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Chapter 1

Principles of stellar interferometry

1





Figure 1.1: A schematic of an idealized 2-telescope interferometer. Light from the source S with
coordinates (a ,b ,z = 0) is collected by the two telescopes, each with a cross-sectional area A

and separated by a baseline B. The light is sent to a beam combination unit consisting of several
optical components and a detector, where fringes are recorded for high-resolution imaging. The
geometric path delay Bcos(y) is compensated by two delay lines, d1 and d2. The point Q is
the center of the interferometer with coordinates (u = 0 ,v = 0 ,w) such that ŵ ‖ ẑ .
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between redundant versus non-redundant configuration will be outlined, which are relevant for
understanding the design of the pupil remappers in Chapter 3.

1.2.1 u–v plane

The Eq. (1.1) gives the object-image relationship behind stellar interferometry. It can be seen
that forming the image of a stellar object requires a set of discrete baseline measurements Bi

(see Fig. 1.1), such that a discrete set of Γi(ui,vi) can be obtained. These discrete visibilities
are then inverted using a Fourier transform to estimate the brightness distribution of the source.
Thus, the accuracy of the image synthesis is a function of coverage of the (u,v) coordinates in
the Fourier plane.

Consider the plane shown in Fig. 1.4a where an interferometer is formed from 4 telescopes
with baselines ranging from 25–150 m. This plane is also known as the aperture plane, where all
six possible baselines formed by the 4 telescopes are shown in different colors.xi The comple-
mentary Fourier plane (or u− v plane) is shown in Fig. 1.4b, which corresponds to an object’s
position at a declination of 45◦ and an hour angle of 0◦.xii It is to be noted that the coordinates
in the u− v plane are dependent on the hour angle and declination of the object’s position, and
the rules of coordinate transformations can be found in Ref [27, Chapter 4]. The six unique
baselines of Fig. 1.4a are mapped to 12 single points in Fig. 1.4b, which correspond to both the
positive and the negative spatial frequency points due to the Hermitian property of the Fourier
transform. To solve the ill-posed image synthesis problem, one has to measure finitely many
discrete sets of Γi(ui,vi). Since the spatial frequency in Eq. (1.2) is dependent on Bi and l0,
filling the u− v plane can be done in two ways: 1) By varying Bi, and 2) By varying l0.

To change Bi, one takes advantage of the rotation of the stellar object in the sky as shown
in Fig. 1.4c. In some cases, the telescope positions can be changed, e.g. the four 1.8 m auxiliary
telescopes at the VLTI facility [26] can be relocated to different positions as shown in Fig. 1.3,
which changes the Bi, thus the u− v coverage. In addition to the sky rotation of the object, one
can disperse the light as shown in Fig. 1.4d or vary the observed l0 from the stellar object using
a set of optical filters. Instruments such as GRAVITY [28], and PIONIER [29] at VLTI rely not
only on the sky rotation but also on the dispersion of the collected light to increase the u− v

coverage.

xiFor N telescopes in an interferometer, there are NC2 pairwise baselines and NC3 closure phase triplets. The
closure phase will be discussed in Section 1.3.

xiiThe coordinates of a celestial sphere are given by (hour angle, declination), which describes the position of
any astronomical object. The hour angle has a range from −180◦ to 180◦, while declination has a range from 0◦ to
90◦.
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which is immune to phase errors induced either by the atmosphere or by the optical components
present in an interferometer. The idea of CP was first introduced by Jennison [34] in the context
of radio interferometry to obtain stable phases, but Rogstad [35] is usually credited with extend-
ing the feasibility of CP techniques at optical wavelengths. The robustness of CP measurements
implies that it alone can be used with the existing imaging techniques to produce high-contrast
images of stellar objects [36, 37].

1.4 Scientific motivation

The key attraction of a stellar interferometer is the high-angular resolution that can be achieved
by combining light from different telescopes. Unlike a single telescope (tel) of diameter A,
where the resolution is given by ∆Θtel ∼ l

A , for an interferometer (int) with separation or base-
line B, the resolution is given by ∆Θint ∼ l

2B . As a result, the resolution of an interferometer is
higher than that of a single telescope by a factor ∼ 2B

A . On the other hand, unlike the size of a
single telescope is limited to few tens of meters, an interferometer can have long baselines up to
a few hundred meters, thus producing high-contrast images of astronomical targets. Today the
interferometer facility, CHARA [38] has the largest baseline of 330 m and produces ∆Θint ∼ 0.5
masxiv in astronomical H-bandxv, which can resolve a 1.8 m tall man standing on the moon.xvi

Astronomy is an observational science, and the theories of stellar formation and evolu-
tion rely on obtaining a set of measurements that are the basic parameters of a star.xvii These
parameters are the basis for testing the evolutionary stellar models. However, many of these
parameters are not well known and difficult to measure. In some cases, parameters can be mea-
sured using traditional astronomy techniques. One example is doppler spectroscopy, a widely
used technique in astronomy to indirectly infer the chemical composition, radius, and orbital
period of a star from measuring changes in the frequency of the spectral lines. Interferometry,
however, is a direct method that can provide precise measurements of stellar sizes and orbital
periods. By combining angular measurements and distances, astronomers can now measure
stellar radii with an accuracy of < 1%, and often the precision is set by the distance determina-
tion,xviii which limits the overall measurement of the actual stellar diameter [40]. The majority
of the stars, particularly in the hydrogen burning main sequence of the Hertzsprung-Russell (H-
R) diagram, have angular extents from 0.1−10 mas, which is much smaller than the diffraction

xiv1 mas = 0.001◦
3600 .

