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We present the fabrication and characterization of 3 dB asymmetric directional couplers for the astronomical
K-band at wavelengths between 2.0 and 2.4 µm. The couplers were fabricated in commercial Infrasil silica glass
using an ultrafast laser operating at 1030 nm. After optimizing the fabrication parameters, the insertion losses of
straight single-mode waveguides were measured to be ∼1.2 ± 0.5 dB across the full K-band. We investigate the
development of asymmetric 3 dB directional couplers by varying the coupler interaction lengths and by varying the
width of one of the waveguide cores to detune the propagation constants of the coupled modes. In this manner, we
demonstrate that ultrafast laser inscription is capable of fabricating asymmetric 3 dB directional couplers for future
applications in K-band stellar interferometry. Finally, we demonstrate that our couplers exhibit an interferometric
fringe contrast of >90%. This technology paves the path for the development of a two-telescope K-band inte-
grated optic beam combiner for interferometry to replace the existing beam combiner (MONA) in Jouvence of the
Fiber Linked Unit for Recombination (JouFLU) at the Center for High Angular Resolution Astronomy (CHARA)
telescope array.

Published by TheOptical Society under the terms of the Creative Commons Attribution 4.0 License. Further distribution of this work

mustmaintain attribution to the author(s) and the published article’s title, journal citation, andDOI.
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1. INTRODUCTION

The burgeoning field of astrophotonics has emerged over the
past couple of decades and seeks to exploit photonic tech-
nologies and principles to enable the development of superior
astronomical instruments [1–4]. Astrophotonics has already
resulted in multiple successes, examples of which include the
use of optical fibers for flexibly routing light from the tele-
scope focal plane to spectrographs for analysis [5] and spectral
imaging [6,7], and broadband laser frequency combs that
provide unprecedented spectrograph calibration capabilities
[8]. A raft of new and potentially transformative astropho-
tonic technologies is also currently under development. These

include integrated echelle gratings [9], integrated fiber-fed
spectrographs [10,11], waveguide Bragg gratings to filter out
atmospheric OH lines [12–14], and ring-resonator-based
frequency combs [15].

One of the most impressive successes in the astropho-
tonics field is the development of compact integrated optic
(IO) beam combiners for coherently combining the light
collected by multiple telescopes [16]. Beam combining instru-
ments that utilize IO beam combiners, such as GRAVITY
[17] or Precision Integrated-Optics Near-infrared Imaging
ExpeRiment (PIONIER) [18] at the Very Large Telescope
Interferometer (VLTI) telescope array [19], have demonstrated
excellent capabilities. Despite these instruments, current IO

0740-3224/21/092455-10 Journal © 2021Optical Society of America

https://orcid.org/0000-0002-3972-2698
https://orcid.org/0000-0002-5986-7173
https://orcid.org/0000-0002-4111-4763
https://orcid.org/0000-0002-4666-9282
https://orcid.org/0000-0002-6711-7137
https://orcid.org/0000-0002-6214-0282
mailto:a.benoit@hw.ac.uk
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1364/JOSAB.423727
https://crossmark.crossref.org/dialog/?doi=10.1364/JOSAB.423727&amp;domain=pdf&amp;date_stamp=2021-08-03


2456 Vol. 38, No. 9 / September 2021 / Journal of the Optical Society of America B Research Article

beam combiners require improvements to facilitate future
scalability and additional applications. First, the number of
telescopes might increase to enable more interferometric base-
lines. Secondly, to optimize IO beam combiners for specific
applications, the design might have to be iteratively changed
and improved, requiring flexibility in the manufacturing proc-
ess. Once the design is fixed, however, production of identical
devices is required, e.g., for space applications [20,21], where
a large number of devices are needed for testing, qualifica-
tion, and redundancy. Additionally, the IO devices used in
GRAVITY and PIONIER are fabricated using conventional
planar silica-on-silicon platforms that operate efficiently in the
H-band (1.5–1.8 µm) but less so at longer wavelengths [22–
24]. Applications in the K-band (2.0–2.4 µm), for example,
are faced with unwanted propagation losses in silica-on-silicon
platforms due to the OH contaminations in the glass [25].
Using existing IO beam combiner technology to go further into
the mid-infrared (IR) therefore presents a challenge. Alternative
methods, such as fluorine or chalcogenide fibers, are required
to access this wavelength range, which enables us to access the
fingerprint region with an abundance of fundamental absorp-
tion bands of chemical species from 3 to 20µm and can improve
imaging of extrasolar planets by reducing the contrast between
starlight and planet compared to the visible range [26,27]. In
this context, ultrafast laser inscription (ULI), with its capacity
to inscribe an inexpensive 3D low-loss waveguide in a suitable
glass, is an excellent candidate for expanding the working wave-
length range of IO beam combiners. This fabrication technique
has recently demonstrated a variety of different 3D complex-
light reformatting components for operation in the H-, L-,
and M-bands with experimental laboratory results as well as
some “on-sky” measurements at near-IR wavelengths [28–31]
and the Guided-Light Interferometric Nulling Technology
(GLINT) instrument is a permanent module on the Subaru
Coronagraphic Extreme Adaptive Optics (SCExAO) system at
the Subaru telescope [32].

