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Abstract

We present the design and fabrication of a dispersion tailored highly nonlinear few-mode fibre with an inter-modal nonlinear

coefficient of 2.81 (W · km)−1, the highest reported to date. Inter-modal wavelength conversion between the HE21 and TE01

vector modes is demonstrated in the fibre.

1 Introduction

The nonlinear phenomenon of four-wave mixing (FWM) has

been widely investigated in optical fibres, due to its applica-

tions in low-noise amplification and all-optical signal process-

ing [1]. In recent years, with the advances in space-division

multiplexing technology, inter-modal FWM processes in few

mode fibres (FMFs) have also attracted much attention [2–

5]. To date, such processes have been mostly investigated in

commercial FMFs [2, 3], which have a relatively low inter-

modal nonlinearity. Therefore, there is interest to increase the

inter-modal nonlinearity of FMFs to enhance the efficiency of

such nonlinear processes. Recently, a highly nonlinear FMF,

which is dispersion tailored for inter-modal FWM, has been

reported [6].

In this paper, we report on the design and fabrication of a

few-mode fibre (HNL-FMF), with the highest intra-modal non-

linearity reported to date, to the best of our knowledge. The

HNL-FMF has a high germanium doping concentration in the

core, which breaks the degeneracy between the LP11 modes

and leads to different dispersion relations for the corresponding

vector modes. Here, we demonstrate inter-modal wavelength

conversion between two vector modes within the second mode

group.

To achieve broadband FWM in single mode fibres, the pump

should be placed close to the zero-dispersion wavelength and

in the anomalous dispersion regime [7]. However, the phase

matching condition for inter-modal FWM processes is more

flexible, due to the different dispersion properties of different

modes. The phase mismatch in these processes is given by [4]

Δβ ≈ (ωs − ωp1)
[
βa
1 (

ωs + ωp1

2
)− βb

1(
ωi + ωp2

2
)
]
, (1)

where βm
1 (ω) represents the inverse group velocity of mode

m at angular frequency ω, while p1, p2, s and i represent the

interacting pumps, signal and the generated idler, respectively.

Thus, to have phase matching, β1 at the average frequencies

of the two waves in each spatial mode should be equal. Bragg

scattering (BS) and phase conjugation (PC) are the two types

of inter-modal FWM processes that can result in wavelength

and mode conversion. When the interacting modes have sim-

ilar chromatic dispersion properties, BS has a relatively wider

phase matching bandwidth compared to PC [3]. Along with the

inter-modal process, modulational instability (MI) which is an

intra-modal FWM process could also happen if the interacting

waves are phase matched, as shown in Fig 1(a).

2 Fibre Design and Characterisation

We designed and fabricated a dispersion tailored highly non-

linear few-mode fibre which supports two mode groups, with

a graded index circular core, surrounded by a trench and the

cladding [8]. The optimised refractive index profile design is

shown in Fig 1(b), as well as the measured refractive index

profile of the fabricated HNL-FMF. The core with a radius of

4.3 μm is highly doped with germanium (25mol.% at the cen-

tre of the core), to obtain high nonlinearity. Meanwhile, the

relatively large refractive index difference between the core

and cladding breaks the degeneracy in the second mode group,

resulting in different propagation constants of HE21, TE01

and TM01 modes, hence providing the possibility of obtaining

inter-modal FWM between the vector modes within one mode

group. Although the vector modes in the second mode group

share almost the same spatial distribution, the polarisation dis-

tributions and measured relative inverse group velocities (Δβ1)
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Fig. 1 (a) Schematic of the intra- and inter-modal FWM processes occurring when Pump1 and Signal in mode HE21 and Pump2

in mode TE01 are launched in to the HNL-FMF. The intra- and inter-modal generated idlers are MI in HE21 mode, and BS and

PC in TE01 mode, respectively. The spatial and polarisation distributions of the interacting modes are also shown. (b) Designed

and measured refractive index profiles of the HNL-FMF. (c) Measured relative inverse group velocities versus wavelength of all

the guided vector modes.

are different, as shown in Fig 1(a) and (c). It is worth noting that

Δβ1 curves of the three vector modes in the second mode group

are nearly parallel, indicating similar group velocity dispersion

β2 (-7.18, -7.17 and -7.17 ps2/km at 1550 nm for HE21, TE01

and TM01 modes, respectively). Consequently, their dispersion

properties makes them suitable for broadband BS process [3].

The effective areas of the first and second mode groups are

21.3 and 42.9 μm2 respectively, while the intra-modal non-

linear coefficients γ of them are 5.68 and 2.81 (W · km)−1

respectively, measured with the method described in [9]. Since

the inter-modal nonlinear coefficient is related to the over-

lap integral of the optical field distribution of the interacting

modes, the inter-modal nonlinear coefficient between any two

of the vector modes is approximately equal to the intra-modal

nonlinear coefficient of the second mode group. Thus, inter-

modal nonlinear coefficient is also 2.81 (W · km)−1. The

attenuation coefficients are measured to be 0.59 dB/km and

0.65 dB/km for the first and second mode group, respectively.