xvAssuming, l0 = 1.55 mm.
xviA 1.8 m tall man standing on the moon subtends an angle of ∼ 1 mas, as seen from the earth.

xviiE.g. temperature, luminosity, chemical composition, mass, and size.
xviiiIn astronomy, distances are measured using parallax, luminosity measurements from either a cepheid variable

or from a supernova explosion, to name a few [39].
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Figure 1.6: The turbulent atmosphere above the interferometer introduces phase errors (e) at
the individual telescopes. As a result, the observed phase at the arm of each two-telescope
interferometer is corrupted by an amount fi j + e j− ei. However, in closure phase, the phase
errors cancel out to give f12 +f23 +f31.
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Figure 1.7: (a) The visibility data and model fitting of a limb-darkened star, Arcturus, with
respect to projected baseline length obtained from the Mark III interferometer. (b) A zoomed
view of (a) around the first null/zero. The dotted line is a uniform disk model which gives the
best fit to the data on short baselines but has large errors beyond the first null. The dashed line is
also a uniform disk model, but with the first null taken into account, which has a better estimate
than the dotted line. The solid line is a limb-darkened model, which estimates the diameter
to be ∼ 21.1 mas. (c) Visibility data of a Mira variable, R Aquarii, at different wavelengths,
which was observed using aperture masking interferometry (see details in Section 1.4.2) on
the Keck telescope. For clarity, the visibility plots are offset by multiples of 0.2 to separate
the various data sets. The solid curve shows the best-fitting uniform disk model with reported
diameters in the legend. At l0 ∼ 3.1 mm, there is a diameter increase roughly by a factor of
2 when compared to shorter wavelengths, which is due to the molecular emission produced at
the photospheres of cool giants. The results of (a), (b), and (c) suggest that depending on the
types of stellar astrophysics studies; one has to precisely recalibrate the stellar models taking
into account various effects such as limb-darkening, pulsations, formations of molecular lines,
and oblateness of stars, to name a few with the observational visibility data. Images (a) and (b)
retrieved from Ref [7], Image (c) retrieved from Ref [8].
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interacting binaries are hard to predict due to difficulties in tracking their angular momentum
exchange and the lack of direct detection techniques [40]. Interferometers have been used to
image an interacting binary, b Lyrae, as shown in Fig. 1.8, revealing the gravitational distortion
between the bright mass donor and the faint gainer with a thick planar disk surrounding the
star system [9]. Another interacting hydrogen-deficient binary, n Sagittarii, was also imaged,
revealing the thick flat disk around the system [49].

Circumstellar environments – Interferometers have been used to probe the stellar envi-
ronment in order to study the gas and dust around stars that might not be uniformly distributed
and may be changing with time. One example is about studying the Balmer line emission (Ha )
around Be stars. The term ’Be stars’ is used to describe stars that are hot and non-supergiants,
have spectral type B, with Ha spectrum emission, presumed to be fast rotators spinning at 200
km/s, and have a sizeable stellar wind with a high mass-loss rate. Be stars are an essential
source of UV photons that are ionizing the interstellar environment, thus playing an essential
role in the heating of the gas as well as the formation of radiative shocks in the interstellar
medium [50]. The envelope of a Be star, g Cas, was first resolved using the I2T interferometer
[51].xxiv Later, the high spectral resolution of GI2T uncovered the asymmetric Ha emission of
the Be stars, which are one-sided and time-varying [53]. Recent studies using interferometric
measurements suggest that these asymmetries could be due to the outburst of the central star or
due to a decrease in the radiative force at the base of the photosphere [54].

Young stellar objects (YSOs) – YSOs are stars in the first phase of their lives before
they enter the main-sequence of the H-R diagram [55]. YSOs are formed by the contraction of
molecular clouds. The term describes a class of objects that includes protostars, proto-stellar
disks, Herbig-Haro objects, and pre-main-sequence stars, the study of which plays an essential
role in understanding star and planet formation. Interferometry is the key to studying the inner
regions (∼ 1 AU) of these YSOs. The first YSO to be resolved was the Herbig Ae/Be star,xxv

AB Aurigae with the IOTA facility. The interferometric data could consistently be fitted with
a visibility model that assumes circumstellar material lying in a flattened structure with a large
central hole around AB Aurigae [56]. Interferometric studies were also conducted for some of
the Herbig Ae stars by the VLTI interferometer, where compositional analysis of the innermost
(∼ 2 AU) dusts surrounding these stars were performed. Results showed that the composition
of the dust varied with the disc radii, and the spectrum of the inner disk showed surprising
similarity with our solar system comets [57].

