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1 | INTRODUCTION

Multimode fibres (MMFs) are used in a wide range of appli-
cation areas encompassing telecommunications, medicine and
astronomy [1-3]. As a result, efficient methods for the char-
acterisation of the modal properties of MMFs have been
proposed and demonstrated [4-6]. In the last decade, re-
searchers have demonstrated the ability to achieve determin-
istic control over the output state (polarisation plus spatial) of
light by computing the transfer matrix of a MME This
powerful approach can be used even when the fibre is subject
to random mode coupling, which is the case for typical weak-
birefringent fibres longer than a few meters. This method relies
on experimental data gathered by carrying out multiple-input
multiple-output measurements so as to identify the input
launching conditions that provide a specific modal distribution
and state-of-polarisation (SOP) at the fibre output [7-10].
Techniques that achieve robust manipulation of the spatial
modes coupled into a few-mode fibre offer new opportunities
for all-optical, ultrafast modulation of higher order-modes in
space-division-multiplexing, where each mode-frequency pair
may be associated with an independent information channel
(see, for example [11-14]). Such systems could also be used in
time/frequency division multiplexing to modulate (receive) in
time or frequency at different higher order modes at the
transmitter (receiver) side [15]. Moreover, by launching any
number of higher order modes in addition to the LPy; group,
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The authors demonstrate that by injecting a combination of LP;; modes in a few-mode
high-birefringence fibres that all-optical control of the spatial beam intensity at the fibre
output is achieved by varying the polarisation at the fibre input. These results may be
generalised to the cases where different and several higher order modes are employed.

one may obtain a variety of complex spatial intensity patterns
controlled through the input polarisation, which may be used
in a number of applications beyond communications. For
example, the ability to create deterministic spatial shapes may
be advantageous in microscopy, in which the region of interest
can be isolated from its surrounding by shaping an incident
beam [16, 17]. Furthermore, the ability to predictably map
input-output relations through fibres is of importance in areas
such as endoscopic imaging and spectroscopy [18, 19].

The authors build on the general framework of existing
methods, but offer a new perspective which relies on the use of
a highly birefringent fibre to achieve a simpler and more pre-
dictable way of manipulating the spatial intensity distribution at
the fibre output. Differently from previous works based on
isotropic or random (weakly) birefringent fibres, here the high
birefringence fully decouples the orthogonal linear polar-
isations. This brings about two main outcomes. Firstly, a fully
analytical formula linking the input SOP and the output spatial
intensity distribution is found. Secondly, by simply switching
the input polarisation from being lineatly polarised along one
fibre axis to the other, we are able to switch in time the spatial
field intensity at the fibre output from being a pure LP;;, mode
to a LPyy, mode. At the same time, a further configuration can
be implemented which is fully insensitive to input SOP vari-
ations. These results could be generalised to higher order
modes as well. In other words, we provide a simple and
controllable technique for all-optical
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modulation, which is based on linear polarisation switching
and does not require any measurement of the fibre transfer
matrix. The modulation is potentially ultrafast as it may be
driven by a fast polarisation controller (PC) at the fibre input.

2 | THEORY

For simplicity, here we focus our attention on the propagation
of LPy, and LP;y;, modes in a polarisation maintaining fibre,
but the main outcomes could be generalised to the case where
one or more higher order modes are employed. Note that due
to the large fibre birefringence, LLP1y, and LPy;, modes are
strongly suppresses the random
coupling. Excitation of these modes is possible by means of a
holographic PP [20], which shapes an input beam into a two-
lobed pattern which is then focused to the input facet of the
fibre, as shown conceptually in the left/upper potrtion of

non-degenerate, which

Figure 1. Here, a denotes the angle between the reference
frame x’y’ aligned with the (fixed) fibre birefringence axes and
the (variable) PP axes xy. Hence, @ determines the orientation
of the PP. When a = 0, modes L.P;q, and Py, are identical in
both frames. In contrast, Figure 2 illustrates the spatial modes
in each frame when a#0.