The Center for High Angular Resolution Astronomy
(CHARA) [33] of Georgia State University uses a fiber-based
beam combiner technology for two-telescope interferom-
etry in the K-band: the Fiber Linked Unit for Recombination
(FLUOR) utilizes fluoride fibers. In 2014, as part of the program
known as Jouvence of FLUOR (JouFLU), major upgrades were
applied including the fiber-fed interferometric beam combiner

in a closed box system called MONA, achieving accurate inter-
ferometric visibility amplitude measurements with 0.1%–0.3%
precision [34]. In the years since the upgrade, JouFLU has
provided detailed measurements of the survey of debris-disc
stars, and visibility estimation for the Exozodi survey [35,36].
Over time, however, it has started to experience technical
challenges, including performance degradation, which makes
high-resolution astronomy in the K-band difficult. An IO beam
combiner could revive the JouFLU setup and K-band interfer-
ometry. With this in mind, we have started work to develop a
two-input IO beam combiner that can become a replacement
for the existing combiner, utilizing the infrastructure and optical
setup of JouFLU at the CHARA array. A key enabler of this
component is achromatic 3 dB couplers, the development of
which we report here.

2. OVERVIEW OF A FUTURE IO BEAM
COMBINER FOR JouFLU

Figure 1 presents a schematic illustration of the fiber-fed chip-
based interferometric beam combiner we are developing for
JouFLU, with an interface designed for the replacement of the
existing MONA fiber beam combiner. Shown are the two input
fibers that couple light into the ULI written waveguides on the
glass substrate via a V-groove array. From the input waveguides,
light is distributed to two photometric tap couplers (Tap) and
two interferometric arms in the 3 dB directional coupler (3 dB)
[37,38]. After the coupling region, the four outputs are con-
nected to fibers arranged in a square array for coupling into
the Near Infrared Camera and Multi-Object Spectrometer
(NICMOS) camera.

Here, we investigate the potential of ULI fabrication to
produce a 3 dB asymmetric IO beam combiner in Infrasil glass
(IG) with the same MONA interferometric contrast around
90% for stellar interferometry over the full K-band. The paper
is structured as follows. We present in Section 3 the manufac-
turing method and optimum parameters to obtain a low-loss
3 dB asymmetric coupler. In Section 4, we perform initial tests
of the polarization behavior of the couplers and demonstrate
the capacity of the integrated couplers to provide high contrast
interferometry results. We present the conclusions of the paper
in Section 5.

Fig. 1. Schematic representation of the IO beam combiner being developed for JouFLU with the fiber-coupled inputs from two telescopes con-
nected to the chip via V-grooves, ULI written waveguides for the photometric tap as well as the 3 dB direct coupler, and output fiber bundle going to
the NICMOS camera and detection system. (1) Light input from the telescope via FC/PC connectors, (2) input two-fiber V-groove array, (3) 3 dB
asymmetric coupler and photometric tap couplers, (4) output four-fiber V-groove array, (5) fiber square bundle to (6) NICMOS detector, and (7) full
packaged beam combiner system.
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3. DEVELOPING K-BAND WAVEGUIDES

A. ULI Fabrication Details

To obtain low-loss guidance in the K-band, it is necessary to
use a substrate material that exhibits low absorption in the
2.0–2.4µm spectral range. To this end, we have chosen to focus
our attention on using IG as a substrate for the ULI process. To
perform the ULI process, we used a LightConversion Pharos
laser at 1030 nm that delivers 185 fs pulses at a pulse repetition
rate of 500 kHz, with the light polarization adjusted to circular.
All structures were written using a transverse writing geometry
and the multiscan technique to control the waveguide cross
section [39]. Accordingly, the train of ultrafast laser pulses was
focused ∼250 µm below the surface of the IG substrate using
a 6.24 mm focal length lens with a numerical aperture (NA) of
0.4 (Thorlabs C110 TME-B), and waveguides were formed
by translating the substrate through the laser focus in the plane
perpendicular to the laser beam propagation axis.