Active galactic nuclei (AGN) – AGNs, which have long puzzled astronomers, are now
understood to be active supermassive black holes at the center of the galaxies that emit jets and

xxivIt is to be noted that I2T was the first stellar interferometer built by Antoine Labeyrie, which used two small
telescopes separated by 12 m. The I2T facility obtained its first fringes from Vega, thus building the foundations
for long baseline stellar interferometry at optical wavelengths [52].

xxvA pre-main-sequence star of spectral types A or B.
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winds, which have an electromagnetic spectrum from X-rays to radio waves [58]. AGNs have a
doughnut-shaped structure (sometimes called as torus) of gas and dust that orbits around super-
massive black holes. The particles in the torus periodically rub together, which generates heat as
well as light and ejects materials along very strong magnetic fields into jets and winds. AGNs
have several classifications based on their distances from Earth: Seyfert galaxies are nearby,
while Quasarsxxvi are very distant, point-like sources. The VLTI has been used to resolve sev-
eral of the nearest Seyfert galaxies (e.g. NGC 3783 [59], NGC 1068 [60] and Circinus galaxy
[60]). The results of the dust structures show that these galaxies contain an elongated inner
component that is embedded in a larger dust distribution, thus confirming the torus structure of
the AGNs.

Galactic center – The recent 2020 Nobel prize in physics was awarded for the discovery
of a supermassive black hole (Sgr A∗) at the center of our Milky Way Galaxy.xxvii From the
analysis of orbits of more than two dozen stars and the measurements of size and motion of the
central compact source, Sgr A∗ is found to be a massive black hole of about ∼ 106M�. The
GRAVITY instrument at VLTI has been mostly used to observe the galactic center of our Milky
Way by studying the relativistic orbital parameters of one of the stars – S2 around the Sgr A∗,
and also to track down the motion of Sgr A∗ flares on short timescales [10]. Interferometric
results as shown in Fig. 1.9 of the highly elliptical,xxviii 16-year orbital period of star S2 around
Sgr A∗ reveals that near the pericenter,xxix the star has an orbital speed of 7650 Km/sxxx [11]. It
also has a Schwarzschild precision of ≈ 12′ per orbital period [62]. Thus, the model fitting of
the relativistic orbital parameters of the star, S2, implies that the observational data cannot be
merely explained by pure Newtonian dynamics but by correction terms from General relativity
– the theory developed by Einstein almost a century ago.

Exoplanets – Exoplanets are planets outside the solar system, which come in a wide
variety of sizes – from gas giants comparable with Jupiter to rocky planets as big as Earth
or Mars. Using direct imaging, the GRAVITY instrument at VLTI was first used to detect
a gas giant, HR8799 e, and its precise orbital path along with surface gravity, temperature,
radius, and mass of the exoplanet was calculated [63]. When fully operational, the recently
launched space based-telescope James Webb space telescope (JWST, see Fig. 1.11a) will have
an aperture masking interferometry mode to enable mid-IR characterization as well as search
for the exoplanets [64].

xxviDerived from the term ’quasi-stellar radio sources’.
xxviiInterested readers can follow the works of Genzel et al. and references therein, which explains the theoretical
and observational work on central massive black holes [61].
xxviiiEcentricity = 0.88.

xxixAt 120 AU ≈ 1400 Schwarzschild radius.
xxxRoughly ∼ 3% of c.
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Figure 1.9: Monitoring of the astrometric orbital motion of S2 around the supermassive black
hole, Sgr A∗ at the center of our Milky Way Galaxy. (a) The projected orbit of the star S2 on the
sky relative to Sgr A∗, where Sgr A∗ is shown as a brown crossed square at the origin. Triangles
and circles with 1s uncertainties denote the SHARP and NACO instrument position measure-
ments at the NTT and VLT, respectively. Green squares denote the GRAVITY measurements
at the VLTI. (b) A zoomed picture around the pericenter of the S2/Sgr A∗ system in 2018 was
taken using the GRAVITY instrument. The cyan curve shows the best-fitting S2 orbit to the
data, including the effects of General relativity. The color bar shows the time scale. (c) Recon-
structed image during the flaring of Sgr A∗ and the star S2 system. The peak brightness during
the flare was ≈ 15 mag. The flares are light emissions due to the electronic transitions caused
by mass loss of very close orbit stars around Sgr A∗, and the mass loss mechanism is caused
due to the friction [10]. Images (a) and (b) retrieved from Ref [11], while Image (c) retrieved
from Ref [12].
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1.4.1 New technologies and techniques

The applications of stellar interferometry presented in the previous section have made substan-
tial contributions in the exciting research areas of astronomy and astrophysics, including the
precise measurement of stellar diameters, imaging of stellar surfaces, the study of circumstellar
disks around YSOs, predictions of Einstein’s General theory of relativity at the galactic center
and the direct search for exoplanets to name a few. All these were possible due to the active
implementation of new technologies and techniques that have pushed the limits of sensitivity
and calibration precision of current interferometers. In this section, the novel techniques and
technologies that are most relevant in the context of this Thesis will be introduced.