In the x'y' frame, the general exptession for the input
electric field Epy can be written as a combination of lineatly
polarised LPyy, and LPyyy, spatial modes aligned along the x’
and the y' directions: Erng = m(0 - X' 4 80y - y) + 20y (1 -
X'+ 7y, - y). Here m(x, y) (mi(x, y)) represents the nor-
malised transverse profile of the LPy;, (ILP;;,) mode and the
coefficients {Z,, 74y} ({Zhs, Zby}) denote the input amplitudes
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FIGURE 1
holographic phase plate (PP) being used to launch a combination of LPyy,

Conceptual illustration (also see text) showing a

and LPqy;, modes into a birefringent fibre. Frame xy depends on PP angle
a. The birefringence-axes frame (x'y/) is the laboratory frame
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FIGURE 2 (2) Representation of the reference systems xy and x'y/,
(b) LPyy, (left) and LPyyy, (right) mode profiles in the xy reference system
(dotted lobe is in anti-phase with crossed lobe) and (c) LPyq, (left) and
LPyy;, (tight) mode profiles in the xy reference system

(b) (c

of its x'- and y/-polarised components, respectively, whereas x’
(¥ is a unit vector along the x" () direction. Additionally, we
indicate with A’y = ['ax 74y '1x 71y] the vector of input
amplitudes.

The same notation above applies for the frame xy with the
substitutions x' = x,y =y, 7 — i, m' — m. In this frame, the
field representation at the fibre input is particularly simple.
Because the PP axis is the y-axis, the field can be written as a
combination of LP;y,-like modes only. Therefore Ajn = [i4 2
0 0], regardless of the value of a.

The relation between the vectors Ay and A’y is defined
by the matrix—vector product A’y = MAqy;, such that M is the
projection matrix defined as [21]:

c2 —sc  —sc 52 11ay
2 2 .i,

sc c —s —sc 11az

—sc d:o 11y

2 2/ @11y,

sc  sc

g & & q

with ¢ = cos(a) and s = sin(a).
During the propagation in the fibre, the amplitude of each

ay

mode accumulates a phase-shift that is defined by the product
between its propagation constant and the fibre length L (any
losses are assumed negligible). The output amplitude 0,
reads therefore 0’1, = exp(Rmpl) * ' mn, Where kp, is its
corresponding propagation constant. If we call A'oyr = [0/,
o/ay 0y O byl the vector of the output modal amplitudes, we
can then write A’ 5y = DA'y, where D is the diagonal matrix
diag( exp(jkul), exp(jkyL), exp(jhyu.l), exp(jkuyL)) of the
phase-shift terms.

The output modal amplitudes Aoy in the original refer-
ence frame xy ate finally computed as Aoyt = M™'A'yr =
M 'DMA;.. This allows comparing the input and output
amplitudes in the same reference frame xy. We denote the total
output powet coupled to the LPyy,,, mode (m €{a, b}) as P,, =
|0mx|2 + |0my|2. After some algebraic calculations, one can
derive the useful relation

P, = S()/4(2 + 2coszp + sinzpcosAd,C + sinzpcosAdy)
+8; /4(cosAdy — cosAd, )sin’p
—83/4(cosAd,, — cosAd,)sin’peosp,

(1)

whete Sy, §1 and S5 are stokes parameters that define the input
polatisation (Sy = |iu|” + | Zay | %8 = iaxi:y + iayi; and §3 =
e |” = iay|); p = 205 Ady, = (Rux — ki) L; Ay, = (kg — k)
L. A similar equation can be detived for P,. Note that energy
conservation holds true, that is to say, Sy = |7.] 4 [ Zay | 2=
P, + P,

The central result highlighted by Equation (1) is that the
total output power coupled over the LPyy, and LPyy;, modes
depends on the input polarisation, the relative angle @ among
the PP and the fibre axes, as well as the fibre length L.

