
tal mode is depicted in Fig.4 at different wavelengths
and in different polarization states. At wavelength
shorter than A, the field is essentially confined to core
A, as shown in Fig.5(b). Around )\, optical coupling
between core A and core B takes place, as shown in
Fig.5(c). In fact, if the wavelength is exactly equal to
Ap, then core A and core B will be in resonance and

the energy swaps back and forth between core A and

(a) NN (NN
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core B, i.e., the energy is equally distributed between
core A and core B. When the wavelength is longer
than Ay, however, most part of the fundamental mode
spreads to core B and is effectively trapped in core B,
as shown in Figs.5(a) and 5(d). It is observed clearly
that when A\ = 1.55 pum, the field of the x-polarization
mode is mostly trapped in the lossy core B, whereas
the y-polarization mode is effectively confined in core
A. Thus, an efficient SMSP fibre is produced.

Y /pm

Y /pm

X /pm

Fig.5. Evolution of the mode field of the fundamental mode at different wavelength and in different polarization
states; (a) A = 1.55 pm, z-polarization, (b) A = 1.55 um, y-polarization, (c) A = 1.66 pum, y-polarization, (d)

A = 1.75 pm, y-polarization.

4.2. Extinction ratio

To determine the ability of the fibre to eliminate
the unwanted polarization mode at a given penalty
and over a certain distance, it is necessary to calcu-
late the extinction ratio FR. In this paper, the y-
polarization mode is guided while the x-polarization
is eliminated. Assume the acceptable penalty loss for
the guided y—polarization mode is o and the loss ratio
of the two polarization modes is

n= '790/’71/7

then in theory, the extinction ratio of the fibre can be
expressed as

ER=a-(n—1)~a-n. (6)

Thus, we should first obtain the propagation
losses of the two polarization modes and then calculate
the loss ratio n. In this paper, the polarization mode
discrimination is mainly caused by the large differen-
tial material loss, hence we only consider the material
absorption loss and neglect the confinement losses and
any other losses. So, the mode loss can be normalized

to the material loss through Eq.(4).
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Fig.6. Normalized mode loss coefficient of both polariza-
tion modes as a function of wavelength for PCF1.

Consider the fibre PCF1.
normalized mode loss coefficient for the z- and y-

Figure 6 shows the

polarization modes as functions of wavelength, respec-
tively. In the short wavelength region, both the x- and
y- polarization modes are well confined in core A, only
a very small fraction of energy spreads to the lossy
core B; however, when the wavelength increases to
about 1.24 ym, most part of the z-polarization mode is
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trapped in the lossy core B, and the normalized mode
loss coefficient reaches about 75%.With the increase
of the wavelength, as the mode confined in the lossy
core B becomes more leaky, the normalized mode loss
coefficient decreases gradually, i.e., more energy will
spread into the surrounding silica glass and air hole
claddings. On the other hand, within the wavelength
range from 1.24 to 1.67 pum, the y-polarization mode
is still well confined in the lossless core A. When the
wavelength is longer than 1.67 pym, both the z- and
y-polarization modes are trapped in the lossy core B.

Figure 7 plots the loss ratio of the two polariza-
tion modes as a function of wavelength for PCF1. The
loss ratio peaks at wavelength 1.24 pm, with a value
of 6.85x10%. Then, with the increase of wavelength,
the loss ratio decreases rapidly. This phenomenon
can be interpreted by the following two facts: with
the increase of wavelength, firstly, the energy of the
z-polarization mode concentrated in the lossy region
decreases since it becomes more leaky; and secondly,
the energy of the y-polarization mode will spread more
into the lossy region. It is clear from Fig.7 that if the
loss ratio higher than 100 is required for SMSP op-
eration, then within the wavelength range from 1.20
to 1.63 um, the fibre can be viewed as a SMSP fibre.
As a result, we obtain a very competent SMSP band-
width as high as 430nm, which is almost twice of that
obtained in Ref.[6].

106

1.0 1.2 1.4 1.6 1.8
A/pm

Fig.7. Loss ratio as a function of wavelength for PCF1.

From the loss ratio plotted in Fig.7, we can di-
rectly deduce the extinction ratio of the fibre at a given
penalty and over a certain distance, through Eq.(6).
For example, at wavelength 1.24 pm, the loss ratio
is as high as 6.85x10°, therefore, if the acceptable
penalty loss for the propagation mode (y-polarization
mode) is 0.01 dB/m, then the extinction ratio can
reach about 6850 dB over one metre distance. At

wavelength 1.55 um, the loss ratio is about 2800, and
if the acceptable penalty loss for the y-polarization
mode is still 0.01 dB/m, then the extinction ratio can
reach about 28 dB over one metre distance. This is
a very efficient fibre polarizer. However, it should be
clarified that we cannot expect the actual extinction
ratio for a polarization mode to be higher than 40dB
because of the random coupling induced by bending,

stress, and thermal fluctuations.”

4.3. The location of the highly lossy re-
gion

At this point, we have demonstrated the fibre’s
ability to realize a SMSP operation with high band-
width and high extinction ratio. Now, we begin to
explore the effects of the structural parameters on the
single polarization characteristics. To observe the ef-
fect of the highly lossy region’s location on the single
polarization characteristics, we calculate the loss ra-
tio by changing the distance p while keeping the other
parameters to be the same as PCF1.

The results are plotted in Fig.8 as a function of
wavelength, which clearly shows that the loss ratio n
increases significantly with the distance p. As p/4 in-
creases, the useful SMSP window is also broadened.
That is, the farther the lossy region is placed from
core A, the better is the polarization discrimination

ability.
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Fig.8. Loss ratio as a function of wavelength for different

p/A.