B. Characterizing ULI Fabricated Waveguides

The insertion losses of the ULI waveguides were characterized
using the system shown schematically in Fig. 2. The system
consists of a supercontinuum (SC) source (NKT Extreme-
K) followed by a bandpass filter (BPF) for 2250± 250 nm
(Thorlabs FB2250-500) to select the K-band wavelength span.
Figure 2 presents the two steps to characterize the insertion
losses of the ULI waveguides. Light from the SC source is
coupled into a 2 m long commercial fiber (NuFern SM1950).

To measure the insertion loss of the waveguide, a reference
spectrum is first acquired using an IR fiber-coupled optical
spectrum analyzer (Thorlabs OSA205). A few percent of the
input light is used to monitor the stability of the input power
during the measurements. In the second step, the NuFern
fiber is cleaved close to its mid-point, and the cleaved ends are
coupled to the ULI waveguide under test by butt-coupling
with index matching fluid to reduce Fresnel reflections. Two
three-axis translation stages were used to optimize the coupling

of light between the ULI waveguide and the fibers. The spectra
of the light coupled through the waveguide are acquired and
compared to the reference spectrum to obtain the insertion
loss across the K-band. After investigating a wide range of pulse
energies for fabrication (from 33 to 255 nJ) and multiscan
parameters (25 to 75 scans in steps of five and then 21 to 33
scans in steps of two), we found that optimal waveguides were
fabricated using a pulse energy of 250 nJ (measured before
the lens used to focus the light into the substrate), 31 scans of
the substrate through the laser focus, with a scan separation
of 200 nm, and a substrate translation velocity of 4 mm · s−1,
corresponding to an estimated physical waveguide width of
6.2 µm. Figure 3(a) presents the insertion loss spectrum (black
squares) where each point corresponds to a raw data average over
a wavelength span of 8 nm, for a 17 mm long waveguide fabri-
cated using the above-mentioned parameters. The throughput
of these ULI waveguides is ∼1.2± 0.5 dB. We estimate that
a minimum of approximately 0.02 dB/facet of this is due to
coupling losses between the fiber and waveguide due to mode
mismatch since the waveguide exhibits a mode field diam-
eter (MFD) of ∼9.8 µm, and the fiber exhibits a MFD of
∼8.7 µm without any transverse offset. This leads us to con-
clude that the waveguides exhibit a maximum propagation loss
of∼0.68 dB · cm−1. This throughput value is of the same order
of magnitude as previous single-mode ULI waveguide fabrica-
tions with 0.8 dB · cm−1 at 3.39 µm [40] or 0.85 dB · cm−1 at
1.3µm [31].

The inset of Fig. 3(a) presents a micrograph of a ULI wave-
guide fabricated using the optimal ULI parameters where the
incident writing laser beam comes from the top, and the writing
process is from the left to right in Fig. 3(a). The insets of Fig. 3(b)
show the recorded near-field intensity distributions recorded
using a DataRay WinCamD microbolometer array for the
fiber (F) and for the waveguide (W) with a magnification of
around 67. From these near-field intensity distributions, the
ULI waveguide MFD is measured around 10.3 µm on x axis
and 9.3µm on y axis at 1/e2 in comparison with the fiber MFD

Fig. 2. Schematic representation of the experimental setup used for the waveguide and coupler characterization, based on a SC source followed by
a K-band bandpass filter (BPF). Illustration of the two main steps of insertion loss measurements, with spectra measured directly for a 2 m fiber, fol-
lowed by spectra for the cleaved fiber to measure insertion loss of the waveguide in IG. Inset: photograph of the double three-axis translation stage with
the fibers and the IG.
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Fig. 3. (a) Insertion loss (black points) of a straight waveguide written with the best set of laser parameters where each point corresponds to a raw
data average over a wavelength span of 8 nm. Inset: micrograph of the ULI waveguide. (b) Evolution of the experimental losses (black squares) in rela-
tion to the straight waveguide as a function of the bend length for a deviation of 100 µm and the simulated losses with a refractive index difference of
8 · 10−3 (green points). The red star represents the radius of curvature of couplers. Inset: output near-field intensity distribution of the fiber (F) and
waveguide (W).