Consequently, for a fixed and appropriate angle and length, we
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can control these powers in time through the input polar-
isation, at a speed that is essentially determined by the PC.

Although Equation (1) provides a full characterisation of
the output powers P, and P, as a function of the system pa-
rameters, it is interesting to illustrate in detail the instances
a=0,a=m/2and a = 7/4, since they provide an intuitive
picture of the role of the input polarisation in the control of
P, and P,.

From Equation (1), we see that whenever the PP is aligned
with one of the fibre axes (@ = 0 or a = 7/2), the output
power P, = §, is constant and independent of the input
polarisation. Also, as shown in Figure 3, under this condition,
the beam at the fibre input is fully aligned with the fibre axes.
The high birefringence prevents any energy exchange among
the components relating to the two axes, so that the output
power remains fully coupled to the LP;;, mode.

On the contrary, when a = w/4 (see Figure 4) the input
power is equally split among the fibre axes, so that both the
LP11, and LP;4, modes of the fibre are excited. First consider
the instance in which the input polarisation is parallel to the x'-
axis of the fibre. In this case, the input field can be decom-
posed into t sum of two x'-polarised modes: Erny = X'+ (7/ 7,
+ i',,m'1). These two fibre modes have equal amplitudes and
are in phase at the fibre input (Figure 4(a)), namely, 7', = 7'y,
Nevertheless, each of them accumulates a different phase delay
in propagation. If the phase mismatch Ady = (ko — k)L is an
even multiple of , then the modes add in phase at the fibre
output, so no difference is observed with respect to the input
field (Figure 4(b)), that is to say, 0/ = 0/,

Now consider the case in which the input polarisation is
parallel to the y'-axis so that En =y - ((ym'y + 1ym'y)
(Figure 4(c)). Then, if the accumulated phase mismatch Ad,
= (ky — kyy)L is an odd multiple of 7, the output modal
amplitudes are now in anti-phase (0/,, = —0'},) so that a 7/2
rotation is observed with respect to the input field (see
Figure 4(d)).

In summary, the example in Figure 4 points out the strong
polarisation diversity of the system under analysis, which is in
contrast to the case in Figure 3. With a = 7/4, when the input
polarisation goes from lineatly polarised along one fibre axis to
the other (from x’ to y or vice versa), the output field un-
detgoes a /2 spatial rotation. More specifically, we switch
from an output LP;;, mode aligned with the x-axis of the PP
(P, = So and Py, = 0, Figure 4(b)), to an output LP;;, mode
aligned with the y-axis of the PP (P, = 0 and P, = S, Figure 4
(d)). On the contrary, when @ = 0 or 7/2, the output intensity
distribution is polarisation insensitive and is unchanged from
its input configuration (Figure 3).

These outcomes are consistent with Equation (1): under
the conditions @ = w/4, Ad, = 2Nw and Ad, = 2M + 1),
with N and M integets, and we find that P, = §y/2 + §,/2 and
Py, = S8o/2 — §1/2. If the input polarisation is now aligned with
the fibre axis X' (y/), then §; = Sy (§; = =8y), so finally P, = §,
and P, = 0 (P, = 0 and P, = Sp). Note that a similar result is
found when Ad, = M + 1) and Ad,, = 2N. Interestingly
enough, the conditions set out above are necessary to observe
a /2 rotation of the output field. If any one of these
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FIGURE 3 If a =0, spatial output is insensitive to input polarisation
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FIGURE 4 Polarisation-sensitive setup (@ = m/4). The fibre is such
that Ad, = 27N, whereas Ad), = 2w(M + 1). (2) decomposition of the x'-
polarised input field as the sum of 7, and m,; (b) under the condition
Ad, = 2wN the output fields 7!, and m,, add in phase. The resulting
output LPy; mode profile has the same spatial orientation as the input;
(c) decomposition of the y'-polarised input field as the sum of m;y and mlby
and (d) under the condition Ad, = 2w(M + 1), the output fields 72}, and
m’by add in anti-phase. The resulting output LP;; mode profile undergoes a
/2 rotation with respect to the input field

conditions is not met, then the 7/2 rotation is not possible,
whatever may be the input polarisation. Rather, in this case the
typical output field is an out-of-phase combination of LPyy,
and LPqy, modes, which gives rise to shapes that are inter-
mediate between the pure LP;q, and 1Py, states, and the same
can be observed later in experimental results.