One of the important implementations of novel technology was the use of single-mode
fibers in stellar interferometers, which greatly enhanced the calibration precision on visibili-
ties.xxxi E.g. the FLUOR [65] instrument that uses single-mode fibers for combining light at
IOTA had visibilities uncertainties of < 1%, which was a real breakthrough. While combining
light from two telescopes using fibers is straightforward, combining light from multiple tele-
scopes is a challenge. The light from multiple telescopes must be split and combined many
times. As a result, precise matching of path lengths in optical fibers must be maintained to
reduce the spurious effects of differential chromatic dispersion and polarization. An elegant
solution to this problem, while maintaining the advantages of spatial filtering, is the use of in-
tegrated optics-based beam combiners, which is described in detail in Section 1.4.4. Recently,
the term astrophotonics is generically used to describe the ongoing advancements in photonics
technology for astronomical instrumentation [66, 67]. Another critical advancement in increas-
ing the sensitivity of interferometers is by applying adaptive optics (AO) on ground-based tele-
scopes, which corrects for the wavefront perturbations caused by the atmosphere. However, AO
has its limitations in producing high fidelity images due to the difficulties in calibrating the PSF
of an AO system. The calibration problem of the PSF comes from the high spatial frequency
terms, which include finite spatial bandwidth and non-common path errors from the AO system
[68]. This PSF calibration problem is mitigated in interferometry by using masks in the pupil
plane of the telescope (see Section 1.4.2) or using a technique known as phase referencing. The
phase referencing interferometry [69] is extensively used in the VLTI, where two starsxxxii are
picked up in the interferometric field-of-view, and fringes are obtained simultaneously for both
the stars. The fringes obtained on the reference star are then used to calibrate the target star. As
a result, bias-freexxxiii and precise visibilities of the faint target star are measured.

Drastic progress has also been made for the spectroscopic capabilities of an interferome-

xxxiThe spatial filtering advantage offered by single-mode fibers is discussed briefly in Section 1.4.3.
xxxiiE.g. one could be a bright reference and the other could be a faint target star.

xxxiiiTi, Ta terms→ 1 in Eq. (1.6).
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ter, which can be achieved by dispersing the light using a prism or diffraction grating to probe
molecular linesxxxiv in the stellar atmosphere. Lastly, the technological advancement in detec-
tors has pushed the sensitivity limits of current interferometers. Due to the respective cutoff
wavelengths, Si is the preferred material of choice in the visible, InGaAs in the near-IR, and
HgCdTe in near-IR and mid-IR wavelengths. Generally, near-IR detectors have high readout
noise, which can be substantially reduced by using avalanche photodiodes (APDs). There are
two different technologies for capturing images digitally: charged coupled device (CCD) and
complementary metal-oxide semiconductor (CMOS). Whether CCD or CMOS-based image
sensors should be used depends on the type of application, where either one or the other tech-
nology can be advantageous.

To give an example of how the different technologies and techniques that were described
above are used in a cutting-edge instrument, some key features of the GRAVITY instrument
[28, 12] at VLTI are briefly described. The GRAVITY instrument works in the astronomical
K-band (2.1 mm). It utilizes the technique of phase referencing, and at its heart are two 4-
telescope beam combiner devicesxxxv based on planar integrated optics. The device’s inputs
are fed by single-mode fibers, which allow for accurate polarization control and monitoring of
differential OPD between the target and reference star. Each of the unit telescopes in VLTI is
equipped with the IR adaptive optics system – CIAO – to correct the atmosphere. The stellar
light is captured in detectors made of HgCdTe, which are APDs with an effective readout noise
of < 1e− rms. With these subsystems in place, the GRAVITY instrument can perform phase
referencing interferometry of faint objects with a limiting magnitude of mk ≈ 17 mag, within
an integration time of a few tens of minutes. The instrument reaches visibility accuracy of
< 0.25%, closure phase accuracy of < 0.50, multi-wavelength interferometric imaging with a
spectral resolving power of R≈ 4500, and differential astrometry with a few mas precision [12].

1.4.2 Aperture masking

The use of masks in the telescope pupil to mitigate unknown phase errors from the atmosphere
was proposed by Rhodes et al. [70]. The concept was extended to optical interferometry and
demonstrated by Baldwin et al. [71], where they placed a mask with three non-redundant holes
in a re-imaged pupil plane of the telescope. The experiment was performed at the Univer-
sity of Hawaii 88-inch Telescope on Mount Kea, where visibility amplitude and closure phase
measurements were made on b Ori and b Tau. Later, Haniff et al. were the first to obtain
diffraction-limited images of l Peg (a single star) and f And (a binary system) at the 2.5 m

xxxivE.g. CO, H2O.
xxxvOne device for bright reference and one for faint target star.
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(a)
(b)

Figure 1.10: (a) Aperture masking on the 10 m Keck telescope. The black spots are the
diffraction-limit holes, which are superimposed on the segmented mirror of the Keck telescope.
(b) Reconstructed astronomical K-band image of the binary star 126 Tau with a separation of
287 mas. The logarithmic contour levels, at 0.2 %, 2 %, 20 %, and 70 % of the peak, show the
noise features in the map. Images retrieved from Ref [13].