Fig. 4. (a) Schematic representation of the 3 dB asymmetric directional coupler with a description of the important geometric parameters for fabri-
cation and characterization. (b) Illustration of waveguide width difference defined by D for the detuned core study.

measured around 8.7µm on x axis and 8.8µm on y axis. Using
the optimal ULI parameters, we also investigated the bending-
induced losses in these waveguides. To do this, we fabricated
an array of 50 waveguides where each waveguide undergoes a
symmetric double “S-bend” describing a “raised sinus” pro-
file with a lateral shift deviation of 100 µm in the plane of the
substrate, as presented in the dot black square labeled “S-bend”
in Fig. 4(a). Figure 3(b) presents the results of experiments to
characterize the bend induced losses as a function of bend length
and radius of curvature. These results indicate that for a 100µm
lateral shift deviation, a bend length of 2 mm results in minimal
excess loss. Calculated using CodeSeeder’s BeamLab toolboxes
for MATLAB and fitting the experimental bend losses [green
points in Fig. 3(b)] [41], the refractive index difference of ULI
waveguides is estimated at 8 · 10−3.

C. Developing Asymmetric 3 dB Couplers

For all our studies, we used a substrate chip length of 17 mm,
which will be sufficient in the future to fabricate the beam com-
biner in Fig. 1. With this in mind, we have chosen to fabricate
ULI waveguides with a transverse deviation of 58.5 µm over
a bend length of 2 mm providing negligible bending loss and
corresponding to a minimum radius of curvature of around
14 mm [red star in Fig. 3(b)]. The multiscan fabrication process
of each arm is from left to right in Fig. 3(a) where the writing

laser beam is coming from the top. For the couplers, arm 1 is
written first and then arm 2, from top to bottom in Fig. 4(a).

To characterize each directional coupler, the experimental
setup shown in Fig. 2 was used to measure the spectrum of the
light leaving each arm—PA1(λ) and PA2(λ) for arm 1 and arm
2, respectively. When coupling light into arm 1 of the coupler,
the fraction of light coupled into arm 1 at each wavelength is
given as R1(λ)= PA1(λ)/(PA1(λ)+ PA2(λ)) and into arm
2 R2(λ)= PA2(λ)/(PA1(λ)+ PA2(λ)) [42]. For all the fol-
lowing coupler characterization experiments, the input light
is always coupled into arm 1 of the coupler, and we describe
the evolution of coupling ratios R1(λ) and R2(λ). The cou-
pling ratio of a coupler at each wavelength is dependent on
two parameters: the interaction length and the core-to-core
separation defined as the distance between the two core centers,
in Fig. 4(a). A detailed study was performed to understand how
these two parameters impact the coupling ratio by varying the
interaction length from 0.05 to 1.6 mm in steps of 0.05 mm
and the core-to-core separation from 9 to 15 µm in steps of
1 µm. Figure 5 presents 2D maps representing the experimen-
tal measurements of the coupling ratios R1(λ) (a) and R2(λ)

(b) for couplers fabricated with a core-to-core separation of
10 µm. The color pattern gives two pieces of information: (i) a
horizontal color line indicates achromatic behavior; and (ii) a
white line indicates 3 dB splitting. Thus, a white horizontal
line represents achromatic 3 dB behavior over the full K-band
(R(λ)= 0.5). The experimental results clearly highlight the
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Fig. 5. 2D representation maps representing the experimental measurements providing the (a) R1(λ) and (b) R2(λ) values as a function of interac-
tion length and propagated wavelength for a core-to-core separation of 10µm.

impact of the interaction length on the coupling behavior in
a directional coupler, with shorter interaction lengths leading
to more achromatic performance. Also, one can observe the
same global coupling trend with the other core-to-core sepa-
ration measurements where the interaction needs to be longer
to obtain the same coupling behavior for a higher core-to-core
separation. Interestingly, there appears to be something of a
discontinuity in the operation of the couplers once the interac-
tion length is beyond∼1.1 mm. This phenomenon is currently
under investigation. We have performed the same experiment
by coupling input light in arm 2 and a similar behavior was
observed. Even though the “white line” appears to be flat and
achromatic around an interaction length of 0.2 mm, a 3 dB
asymmetric directional coupler is not achievable with these
parameters over the full K-band.