The bandwidth of operation can also be estimated by
taking into account the conditions discussed in our preceding
analysis. In short, the bandwidth corresponds to the portion of
spectrum where the phase-mismatch term Ad, (and similarly,
Ad,) is nearly constant, that is, it is (nearly) independent of the
frequency /- Note that Ad,(f) = An - 2@fL/c, where An is the
fibre birefringence indicating the effective index difference
between the x and y polarisations. The index contrast Az de-
pends on the frequency, however, it is typically preserved over
a relatively large bandwidth (e.g finite element simulations of
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elliptical fibres suggest Az is almost constant across the
C-band). Therefore, the difference d = Ad,(f}) —Ad,(f>) at two
frequencies f; and f5 reads d = An - 2 -Af - L/c, where Af = f;
- f2 Also, whenever d < 1, the desired linear combination of
output modes temains the same for all the frequencies that
range from fj to f. More precisely, our numerical model (see
Equation 1) suggests that under the condition d < 0.2 the
output beam shape is well preserved. This condition finally
reads as Af < 0.2¢/(An - 2wL), which sets the operation
bandwidth B = 0.2¢/(An - 2wL). In the case of the fibre under
analysis, the beat-length at 1950 nm indicates that Az = 3.75 X
10~*. Assuming the same value at 1530 nm and considering the
fibre length is 3 m, we find a bandwidth as narrow as 8.5 GHz.
One may, however, reduce the fibre length to the cm scale
and/ot employ fibtes with a reduced bitrefringence so as to
increase the bandwidth up to several THz (tens of nanometres
in the C-band). While broadband operation is certainly desir-
able for telecom applications (e.g. space-division-multiplexing),
some other applications may benefit from a narrow bandwidth
(e.g in sensing or spectroscopy to resolve specific, narrow
spectral regions).

3 | EXPERIMENTAL SETUP

The setup shown in Figure 5 was used to experimentally test
the ideas discussed above. A 1530-nm continuous wave diode
laser was the light source and an (electronically) programmable,
liquid crystal-based PC was used to control the polarisation of
light into the fibre.

The fibre used for this experiment was a commercially
available panda style PM fibre (Thorlabs Part Number
PM2000). Having a core radius of 7 um and a beat length of
52 mm at 1950 nm, it was specified for polarisation-main-
tained single-mode operation at wavelengths greater than 1850
nm. However, in the lower to mid C-band, it became possible
to reliably guide the higher order spatial modes LPj;, and
LPy4, with negligible loss over short lengths. The length of the
fibre was 3 m. Rotators were used to align the principal
polarisation axes of the fibre such that one of them was parallel
to the plane of the optical bench and the other was perpen-
dicular to it. This was done by means of a polarimetric tech-
nique [22] using broadband amplified spontaneous emission
(ASE) from a C-band erbium doped fibre amplifier (EDFA).
To excite the LPy; mode in the fibre, we used a holographic
free-space phase-plate to shape the input beam into the

Phase

CW pc plate

LP11b
rot. port

FIGURE 5 Experimental setup

requisite phase profile [20]. The intensity profile of the colli-
mated output beam was imaged on an infrared camera when
required.

We used a beam-splitter (BS) cube to divide the output to
two paths with perpendiculatly oriented PPs (see Figures 1
and 5), with light from each focused into a single-mode fibre.
The output PPs were rotated by the same angle a as the input
PP. This allowed analysing the powers P, and P, coupled
respectively to the LPy;, and LP;;, modes in the same xy
reference system as the input PP.

