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ABSTRACT
A micro-optic collimator assembly represents an important platform for the realization of many commonly used fiber optic
components and devices including optical isolators, circulators, gain flattening filters, and so on. In this paper, we investigate
the incorporation of space division multiplexing (SDM) fibers (particularly, few mode fibers and multicore fibers) in a micro-optic
collimator assembly and develop a technology base to provide fully integrated SDM components. A few exemplary SDM fiber
isolators (e.g., 3 or 6-moded fiber isolator and a 32-core multicore fiber isolator) are successfully fabricated with low insertion loss
and low mode (or core) dependent losses. Improved sharing of the functional optical element and significant device integration
is efficiently achieved in these devices as will be required to ultimately realize the anticipated cost reduction benefits of SDM
technology.

© 2018 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5050332

I. INTRODUCTION
(SDM)1–3

Space division multiplexing
utilizing few-mode
fibers or multicore fibers (MCFs) supporting multiple spatial channels is currently under intense investigation as an
efficient approach to overcome the current capacity limitations of high-speed long-haul transmission systems based on
single mode optical fibers. More recently, SDM technologies
are being investigated for many other applications such as
(i) submarine networks to increase both single fiber capacity and energy efficiency, (ii) datacenter networks to reduce
cable count and complexity whilst increasing data bandwidth,
and (iii) optical fiber sensor systems to enable long distance
distributed sensing or 3-dimensional shape sensing. Unlike
widely used single-mode fiber systems, however, the essential components needed to build SDM systems or optical fiber
sensor systems based on SDM fibers are still not commercially available and the basic prototype systems used in many
experiments to date have been implemented only with the
aid of bulky free-space optical components.4–6 These are not
only bulky but also expensive and tend to introduce high
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optical losses. From this perspective, a fiber-optic approach
will inevitably be the preferred route forward and the fabrication of fully fiberized components is a pre-requisite for realizing practical SDM systems. An optical fiber collimator (i.e.,
fiber optic collimation and focusing assembly) represents an
important platform for the realization of many commonly used
fiber optic components and devices including optical isolators,
circulators, gain flattening filters, WDM couplers, switches,
and variable optical attenuators. Current micro-optic collimators usually use graded-index (GRIN) lens or C-lens elements
to transform the light from an input single mode optical fiber
into a collimated free space beam and to refocus it into an output single mode fiber in a compact and cost effective manner.7
In this paper, we review our recent work to incorporate SDM
fibers (e.g., few mode fibers and multicore fibers) in a micro-optic
collimator assembly and investigate the feasibility of demonstrating fully integrated optical isolators for SDM transmission;
note that provisional results were reported in Refs. 8 and 9.
Due to the simple fabrication process, good beam transfer
quality, and low cost, these devices represent an extremely
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attractive means to reduce the cost of building and operating
SDM systems.