To achieve the desired achromatic behavior, we focused our
investigation on detuning the propagation constant of the
guided mode in one of the waveguides in the coupler relative to
the propagating mode in the other waveguide [42–45]. For the
following detuned study, the investigation was carried out for all
couplers with a core-to-core separation of 10 µm and the short-
est interaction lengths. For our propose, the “mode-detuning”
was induced by controlling the ULI process such that one of
the waveguides adiabatically transitions to a smaller waveguide
width as it approaches the interaction region, and then adiabati-
cally transitions back to its original waveguide width as it leaves
the coupling region. The taper length is then equal to the 2 mm
bend length and is produced by adjusting the scan separation.
This way, one can ensure negligeable losses along the taper tran-
sition and preserve high throughput propagation. Figure 4(b)
illustrates how asymmetric directional couplers were fabricated
that consisted of two waveguides—arm 1 and arm 2. Arm 1 has
a width wA1, and arm 2 has a width wA2, which is a factor D
smaller thanwA1. In our study, D was varied between 0.75 and
1.00 in steps of 0.05. Figures 6(a)–6(d) show the experimentally
measured coupler coupling ratios (a), (c) R1(λ) and (b), (d)
R2(λ) as a function of the interaction length and wavelength,
with (a), (b) D= 0.75 and (c), (d) D= 0.8.

The dashed gray rectangular areas highlight the relevant
interaction length that results in a close-to-3 dB achromatic
behavior over the K-band for both cases. These maps show two
options to obtain a 3 dB asymmetric directional coupler, one

for an interaction length of 400 µm with D= 0.75 and one
for an interaction length of 600 µm with D= 0.8. Over the
full K-band span, Figs. 6(e) and 6(f ) present the evolutions of
coupling ratios R1(λ) (red points) and R2(λ) (blue diamond)
of these two possible couplers for: (e) an interaction length of
400µm with D= 0.75 and (f ) an interaction length of 600µm
with D= 0.8. These results show the capability of the ULI
method to provide 3 dB asymmetric directional couplers in IG
for K-band applications.

4. 3 dB ASYMMETRIC ULI COUPLERS
CHARACTERIZATION

As detailed previously, the 3 dB asymmetric couplers will even-
tually form the heart of an IO beam combining instrument to
replace the existing MONA beam combiner of the JouFLU
instrument at the CHARA array. To further assess their suitabil-
ity for this, we used the experimental setup shown in Fig. 7 to
characterize their polarization preserving and interferometric
properties. A systematic characterization of all 3 dB asymmetric
directional couplers written on the chip was conducted to isolate
the optimal device based on the metric of the highest broadband
interferometric contrast. We present the experimental results of
the identified asymmetric coupler fabricated with an interaction
length of 600µm with D= 0.8.

A. Polarization Study

During the fabrication process, ultrafast laser exposure gener-
ates form and stress birefringence in the glass substrate, which
may have a substantial impact on the polarization behavior
of the ULI waveguides [46,47]. As differential birefringence
effects between the left and right arms of the device may result
in visibility losses, we investigated this aspect and developed an
experimental setup to observe the polarization behavior of the
coupler for a varying input linear polarization. The experimen-
tal setup is presented in the gray dotted rectangle in Fig. 7(a).
K-band filtered (SBP-2314-0001112) SC light (Leukos STM
250 MIR) is passed through a wire grid polarizer (WP25M-UB)
and coupled to one input of the ULI coupler. The wire grid
polarizer allows us to ensure a linearly controlled polarization
state at the ULI waveguide input with an extinction ratio around
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Fig. 6. 2D map representation of the full investigation of the coupling ratios (a), (c) R1(λ) and (b), (d) R2(λ) versus interaction length and propa-
gated wavelength with (a), (b) D= 0.75 and (c), (d) D= 0.8. The dashed gray rectangle highlights the interaction length with a white horizontal
power ratio line for the two arms, which represents a 3 dB asymmetric directional coupler (R(λ)∼ 0.5). Coupling ratio evolutions of R1(λ) in red
points and R2(λ) in blue diamonds for (e) interaction length of 400µm with D= 0.75 and (f ) interaction length of 600µm with D= 0.8.