Figure 1.11: (a) The primary mirror of the James Webb space telescope (JWST) with a diameter
of 6.5 m. The JWST is recently launched and is currently in operation. (b) A prototype of the
non-redundant mask that will be used in the NIRISS instrument of the JWST. The mask has
seven hexagonal holes with the transmission of ∼ 15% of the light incident on the mask. The
holes are smaller than the re-imaged pupil to allow for misalignment error in the optical system.
Images (a) and (b) retrieved from Refs [14] and [15], respectively.
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1.4.3 Pupil remapping

As mentioned in Section 1.1, one of the main challenges in long-baseline interferometry at
optical wavelengths is the calibration of fringe visibility, especially the atmosphere transfer
function Ta in Eq. (1.6). The difficulty can be overcome by the use of single-mode fibers, which
spatially filter the incident beam [78, 79]. One should recall that the beam profile propagating
inside a single-mode fiber is determined by the waveguide physical properties and not by the
incoming wavefront. The phase of the wavefront across the guided beam of the fiber is constant,
and the guided beam, therefore by definition, is coherent [80, Chapter 7]. Due to atmospheric
turbulence, the field amplitude distribution at the telescope’s focal plane varies with time. If a
single-mode fiber is placed at the focal plane, then depending on the field distribution due to the
atmosphere, the intensity of the coupled beam also varies. Thus, single-mode fiber transforms
the incoming wavefront phase corrugations into outgoing intensity fluctuations of the coupled
light. It is to be noted that, unlike wavefront perturbations, the intensity fluctuations can be
easily monitored and calibrated against the effects of atmospheric distortion. Single-mode fibers
for stellar interferometry were first implemented in the FLUOR [81] instrument at IOTA, which
has demonstrated accurate visibility measurements with statistical errors of < 1% over a dozen
of stars [23].

Thus, pupil remapping combines the aperture masking technique with single-mode fiber
technology for the high-angular resolution of a single telescope. In other words, the pupil
remapping technique uses single-mode fibers to map the input pupil to a non-redundant output
pupil, thus turning any single ground-based telescope into a multiple-beam interferometer (see
Fig. 1.12). The light from each pair of single-mode fibers at the output pupil corresponds to
a unique spatial frequency component such that complex visibility is measured and calibrated.
Thus, high-dynamic range and high-contrast images of astronomical targets are reconstructed
from the unique visibilities by exploiting Fourier techniques that are already well-established
for long baseline interferometry [82].

The advantages of pupil remapping system are as follows: 1) Unlike aperture masking, the
entire pupil area of the primary mirror of the telescope can be used [16], 2) The use of single-
mode fibers filters out atmospheric turbulence effects by spatially filtering the output beam
[23], 3) The output fibers are placed in a non-redundant pupil configuration, which gives unique
spatial frequencies [33]. Therefore, this technique removes both the atmospheric distortion
and redundancy noise, thus allowing for a perfect calibration of the degraded wavefront. The
technique also takes advantage of the intrinsic angular resolution of the telescope and enhances
the SNR due to the large photon collecting capability [83].

The first proposal for a single telescope pupil remapping interferometer was based on
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Figure 2.3: A 2-D sketch showing the waveguides of a DBC arranged in a zig-zag geometry.
The waveguides are numbered from 1 to m, while the input electric field positions marked with
cross are numbered from i = 1 to i = N. The light propagates in the WGs along the z-direction,
which is going into the page. One can see Fig. 2.5 for its 3-D representation.

Where {U} is the transfer matrix of the DBC. Assuming unit area, the power at the mth

output waveguide can be expressed as a correlation of output electric field as:

Pm =
〈( N

∑
i=1

UmiEi

)( N

∑
j=1

U∗m jE
∗
j

)〉
. (2.10)

Where < ·> denotes the average and ∗ denotes the complex conjugate over the quantities.
Expanding the above equation, one obtains:

Pm =
N

∑
i=1

〈
|Umi|2|E2

i |
〉
+2

j−1

∑
i=1

N

∑
j=2

ℜ

〈
UmiEiU∗m jE

∗
j

〉
. (2.11)

Where ℜ denotes the real part of the complex quantity. The second term in the above
equation is expanded in terms of self-coherence (Γii) and mutual-coherence terms (Γi j)i as:

Pm =
N

∑
i=1
|Umi|2Γii +2

j−1

∑
i=1

N

∑
j=2

[ℜ(UmiU∗m j) ·ℜΓi j−ℑ(UmiU∗m j) ·ℑΓi j]. (2.12)

iThe definitions for Γii and Γi j are given in the Polychromatic heading.
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Where ℑ denotes the imaginary part of the complex quantity. The above equation can also
be represented in matrix form by:

−→
P =V 2PM ·−→J . (2.13)

The
−→
J in Eq. (2.13) are the complex coherence terms and are represented in Eq. (2.14).

The
−→
P (power output vector) and

−→
J are linked through the M ×N2 matrix known as the

Visibility-to-Pixel Matrix (V2PM) [105]. It is to be noted that V2PM is also the transfer matrixii

of the DBC, and it will be used interchangeably in this work.