The powers were monitored by means of a photo-detector
(PD) and oscilloscope. Maximum (minimum) power was
directed to an output port when the beam at the fibber output
was composed of one of the LLPy; spatial modes oriented along
(perpendicular to) its PP axis. For example, the emerging
output beam shown in Figure 1 will couple very strongly into
the port that lies in its straight path.

4 | EXPERIMENTAL RESULTS

Both the polarisation insensitive and sensitive configurations
illustrated in Figures 3 and 4 were tested experimentally. First,
the input PP was aligned along either fibre axis (@ = 0 or 7/2),
thereby launching exclusively LPq;, or LPyy;, into the fibre.
Figure 6 shows the measured power at each LPy; port versus
time when @ = 0 and the input polarisation was scrambled
randomly using the PC. While the graph shows limited fluc-
tuation in LP;;, power which can be asctibed to polarisation-
dependent loss and imperfect alignment in the optical system,
the difference in power between LPj;, and LPy;;, exceeded 18
dB at all times. This agrees with our previous remark that if o
= 0 (or m/2), the system is polarisation insensitive. Conse-
quently, the output spatial profile observed using an infrared
camera and as shown in Figure 6, is fixed in time and aligned
with one of the fibre axes.

Next, the PPs were aligned diagonally to the fibre axes,
that is, @ = +m/4. This configuration proved to be polat-
isation sensitive. Figure 7 shows the variation of power at
each port versus time, as the PC changes the input polar-
isation from being linearly polarised along one fibre axis
(time #;) to the other (time #3) and then back. Also shown are
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FIGURE 6 Polarisation insensitive setup: the beam profiles of either
of the spatial modes in the LPy; group are unchanged when input
polarisation is varied
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FIGURE 7 Polarisation sensitive setup: transfer in power between

ports LPyy, and LPyy;, due to change in polarisation

images of the output beam shape at various stages of the
power transition. The fact that both the exchange of power
between the two potts and the /2 spatial rotation of the
output beam were achieved by switching between the afore-
mentioned states of polarisation is in agreement with our
theoretical model. This polarisation sensitive configuration
therefore allows implementing an all-optical spatial intensity
modulation at the fibre output, which does not require any
a-priori measurement of the fibre transfer matrix. The speed
of the modulation is dictated by the input PC. Also note that,
as discussed in the theoretical section, Ad, (Ad,) is nearly an
even (odd) multiple of . It should be noted that, for an ideal
(straight) fibre, the phase mismatch terms Ad, and Ad,, are
fixed. However, by spooling the fibre with different radii of
curvature, we can perturb the phase accumulated during
propagation by each mode and therefore Ad, and Ad), can be
changed. An optimum position which maximised the polar-
isation sensitivity of the system could be found easily, and
enabled reaching a maximum power extinction ratio of 13 dB
between the ports. As anticipated in the theory section, in the
intermediate cases represented at times ¢, and #, in Figure 7,
the beam resembled superpositions of out-of-phase LPjq,
and LPq;, modes.

5 | CONCLUSIONS AND
PERSPECTIVES

By using a highly birefringent fibre guiding the LPy; group, we
have demonstrated all-optical control of the output spatial
intensity, which allows us to provide evidence of spatial in-
tensity modulation in time. Differently from transfer-matrix
approaches in weakly random birefringent fibres, here we
derive a fully analytical formula that links the input SOP to the
spatial intensity distribution at the fibre output. We identify two
distinct configurations: the first is polarisation insensitive with

the PP oriented at 0 or /2 and the second is polatisation
sensitive with the PP otiented at w/4. In this last configuration,
when the input light is switched from being linearly polarised
along one fibre axis to the othet, a 7/2 rotation of the spatial
field intensity is realised, and the output switches from a (pure)
LP;y, profile to LP;q,. The speed of this transition is detet-
mined by the speed of the PC, and could therefore be in the
order of picoseconds. Importantly, this scheme can also be
applied to other higher order modes, for example, to switch
from LPj,, to LPya,, using the appropriate phase mask.
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