30 dB over the whole K-band, even using an unpolarized SC
source. The output analyzer informs us on the polarization state
of the emergent light measured by the IR camera. By varying the
input polarization of the coupled light with the polarizer (from
0◦ to 240◦ in steps of 20◦), we investigated the polarization
maintaining properties of the ULI fabricated coupler. The 0◦

position corresponds to the vertical direction with respect to the
horizontal optics table. The polarization contrast is defined as
C p = (IMax − IMin)/(IMax + IMin), where IMax and IMin are,
respectively, the maximum and minimum flux measured on
the IR camera (Infratech 5360S) when rotating the analyzer.
Therefore, a polarization contrast C p = 1 corresponds to a
linear polarization, and a contrast C p = 0 corresponds to a
circular polarization of the output signal transmitted by the
combiner. Then, intermediate values correspond to an elliptical
polarization. Figures 8(a) and 8(b) present the variations in
the measured polarization contrast C p for the light collected
from arm 1 and arm 2 of the asymmetric directional coupler

as a function of the input linear polarization angle. With this
measurement, we identify the angular positions (with respect
to the horizontal plane of the optical bench) of the fast and slow
axes of the birefringent coupler, which correspond to angular
directions for which the linear input polarization is maintained.

We find that, within the precision of our measurement,
the positions of the fast and slow axes are at about ∼80◦ and
∼170◦ for arm 1 and arm 2, respectively, and ∼ 90◦ apart as
expected. In principle, this information can be used in the future
to align the axis of the input polarization-maintaining fibers
and the IO combiner. This measurement also informs us on the
maximum phase retardation introduced by the coupler since
C p,min = cos(ψ), where ψ is the phase retardation in radians.
This remains true in the case of polychromatic light when we
consider the relatively narrow bandwidth of the K-band filter.
We find experimentally the highest retardation to be ∼80◦,
and as expected at about 45◦ from the slow/fast axis directions.
Finally, we can qualitatively assess with these graphs the level of
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Fig. 7. (a) Schematic of the interferometry experimental setup with the two sources (SC source and reference laser at 2 µm), beam splitter (BS) to
overlap the beams, followed by the interferometer based on several pellicle beam splitters (PeBS) and a delay line mirror (DL) as well as a fixed mirror.
Light is then passed through a polarizer (P) before being coupled in the asymmetric directional couplers on the glass substrate, finally passing through
an analyzer (A), after which an IR camera acquires the output light. (b) Photograph of the interferometry setup.

Fig. 8. (a) Evolution of the output polarization contrast in arm 1 and (b) arm 2 as a function of the input polarization angle when light is coupled to
arm 1 (red point curve) or arm 2 (diamond blue curve). (c) Evolution of coupling ratios R1(λ) in red points and R2(λ) in blue diamonds as a function
of the input polarization angle.
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differential birefringence between the two arms of the coupler
[48]. This can inform us on the possibility of visibility losses
due to polarization effects. For a given output arm [Fig. 8(a) or
Fig. 8(b)], the two red and blue curves should ideally be the same
if no differential birefringence is present. While comparable in
shape, we qualitatively observe that both outputs of the com-
biner are affected by some level of differential birefringence,
with arm 2 (right) slightly worse than arm 1 (left). However, this
level of differential birefringence will not result in a significant
visibility loss as we will see in the next section, at least for classical
V 2 interferometry. Finally, Fig. 8(c) shows the dependence
of beam combiner coupling ratio R(λ) with the input linear
polarization direction, which is controlled by the input polar-
izer. No analyzer is used at the waveguide outputs in this case.
We observe only a mild variation of∼5% in the coupling ratio
as a function of the input linear polarization angle, with the two
curves R(λ) showing a relatively flat profile. Again, we have
performed this experiment by coupling input light in arm 2,
and a similar behavior was observed. While such an effect can
generally be mitigated by instrumental strategies (e.g., splitting
the input horizontal and vertical polarizations), it is reassuring
to observe that the intensity unbalance of the coupler is only
slightly dependent on the input polarization. This may become
relevant when both polarizations of the incoming beams are
coupled into the chip. We believe that the polarization effects
we have observed are due to stress induced birefringence in
the coupler interaction region. In particular, the birefringence
properties of the waveguide inscribed first, arm 1 in our case,
become altered by the stress field generated by the inscription of
the second waveguide arm 2 [49,50]. The impact of this stress
field is observed in the discrepancy of polarization contrast at the
output of the two arms, as presented in Figs. 8(a) and 8(b).