II. FEW MODE FIBER ISOLATORS
Figure 1(a) shows a schematic diagram of a few-mode
fiber (FMF) isolator assembly consisting of a cylindrical microoptic lens and a few mode fiber ferrule, fitted in a ferrule
sleeve.8 Compact fiber optic collimators usually use C-lens (or
GRIN lens) elements to transform the emergent light from an
input FMF into a collimated free-space beam that can then be
refocused into another length of FMF using a second identical assembly operated in reverse. In order to minimize Fresnel reflection, the few-mode fiber was angle-cleaved at an
8◦ angle (or polished for a higher-quality surface) and a Clens was prepared with both anti-reflection coatings and an
8◦ facet angle. The C-lens was first carefully inserted into the
ferrule sleeve and fixed with UV curable adhesive. The fewmode fiber ferrule was then inserted into the other end of
the ferrule sleeve, and the distance between the C-lens and
the fiber ferrule was carefully adjusted to achieve the best
quality collimated beam (i.e., minimum beam spread). Generally, the beam divergence angle of the higher-order modes
will be larger than that of the lower-order modes, and so
the far-field intensity profile of the higher order modes was
monitored with a charge-coupled device (CCD) to identify
the minimum beam spot size. If the distance between the
lens and the fiber end is too small, the beam will diverge.
Conversely, for too large distance, it converges. Therefore,
for the far field measurement, the minimum beam spot size
ensures that the fiber is effectively placed at the focal point
of the lens. It is interesting to note that the effective focal
length of the lens used in this experiment was very short
(f = 2.98 mm) and that deflection caused by the angled fiber
output was negligible, meaning that orientation of the angled
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fiber facet was not particularly critical. In our experiment, a
graded-index two-mode group fiber (OFS Fitel Denmark) was
used as the exemplary few mode fiber. First, the beam diameter at the far field position was measured as a function of
distance from the collimator at a wavelength of 1550 nm. As
shown in Fig. 1(b), the two spatial modes supported (LP01 and
LP11 ) both remain reasonably well collimated over a large distance (up to 50 mm) from the collimator. The beam diameter
is defined as the distance across the center of the beam for
which the intensity equals 1/e2 of the maximum, and the beam
diameters are in the range of 320-410 µm for LP01 and 450-730
µm for LP11 as the distance varies from 10 mm to 50 mm. Note
that the LP11 mode has a bigger mode field diameter and its
beam divergence is larger than that of the LP01 mode, and this
tends to result in a relatively higher insertion loss (IL) for the
LP11 mode relative to the LP01 mode. In order to measure the
mode dependent coupling loss of a pair of FMF collimators,
each collimator assembly was mounted on a five-axis precision micro-stage to align the collimators and a mode selective
multiplexer based on phase plates was employed to generate pure spatial modes (modal purity > 20 dB) at the input
end of the FMF. A 1550 nm Fabry–Pérot laser diode and a
power meter were used for optical power measurements as
a function of working distance. For the LP01 mode, as shown
in Fig. 1(c), the total coupling loss from a pair of FMF collimators was only 0.7 dB at a working distance (L) of 10 mm
(including the insertion loss of the collimator itself) and it
gradually increased to 0.8 dB and 1.1 dB at L = 30 mm and
50 mm, respectively. For the LP11 mode, the coupling loss was
1.0 dB at L = 10 mm and it increased more rapidly to 1.5 dB and
2.8 dB at L = 30 mm and 50 mm, respectively. As expected from
the far-field spot size measurement in Fig. 1(b), it is apparent
that the LP11 mode has a higher coupling loss than the LP01
mode due to the increased beam divergence. However note
that the mode dependent loss (MDL) of the device was quite