3 Experimental Setup

The experimental setup of our vector-mode inter-modal FWM

is shown in Fig 2. Pump1 and Signal launched into HE21 mode

are set to be at 1543 nm and 1543.25 nm, respectively. Pump2

is launched into TE01 mode, and to achieve phase matching

its wavelength is set to 1565 nm (see Fig 1(c)). For Pump1

and Signal, light coming out of the continuous-wave (CW)

lasers are adjusted to be co-polarised by the polarisation con-

trollers (PCs) right after the lasers, then coupled together into

an erbium-doped fibre amplifier (EDFA) by a 90:10 polari-

sation maintaining coupler. A tunable optical band-pass filter

(OBPF) is used after the EDFA in order to filter out the out-

band amplified spontaneous emission noise. We use two spatial

light modulators (SLMs) based on liquid crystal on silicon

(LCoS) as the mode multiplexer (MMUX) and demultiplexer

(MDMUX), to realise mode selective excitation using opti-

mised phase masks. The interacting waves propagate through

the 2-km HNL-FMF, where BS and PC idlers are generated in

the TE01 mode. It should be noted that mode coupling occurs

between the vector modes in the second mode group, so the

power in the pumps and signal are a mix of these modes. How-

ever, only the beam powers in the phase matched vector modes

will be involved in the inter-modal FWM. By changing the

phase mask in the MDMUX, we can observe the output spectra

of different modes with an optical spectrum analyser (OSA).

The power of each pump after the EDFA is set to be 28.2

dBm and the Signal power is 12 dB lower. Meanwhile, the

MMUX together with the OBPF and all the fibre connectors

has a total loss of 12.2 dBm for each input port when exciting

HE21 or TE01 mode. Thus, the actual pump power launched

into each mode is 16 dBm.

4 Experimental Results and Discussion

By using different phase masks at the MDMUX, optimised for

different vector modes, the output spectra after 2-km HNL-

FMF transmission are shown in Fig 3. In Fig 3(a), for the waves

MMUX

MDMUX

HNL-FMF

OSA

Pump2

HE21

TE01

90:10
OBPFPump1

OBPF

EDFA

EDFA PC

PC

PC

PC

Signal

Fig. 2 Experimental setup of vector mode inter-modal wave-

length conversion. Blue and orange lines correspond to single

mode and few-mode fibre links, respectively.
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Fig. 3 Output spectra of HE21 and TE01 modes after mode

demultiplexing, observed in different wavelength windows (a)

and (b), respectively. Solid curves represent phase matched

inter-modal FWM, while the dashed curve in (b) represents the

inter-modal FWM with a phase mismatch.

in HE21 mode, we can see an intra-modal idler generated by MI

process with a conversion efficiency (CE, defined as the power

ratio between the output idler and output Signal) of -29.9 dB.

While in Fig 3(b) around 1565 nm, the BS and PC idlers are

generated 0.25 nm away from Pump2, with CEs of -32.1 dB

and -31.8 dB, respectively. The similar CEs of BS, PC and MI

processes when Signal is set close to Pump1 indicate similar

nonlinear coefficients for intra- and inter-modal interactions.

Given that the vector modes are within one mode group and

have mode coupling between them, one might think the process

captured here is a dual-pump intra-modal FWM interaction not

inter-modal FWM. To demonstrate that it is indeed an inter-

modal process, we moved Pump2 closer to Pump1, to 1561 nm,

which is far from the phase matching wavelength of the inter-

modal FWM processes. In the case of a dual-pump intra-modal

FWM process, the FWM efficiency should have increased,

since the detuning between the two pumps is smaller and all the

interacting modes are in the anomalous dispersion regime (β2

< 0) and far from zero-dispersion wavelength [10]. However,

as observed in Fig 3(b), the idler powers in this case are signifi-

cantly lower than the ones when Pump2 is at 1565 nm, proving

that the process is inter-modal FWM. Thus, a wavelength and

vector mode conversion is accomplished by inter-modal FWM

between vector modes. If we make use of the TM01 mode, a

wider-band wavelength conversion over C+L band would be

possible.

Fig 4 shows how CEs of BS and PC processes change

when sweeping the Signal and changing the Signal to Pump1

wavelength detuning. It is obvious that BS has a broader

CE bandwidth compared to the PC process. Taking a 6-dB

bandwidth into consideration, the bandwidths of BS and PC
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Fig. 4 CEs of the BS and PC processes, measured under dif-

ferent Signal to Pump1 wavelength detunings varying from 0.3

to 2.1 nm with a wavelength interval of 0.1 nm.

processes are 1.4 nm and 0.8 nm respectively, due to the sim-

ilar chromatic dispersion properties of the interacting vector

modes. In addition, there is a trade-off between the fibre length

and the bandwidth of the inter-modal processes [4]. Due to the

loss induced by the SLM in our system, a relatively long fibre

length was needed to observe the inter-modal nonlinearities.

However, it is possible to shorten the fibre and increase the

bandwidth of the inter-modal FWM processes by increasing the

pump powers or using other MMUX/MDMUX schemes with

smaller losses.

5 Conclusion

An inter-modal vector mode wavelength conversion with a

wavelength separation of 22 nm is accomplished between HE21

and TE01 modes, by implementing inter-modal FWM in a

newly designed and fabricated HNL-FMF. We provide a novel

solution to vector mode generation using inter-modal FWM.

The fibre also shows great potential in all-optical signal pro-

cessing, such as vector mode conversion, mode exchanging and

wavelength multicasting.
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