−→
J = (Γ11, . . . ,ΓNN ,ℜΓ12, . . . ,ℜΓ1N , . . . ,ℜΓN−1N ,ℑΓ12, . . . ,ℑΓ1N , . . . ,ℑΓN−1N)

T . (2.14)

Eq. (2.13) is over-determinediii and the V2PM possesses a Moore-Penrose pseudo-inverse
matrix,iv which can be applied to the output vector P⃗ to extract the coherence functions. Since it
is a pseudo-inverse problem, the robustness of the retrieval process of J⃗ by the inverted V2PM
can be gauged by the condition number (CN [117]), which describes the propagation and am-
plification of errors from P⃗ to J⃗. Ideally a low condition numberv of the V2PM is desirable. It
is therefore important to design and characterize the V2PM of the system since a low CN of the
V2PM ensures that the retrieved quantities (i.e. J⃗) obtained after the inversion are less sensi-
tive to external perturbations of the optical system. The coupling strength, excitation sites, and
the interaction length between the WGs are carefully chosen to get a low-conditioned V2PM,
which will be discussed in Chapter 2.2.2. A low conditioned V2PM is achieved by the presence
of next-nearest coupling [115], which will be the goal for the fabrication of DBC devices using
ULI in Chapter 4.

Polychromatic – The V2PM approach described above is strictly valid for monochro-
matic light. The operation of V2PM for a light source with bandwidth is now considered. The
coherence terms are defined as:

Γii(t) =<
−→
Ei(t)

−→
Ei(t + t)∗ > . (2.15)

Γi j(t) =<
−→
Ei(t)

−→
E j(t + t)∗ >=

√
Γii(0)

√
Γ j j(0)ei2pnt =

√
Γii

√
Γ j jei2pnt . (2.16)

iiSometimes denoted by {U}.
iiiThe device has more outputs M than the square of the number of inputs N.
ivKnown as Pixel-2-Visibility matrix (P2VM).
vCN = 1.
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Pm = |UmiU∗mj|
sin

(
pd

∆l

l 2
0

)
cos

[
pd

(
1
l1
+ 1

l2

)
+fmi j

]
pd

∆l

l 2
0

, i 6= j. (2.19)

In Eq. (2.19), the notation d = ct is used for converting the frequency bandwidth to wave-
length bandwidth using ∆n = c∆l

l 2
0

. A NLLS fitting is performed to the photometrically cor-
rected interferogram given by Eq. (2.19). The amplitude = |UmiU∗m j| and phase = fmi j of the
complex transfer function is extracted for each of the M output WGs, hence filling the N(N-1)
columns of the V2PM. Thus, the above method for the V2PM calibration leads to a more robust
result in extracting the visibilities using narrow bandwidth light sources. In this context, such a
V2PM is also defined as a quasi-monochromatic V2PM.

Since, the J⃗ is extracted from the P2VM, the normalized amplitude Vi j (i.e. the Michelson
fringe visibility) and its phase fi j is calculated from:

Vi j =
√
(ℜgi j)2 +(ℑgi j)2

fi j = tan−1
(

ℑgi j

ℜgi j

)
 i 6= j. (2.20)

Where,

gi j =
Γi j√
ΓiiΓ j j

, i 6= j. (2.21)

The closure phase is also calculated directly from the visibility phase as:

Φi jk = fi j +f jk−fik . (2.22)

The above notations of Vi j, fi j, gi j, Φi jk are commonly used in astro-interferometry [103,
104, 118], and are used also extensively in this work.
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Figure 2.4: (a) Two waveguides separated by a separation d that are weakly interacting with
each other through evanescent coupling. (b) Solving Eq. (2.23) with the assumption that k12 =

k21 = 1 and optical power for WG1 equals 1 at z = 0 (i.e. PWG1(0) = 1), the optical power
periodically exchanges between both the WGs. Lc is defined as the coupling length period
when power from WG1 completely transfers to WG2.

2.2.2 Numerical method

In this part, a method is suggested to numerically solve a system of m waveguides in a DBC.
Consider the case of two waveguides that are interacting weakly through evanescent coupling
as shown in Fig. 2.4a. In this weak approximation, the total field of the system is written as
a superposition of individual waveguide modes. As a result in matrix form, the coupled-mode
equations describing the amplitude (A) of the fundamental mode for waveguide 1 and 2 are
written as [119, Chapter 8][80, Appendix E]:

i

[
dA1
dz

dA2
dz

]
=

[
0 k12

k21 0

][
A1

A2

]
. (2.23)

In writing Eq. (2.23), the difference in the propagation constant (i.e. ∆b = b1− b2) is
assumed to be zero. b1 and n1 are the progagation constant and refractive index of the fun-
damental mode respectively, propagating inside WG1, when WG2 is not present. The same
applies to b2 and n2 for WG2. The coupling coefficients are defined as:

k12 =
k2

0
2b1

∫
∞

−∞

∫
∞

−∞
y∗1 ∆n2

2y2 dx dy∫
∞

−∞

∫
∞

−∞
y∗1 y1 dx dy

. (2.24)

k21 =
k2

0
2b2

∫
∞

−∞

∫
∞

−∞
y∗2 ∆n2

1y1 dx dy∫
∞

−∞

∫
∞

−∞
y∗2 y2 dx dy

. (2.25)
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Figure 2.5: (a) 3-D representation of a 4-input and 23-output waveguides of a DBC based on
zig-zag geometry in a glass substrate. The input waveguides of the DBC are shown in red,
which are at input positions 5, 10, 14, and 19. (b) A zoomed view of the red rectangle part is
shown in (a). L is the interaction length of the DBC, Li is the length of the input waveguides.
kD is the coupling co-efficient along a diagonal direction corresponding to NN interaction. In
contrast, kH is the coupling co-efficient along a horizontal direction corresponding to NNN
interaction.