FIG. 1. (a) Schematic of a few-mode fiber
(FMF) collimator assembly incorporating an
optical isolator as a functional element.
(b) The measured beam diameters of both
LP01 and LP11 modes as a function of distance from the input fiber collimator and (c)
the mode dependent coupling loss between
two collimators.
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small (only 0.3 dB at L = 10 mm and 0.7 dB at L = 30 mm),
and consequently, the device is suitable for SDM transmission
applications, where one of the most important requirements
for passive optical components is a low MDL. The working distance range from 10 mm to 30 mm is long enough to allow the
incorporation of most functional optical elements in the free
space region between the two collimators, and it can provide
a compact and simple platform to develop integrated passive
optical components for SDM applications.
Another important optical property of the device is the
modal cross talk. Low modal cross talk is necessary for realizing mode-selective SDM transmission, and a time-of-flight
measurement (i.e., temporal impulse response) was used to
characterize the modal content over a 10 km length of FMF
including a pair of FMF collimators at the input end of the
spool. The modal extinction ratio (ER) of our mode multiplexer was more than 20 dB at the input end, and we can
measure the degradation of the modal purity from the FMF
collimator if it induces higher levels of modal cross talk. As
shown in Fig. 2(a), a high ER can be preserved for the LP11
across the pair of FMF collimators; however, the ER of the LP01
mode was slightly degraded to −16.8 dB. We believe that this
is associated with a non-ideal working distance between the
two collimators, and further ER optimization is under investigation using a telecentric optical configuration. In order to
demonstrate the feasibility of SDM components, an optical
isolator core was incorporated between the two FMF collimators. When a single stage, polarization-insensitive optical isolator core was inserted between the collimators, the
coupling loss was increased by about 0.1 dB for each spatial
mode, and the peak optical isolation was 43 dB at 1559 nm,
and the isolation exceeded 32 dB over the full C-band, as
shown in Fig. 2(b). Note that both spatial modes have identical
optical isolation because this is determined solely by the isolator core material. Higher levels of optical isolation could easily
be achieved if desired using a dual-stage optical isolator core.
We also measured the back reflection from FMF collimators,
and a value of −32 dB was obtained over the full-C band due
to the angled fiber facet. Further reduction could easily be
achieved by applying an anti-reflection coating on the surface of the FMF end facet. These results indicate that a great
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variety of free space optical components can be integrated in
FMF collimators ensuring the same optical function can be
simultaneously achieved for all spatial channels with nearly
identical performance. The current device demonstration has
been mainly focused on two port devices having a single input
and a single output; however, it can also be applied to 3-port
or 4-port devices such as optical circulators, 1 × 2 or 2 × 2 fiber
optic couplers, WDM filters, optical switches, and so on.
We further extended our compact FMF collimator concept to a four-mode group fiber supporting 6 spatial modes
including two spatial orientations, and a pair of collimators
was fabricated using a graded-index four mode-group fiber.
The mode dependent coupling loss from a pair of collimators
was measured as a function of working distance, as shown in
Fig. 3(a). Similar to the previous two-mode group fiber collimator, higher-order modes show progressively higher coupling losses than lower-order modes. However note that the
MDL of the device is still reasonably small (only 0.3 dB at
L = 10 mm and 1.1 dB at L = 30 mm) and it can be used to
realize practical SDM components with low insertion loss and
low MDL. We performed a time-of-flight measurement on the
10 km-long 4-mode group fiber in order to characterize the
FMF collimator impulse response including the modal cross
talk. The trace in Fig. 3(b) shows the three main discernible
mode peaks at their relative differential group delay (DGD)
locations (0.45 ns/km for LP11 and 0.60 ns/km for LP21 and
LP02 ). Note that LP21 and LP02 peaks are strongly mixed and
a mixture of the spatial mode intensity profiles (LP21 and LP02 )
was observed on a CCD at the fiber output end even though we
excited only one of the modes (e.g., LP21 ) at the fiber input end.
This represents a general feature of the graded-index multimode fiber. The measured mode ER was −16.5 dB for LP01 , −15.1
dB for LP11 , and −13.2 dB for LP21 and LP02 , respectively. Note
that the isolation spectra of all spatial modes for the four-mode
group fiber are exactly the same as that of the two-mode group
fiber in Fig. 2(b) because the same isolator core chip is used for all
of our experiments. We believe that there is considerable scope
to scale up the platform to accommodate higher mode count
FMFs and device performance can be further improved by using
slightly different lens choices and by adopting bulk components
with a slightly larger clear aperture.

FIG. 2. (a) The estimated modal purity
based on temporal impulse response measurements from a pair of FMF collimators
incorporated at the input to a 10 km length
of FMF and (b) optical isolation of the FMF
isolator.
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FIG. 3. (a) Mode dependent coupling loss
as a function of distance between two
4-mode group fiber collimators and (b)
impulse response from a pair of four mode
group fiber collimators.