B. Interferometry Measurements

The interferometric bench setup (Fig. 7) is based on a SC source
followed by a K-band BPF and a reference continuous wave laser
diode emitting at 2 µm, which can be aligned with the broad-
band source by tilting a beam splitter (BS). The bench is based
on a classical two-channel interferometric setup, described in
more detail in [51]. A polarizer can be placed in the input beam
to change the linear polarization angle before coupling light

in the coupler. The delay line scans the fringes over 100 µm
[±50 µm around the zero optical path difference (OPD)] at a
speed of 0.5µm per second, and the data are recorded at 250 Hz.
Figure 9(a) presents the interferogram patterns recorded for
the two arms of the 3 dB asymmetric directional coupler. The
total length of the fringe packet is about 200 µm, double the
scan range, because of mirror reflection. Figure 9(b) shows a
close-up view of the central OPD region, where the π -phase
shift between the two outputs of the coupler is clearly visible.
The interferogram shows some noise contribution at the posi-
tion of successive maxima. Before deriving the instrumental
contrast, we reduced the impact of the high-frequency noise by
applying the Savitzky–Golay (SG) smoothing and differentia-
tion filtering method [52]. Following this step, the broadband
instrumental contrast was measured to be 92%, which is repre-
sented by the dark curves and the dashed gray lines in Fig. 9(b).
Following the analysis presented Section 4.A, we investigated
the dependence of the interferometric contrast with the angular
direction of the input linear polarization.

For this purpose, three measurements were acquired with
input linear polarization angles of 0◦, 45◦, and 90◦, and we
find that in all three cases, the contrast is≥92%. In absence of a
measurement of the bare contrast of the test bench, the contrast
of 92% should be understood as a current upper limit of the
performance of the beam combiner. Further and more detailed
characterization of the intrinsic performance of the bench [51]
could help to disentangle more precisely the contributions to
be attributed to the beam combiner and refine the ultimate
achievable performances of the device. Our analysis shows that
the ULI platform can deliver high-quality K-band IO beam
combiners with high instrumental contrast, which are relatively
polarization insensitive.

5. CONCLUSION

We reported the development of 3 dB asymmetric directional
couplers that operate across the full K-band between 2.0 and
2.4 µm for future stellar interferometry applications. The
couplers were fabricated in a commercial IG using ULI with
optimized parameters, with straight waveguides exhibiting an
insertion loss of ∼1.2± 0.5 dB over the K-band with single-
mode behavior. A number of asymmetric directional couplers

Fig. 9. (a) Full interferometer pattern recorded for the two arms of the 3 dB asymmetric directional coupler and a close-up in the dashed rectangu-
lar region (b) using a FFT filtering correction. (b) Close-up of (a) showing the noisy FFT correction in the background as transparent curves and the
SG results as dark curves, corresponding to a contrast magnitude of 92%.



Research Article Vol. 38, No. 9 / September 2021 / Journal of the Optical Society of America B 2463

with different interaction lengths and geometric properties were
studied to achieve the best device, which exhibits 3 dB achro-
matic splitting behavior over the K-band. We presented the
results of characterization experiments, which demonstrate that
the birefringence axes of the coupler waveguides are not aligned
with each other and are not aligned with the substrate axis.
Finally, two successive filtering corrections (FFT and SG) pro-
vide a high contrast magnitude of 92%. The results demonstrate
that ULI can fabricate high-quality asymmetric directional cou-
plers for applications in K-band astronomical interferometry.
We aim to use these devices to develop a complete two-telescope
K-band IO beam combiner system to replace the existing beam
combiner MONA in JouFLU at the CHARA array. The ULI
fabrication method can be easily adapted to fabricate a 3D
multi-telescope interferometer in K-band.
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