∆n1 and ∆n2 are the differences in the refractive index and defined as follows:

∆n2
1 = n2−n2

1. (2.26)

∆n2
2 = n2−n2

2. (2.27)

In the above equations, n is the effective refractive index of the fundamental mode due to
presence of both WG1 and WG2. Now the coupled mode equations can be generalized to a
system composed of m number of WGs as:

i


dA1
dz

dA2
dz
...

dAm
dz

=


k11 k12 . . . k1m

k21 k22 . . . k2m
...

... . . .
km1 . . . . . . kmm




A1

A2
...

Am

 . (2.28)

For a DBC, where the waveguides are arranged in a zig-zag configuration one assumes
only nearest neighbour (NN) and next-nearest neighbour (NNN) interaction as showin in Fig. 2.5.
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The coupling coefficients are NN = kD and NNN = kH . Hence, Eq. (2.28) is written as:

i


dA1
dz

dA2
dz
...

dAm
dz

=


0 kD kH 0 . . . 0

kD 0 kD kH . . . 0
... . . . ...
0 . . . 0




A1

A2
...

Am

 . (2.29)

In compact form, Eq. (2.29) is written as [102]:

i
dAm

dz
=

p

2Lc

m

∑
l=1

CmlAl. (2.30)

Lc is the coupling length where a complete transfer of optical power takes place from one
WG to another in a system of two waveguides interacting with each other as shown in Fig. 2.4b.
In Eq. (2.30), the matrix containing the coupling coefficients Cml are dimensionless. A crank-
Nicolson method [120] is used to solve Eq. (2.30) numerically. The following quantities from
the Crank-Nicolson method are now defined:

dAm

dz
=

A j+1
k −A j

k
∆z

. (2.31)

Al =
1
2
(A j+1

k +A j
k). (2.32)

A j
k is the amplitude of the kth waveguide at jth step and A j+1

k is the amplitude after ( j+1)th

step. The above two equations are now substituted in Eq. (2.30) and rearranged to form:

A j+1
k =

(
1+ i

p∆z
4Lc

m

∑
l=1

Cml

)−1(
1− i

p∆z
4Lc

m

∑
l=1

Cml

)
A j

k. (2.33)

Eq. (2.33) can be solved for the field amplitudes of kth waveguide after ( j + 1)th step
given the initial value of the amplitude at jth step. Thus, A j+1

k are the elements of the {U} by
substituting it in Eq. (2.12). The goal is to find the minimum CN of the DBC, which gives the
best injection sites [115] and the best inetraction length of the DBC [121].

For a 4-input DBC based on zig-zag geometry, it is already found out that there have to
be 23-output waveguides to achieve the optimum SNR [104] as shown in Fig. 2.5. To achieve
the minimum CN of {U}, the input injection sites were already found to be at locations 5, 10,
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Figure 2.6: Variation of CN along the length of the device. The legend shows kH . The black
line shows the CN = 10. The inset shows a zoomed view around L

Lc
= 1.35.

14, and 19. In Fig. 2.6, the variation of CN is shown along the length of the DBC. The length
is normalized in terms of coupling length. The values of the minimum CN are reported in
Table 2.2a. It can be seen that the CN decreases as the ratio of kH

kD
reaches its maximum value

= 1. This conclusion is also reported in Ref [115], where due to the presence of NNN (= kH)
term, the CN reaches its minimum because of greater diversity in retrieved phases. The effect
of phase diversity is also known as phase symmetry breaking, which is necessary to have fewer
errors from the V2PM inversion to retrieve the coherence functions simultaneously.

The effect of different configurations on CN along the length of the device is shown in
Fig. 2.7 and reported in Table 2.2b. It can be seen that the CN attains a global minimum only
for the configuration 5-10-14-19. The variation of CN is worst for the configuration 20-21-22-
23 that has the highest value of the minimum CN obtained from all possible configurations. The
20-21-22-23 configuration corresponds to all four input sites serially located at one end of the
DBC. Similarly, configuration 1-8-9-13 corresponds to the median value of the minimum CN
obtained from all possible configurations.
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kH
kD

CN L
Lc

0.8 5.20 3.09
0.9 4.97 1.41
1.0 3.69 1.35

(a)

Configuration CN L
Lc

20-21-22-23 21.12 3.53
1-8-9-13 6.41 2.55

5-10-14-19 3.69 1.35

(b)

Table 2.2: (a) The minimum CN as a function of kH
kD

. The coresponding L
Lc

value is reported,
where the minimum CN has occured, assuming the configuration 5-10-14-19. (b) The minimum
CN as a function of various configurations. The corresponding L

Lc
value is reported, where the

minimimum CN has occured, assuming kH
kD

= 1.

Figure 2.7: Variation of CN along the length of the device. The legend shows different config-
urations for kH

kD
= 1. The inset shows a zoomed view around L

Lc
= 1.35.
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In this Chapter, the parameters obtained from Chapter 2 are used for designing an IO
based-astrophotonics device that monolithically contains the coherent reformatters and the DBC.
Three different devices are designed as follows: 1) Device-A consisting of 4-input non-redundant
pupil remappers connected with the 4-input DBC, 2) Device-B is a replica of Device-A, but have
coherent reformatters that spatially distribute the 23-outputs of the DBC for doing spectro-
interferometric measurements, and 3) Device-C consisting of an 8-input non-redundant pupil
remappers connected with two 4-input DBCs that are stacked vertically. These three devices
are designed in such a way that a pupil remapping experiment at the WHT can be performed,
which will be discussed in detail in Chapter 7.