III. MULTICORE FIBER ISOLATORS
Figure 4(a) shows a schematic diagram of a representative 32-core multicore fiber (MCF) collimator assembly consisting of a cylindrical micro-optic lens and a MCF ferrule,
fitted in a ferrule sleeve.9,10 Similar to the previous few
mode fiber collimators, compact micro-optic lens elements
can transform the emergent light from an input 32c-MCF
into a collimated free-space beam that can then be refocused into another length of MCF using a second identical
assembly. Optical elements can then be inserted into the free
space beam path (e.g., a bulk isolator in our experiment) to
provide in-line functionality. Figure 4(b) shows a cross section
of the 32-core MCF used in our isolator which is a heterogeneous, trench-assisted MCF incorporating a square lattice
core arrangement to reduce the inherent inter-core cross
talk (XT) of the fiber.11 The core pitch is 29 µm, and the
cladding diameter is 243 µm. The measured inter-core XT of
the fiber was less than −55 dB/km, and the fiber has recently
been used in high-density 32-core MCF transmission experiments over 1600 km.12 To optimize the alignment of the
MCF collimators, we first illuminate all 32-cores of the MCF
using a single low-coherence amplified spontaneous emission (ASE) source. To enable this, the single mode source
output fiber was first spliced to a short section (∼3 mm) of

coreless fiber (i.e., pure silica rod fiber) with the purpose of
expanding the beam size and this was then spliced to the
32-core MCF. The launched optical power varies from core to
core, but it nevertheless allows stable and efficient simultaneous light coupling into all fibre cores. The other end of the
MCF was angle-cleaved at 8◦ to reduce Fresnel reflections,
inserted into the glass ferrule, and fixed into place with UV
curable adhesive. Next, the MCF ferrule was inserted into the
ferrule sleeve, and the distance between the C-lens and fiber
ferrule was carefully adjusted to achieve an array of high quality collimated beams. As shown in Fig. 4(c), spatial interference
patterns were observed in the near field from the collimator,
but clean thirty-two spatial mode beams were observed in the
far field which remain collimated over relatively long distances
(up to 50 mm) from the collimator. A pair of MCF collimators was built and mounted on a multi-axis precision microstage (offering translation, tilt, and rotation adjustments) to
align the collimators. Importantly, the MCF collimators intrinsically require rotational alignment and the far field intensity
distribution from the collimator was examined using a visible
He-Ne laser for rough angular alignment of the MCF collimator. We next developed a compact air-gap device based on
two such collimators, configured such that we could insert
and fix in place different functional elements (e.g., an isolator
core in this experiment) to provide for robustly packaged MCF

FIG. 4. (a) Schematic of a 32-core MCF isolator. (b) The cross section of the 32-core
MCF, (c) the measured beam profiles as
a function of distance from the collimator,
and (d) the fully integrated and packaged
isolator.
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components. Our final packaged 32-core MCF isolator is
shown in Fig. 4(d).
To characterize the integrated 32-core MCF isolator, all
fiber cores were again illuminated by a single ASE source as
described previously and the near field distribution of the
fiber was investigated with a 2-dimensional power sampling
method. A CCD camera can be used to observe the near field
distribution of the fiber, but we used a single mode fiber probe
scanning method in the near field of the fiber to obtain a
power distribution measurement with a better dynamic range
across the fiber cross section. The scan area was 250 µm
× 250 µm sampled on a 200 × 200 step grid in the near field
plane using an SMF28 fiber with an mode field diameter (MFD)
of 10.4 µm. The resulting intensity distribution is plotted on a
logarithmic scale, and the associated contour plot is shown in
Fig. 5(a). 32 clean spatial beams from the individual cores were
clearly observed, and the noise floor (due to the scattered light
trapped in the fiber cladding) was less than −60 dB compared
to the maximum beam intensity (which means that the measurable dynamic range is more than 60 dB). By comparing the
spatial intensity distribution before and after our fabricated
isolator, we can quantitatively evaluate the core dependent
insertion loss of the device. As shown in Fig. 5(b), the average insertion loss was ∼1.4 dB and the core-to-core variation
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was less than 1.4 dB (note that this value also includes a loss
contribution from two extra splices between the MCFs and
thus the actual isolator loss and core IL variation is appreciably lower). The left figure of Fig. 5(b) illustrates the measured
insertion loss associated with a given core. The outer cores
have relatively larger insertion losses than the inner cores
which may be due to a slight angular orientation misalignment
of the MCF splices and/or collimator assembly. However, one
side of the outer cores shows a slightly higher insertion loss
which may be due to beam clipping as a result of the limited (1 mm × 1 mm) clear aperture of the isolator core. We
can expect to further improve the isolator performance, especially in terms of core-to-core IL variation using a slightly
different lens choice and by adopting bulk components with
a slightly larger clear aperture. In order to estimate the XT
between the fiber cores, we carefully excited one of the cores
in the central region using a spliced single mode fiber (SMF).
As shown in Fig. 6(a), the XT between the neighboring cores
was less than −50 dB from the SMF-MCF splice itself. Interestingly, an unexpectedly significant level of beam intensity
was also observed in the middle of core lattice. This is due to
light guidance by the pure silica region surrounded by fluorine
doped index trenches as evident from the fibre cross section in
Fig. 4(b). The light guidance from this region can be suppressed