4.4. The diameters of the six air holes
surrounding the lossy region

Obviously, the fundamental mode cutoff and
SMSP bandwidth are influenced significantly by the
effective index of the fundamental mode supported by
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the lossy core B, which is then determined by sev-
eral factors, i.e. the size of the lossy region, the index
of the lossy region, and the diameters of the six air
holes surrounding the lossy region etc. In this paper,
the diameter of the circular lossy region is fixed at
dy/A = 1.0. This arrangement can ensure most of
the energy concentrated in the lossy region, and will
facilitate the stack-and-draw procedure as well.

Figure 9 shows how the cutoff wavelength and
SMSP bandwidth change as functions of the parame-
ter d3/A. The fibre parameters are kept the same as
those for PCF1, except that ds/A is set to be 0.560,
0.565, and 0.570 successively. It is clear from Fig.9
that the cutoff wavelength moves towards longer wave-
And the
SMSP bandwidth increases monotonically with the in-
crease of d3/A. When ds/ A is set to be 0.560, 0.565,
and 0.570, the SMSP bandwidths are about 335, 430,
500 nm, respectively.

length almost linearly as ds/A increases.
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Fig.9. Cutoff wavelength of both polarization modes and
the SMSP bandwidth as functions of ds/A.
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Fig.10. Loss ratio as a function of wavelength for differ-

ent dsz/A.

The dependence of the loss ratio on d3/A is de-
picted in Fig.10 as a function of wavelength. It re-

veals that the peak value of the loss ratio and the
whole SMSP window shift to the short wavelength re-
gion, which confirm the results in Fig.9. In the long
wavelength region, however, as both the x- and y-
polarization modes are well confined in the lossy core,
the loss ratio approaches to 1.0.

4.5. The refractive index of the lossy re-
gion

Another important parameter that can affect
both the fundamental mode cutoff and the SMSP
bandwidth is the refractive index of the lossy region.
Figure 11 shows the cutoff wavelength and SMSP
bandwidth as functions of the refractive index of the
lossy region. The fibre parameters are the same as
those in PCF1, except that the refractive index of the
lossy region is changed from 1.4480 to 1.4483 with
a step of 0.0001. The results show that the cutoff
wavelength moves towards shorter wavelength almost
linearly when the refractive index of the lossy region
increases. The SMSP bandwidth decreases from 430
to 310nm when the refractive index of the lossy region
increases from 1.4480 to 1.4483. That is, decreasing
the refractive index of the lossy region is beneficial to
yield a high SMSP bandwidth.
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Fig.11. Cutoff wavelength of both polarization modes

and the SMSP bandwidth as functions of the refractive
index of the lossy region.

Figure 12 plots the loss ratio as a function of wave-
length when the refractive index of the lossy region is
set to be 1.4480,1.4481 and 1.4482 successively. The
results show that the SMSP window shifts to the short
wavelength region as the refractive index of the lossy
region increases. Moreover, the peak value of the loss
ratio increases with the increase of the refractive in-
dex of the lossy region. The mechanism behind this
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is a little complicated. Firstly, the increase of refrac-
tive index of the lossy region will provide a stronger
confinement for the trapped x-polarization mode, i.e.,
the z-polarization mode will suffer a little higher ab-
sorption loss. And secondly, since the coupling oc-
curs at a shorter wavelength, less energy of the y-
polarization mode can spread into the lossy region,
i.e., the y-polarization mode will suffer lower absorp-
tion loss. Thus, the increase of the peak value of the

loss ratio can be understood.

106

1.0 1.2 1.4 1.6 1.8

Fig.12. Loss ratio as a function of wavelength for differ-
ent refractive index of the lossy region.

5. Tunability and fabrication con-
siderations

From the analysis above, we can conclude that the
refractive index of the lossy region can significantly
tune the SMSP window and bandwidth. Therefore, if
the refractive index of the lossy region can be tuned
by voltage or temperature, it is possible to fabricate a
SMSP fibre with tunable operating wavelength. Some
materials like polymer or liquid crystal may meet the
requirements.

The stack-and-draw procedure of PCFs will fa-
cilitate the fabrication of the fibre we proposed, the
multi-core fibre can be fabricated without any addi-
tional efforts and the highly lossy region can be in-
troduced by replacing a silica rod with a special rod
made of highly lossy materials. It is essential to find
suitable materials with compatible thermal and me-
chanical properties.

6. Conclusion

In this paper, we have proposed a novel SMSP
photonic crystal fibre based on polarization-dependent
coupling and absorption effect for the first time to
A full-vector FEM with PML
boundary conditions is employed to investigate the

our best knowledge.

propagation characteristics of the fibre. Numerical re-
sults predict that very efficient SMSP operation can
be achieved with a bandwidth as high as about 500nm.
And high extinction ratio can be obtained at very low
penalty loss. From the analysis in all the sections
above, we can draw some conclusions as follows:

1. The role of core A is to separate the two polar-
ization states by producing large modal birefringence.
In fact, we can also adopt other structures to produce
the large birefringence.

2. The role of core B is to induce differential fun-
damental mode cutoff and absorb the energy of the
unwanted polarization states. Depending on the ma-
terial loss of the lossy region, high extinction ratio can
be achieved at any given length of the fibre. Therefore,
the present design would be suitable for both short-
and long- distance applications.

3. The SMSP operation window and bandwidth
can be tuned by the diameters of the six air holes sur-
rounding the lossy region and the refractive index of
this region. One can tune the operating wavelength
to the desirable region by adjusting these two param-
eters.

4. The proposed fibre can be fabricated by
the maturing stack-and-draw procedure of PCFs with
properly selected materials.

In summary, the proposed SMSP PCF is very
competent in terms of bandwidth and extinction ra-
tio. The results obtained will be helpful for the design
and fabrication of new SMSP fibres with high perfor-

mance.
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