FIG. 5. (a) Measured 2-dimensional spatial beam distribution before and after the incorporation of the 32-core MCF
isolator obtained by a power sampling method. (b) The
measured core-to-core insertion loss variation of the isolator
with ±0.2 dB measurement error.

APL Photonics 4, 022801 (2019); doi: 10.1063/1.5050332
© Author(s) 2018

4, 022801-5

APL Photonics

ARTICLE

scitation.org/journal/app

FIG. 6. Measured inter-core cross talk contour map (a)
before and (b) after the incorporation of the 32-core MCF
isolator.

by bending the fiber tightly, but a noise floor of around −50 dB
was still observed from a 20 m section of MCF. Some of the
core mode profiles exhibit an LP11 beam feature due to higher
order mode guidance in short lengths of this fiber (the effective cutoff wavelength is 1530 nm for a 1 km length of the fiber).
As shown in Fig. 6(b), incorporation of the 32-core MCF isolator increased the neighboring core XT slightly, but it was still
less than <−40 dB. Finally, the excited core of the MCF was
then spliced to another SMF pigtail and the optical isolation
and back reflection were investigated. The peak isolation was
around 43 dB at 1559 nm, and an optical isolation exceeding 32
dB was obtained over the entire C-band. We also measured the
back reflection for the 32-core MCF isolator, and a value of −32
dB was obtained over the full C-band due to the angled fiber
facet. Note that the developed 32-core MCF isolators were
incorporated into an optical amplifier (i.e., a cladding-pumped
32-core multicore fiber amplifier) in a fully integrated format
to suppress unwanted back-reflections, and data transmission over a distance up to 1850 km was successfully demonstrated for 100 Gbit/s QPSK signals in a MCF recirculating
loop.13,14

IV. CONCLUSIONS
We have successfully realized compact optical isolators for SDM systems including both few mode fibers and
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multicore fibers. An excellent optical performance of <1 dB
insertion loss and <0.5 dB MDL was successfully achieved in
few mode fiber isolators. The maximum peak isolation was
more than 40 dB, and the optical isolation over the full C-band
was more than 30 dB. This micro-collimator approach can be
applicable to other types of SDM fibers, and a high-core count
32-core multicore fiber isolator has also been fabricated with
an average insertion loss of ∼1.4 dB, a core-to-core variation
of ∼1.4 dB, and an inter-core cross talk of less than −40 dB.
This indicates that the micro-optic collimator assembly concept can be extended to SDM fibers, providing the opportunity
for an array of new and practical packaged components with
performance, in terms of functionality and insertion loss, comparable to the equivalent existing single mode fiber devices,
whilst at the same time ensuring low levels of inter-channel
cross talk.
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