3.1 4-input pupil remappers with DBC

(a)

(b)

Figure 3.1: (a) Conjugation of the hexagonal-shaped segmented DM with the 4-input Pupil
remappers (shown in red). The segments of the DM as shown in green will only be used to
couple light into the pupil remappers, while the remaining ones will steer out the light. (b)
A Snapshot of the 12 spatial frequencies (both positive and negative) in the u− v plane corre-
sponding to the arrangement shown in (a) assuming an object’s position at a declination of 90◦

and an hour angle of 0◦ with l0 = 1.6 mm. The units are in radian inverse.

For performing the pupil remapping experiment, one requires two optical components –
a deformable mirror (DM) and a microlens array (MLA). One can see the experimental setup
in Fig. 7.1 and Fig. 7.2. The pupil remappers are located at the back-focal plane of the MLA.
As a result, Fig. 3.1a shows the 37 hexagonal segments of the DM plane, which will be conju-
gated with the MLA plane. The pitch of the individual lenslet in the MLA = 250 mm, thus the
distance between the baseline 1-4 = 1.5mm. The red numbering and dots show the augmented
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Figure 5.9: Retrieved visibility phase for a light source centred at 1.6 mm, bandwidth of 48nm.
A zoomed view of 10 mm around the central lobe is shown.
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(a) (b)

Figure 5.10: Retrieved visibilities as a function of bandwidth when 4-input beams are injected
simultaneously into the DBC device at l0 = 1.6 mm. Black is the theoretical curve. (a) Visibility
amplitudes. (b) Visibility phases.

sidered: 1) When there is no phase delay between the 4-input beams when they are injected
simultaneously,iii and 2) When there is a phase delay in one of the 4-input beams, but all of
them injected simultaneously.iv

5.3.1.1 Static injection

The amplitude of all 4-input beams injected simultaneously is assumed to be 1 and phase to be
0. The power extracted from the output images of the RSoft is summed as given by Eq. (2.17).
This is done because the input light now considered contains a finite bandwidth. The summed
power vectors are now applied to the P2VM obtained from Fig. 5.7 that is centered at 1.6 mm
and then, the visibilities are retrieved. The visibility amplitude and phase is shown in Fig. 5.10a
and Fig. 5.10b, respectively. The retrieved values match the theoretical black curve well, except
at larger bandwidths, the amplitude value slightly deviates from the theoretical value. However,
the visibility phase is nearly constant and matches well with the theoretical black curve.

The retrieved closure phase is shown in Fig. 5.11, and the retrieved values match well
with the theoretical black curve. It can be seen that the variation of CP is nearly constant with
increasing bandwidths. These results show that the variation of visibilities and CP are nearly
constant with increasing bandwidth in an ideal scenario. However, when various noise sources
are taken into account, it will be shown in Section 5.4 that the visibilities and CP do not match
the expected values.

iiiKnown as a static injection.
ivKnown as a dynamic injection.
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Figure 5.11: Retrieved CP as a function of bandwidth when 4-input beams are injected simul-
taneously into the DBC device at l0 = 1.6 mm. Black is the theoretical curve.
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5.3.1.2 Dynamic injection

The assumption for Section 5.3.1.1 holds in this section as well, but now a linear phase ramp
is also added, especially to input numbered 4. For the sake of representation of visibilities, the
results will be shown when a fixed P2VM is obtained at l0 = 1.6 mm and ∆l = 48nm. The
retrieved visibility amplitude is shown in Fig. 5.12. Since the input numbered 4 is delayed, the
visibilities (i.e. V14, V24, V34) follow a sinc function given by Eq. (2.19), which is the character-
istics for a broad-band light source. The remaining three visibilities have a constant magnitude
of 1. However, due to the finite bandwidth of the light source, the retrieved visibilities have
phase errors which are seen in the form of high frequency oscillations in Fig. 5.12. The reason-
ing for these phase errors is already mentioned in Section 5.3, and these phase errors become
more prominent with increasing bandwidth.

Similarly, the visibility phase is shown in Fig. 5.13 for a zoomed view of 10 mm around
the center OPD. It can be seen that as phase ramp was applied in input numbered 4, the phase
ramps are successfully retrieved for phase pairs f14, f24, and f34. The remaining phase pairs
are expected to be 0. It was found that the MSE for the visibility phase was higher than that of
visibility amplitude. This is attributed due to the increase in phase errors as one goes away from
zero OPD, and as a result, retrieved phases are more sensitive to phase errors leading to higher
MSE when compared to retrieved amplitudes.

As pointed out in Chapter 2, the CP is robust to external phase errors arising from a
common origin. To prove this fact, the closure phase is shown in Fig. 5.14. It can be seen that
the closure phases for all the triplets are close to 0 rad. It was found out that the MSE for CP
was of the same order of magnitude as that for the visibility phase.

The above results conclude that though there are induced phase errors at the input of
the DBC, the visibilities and CP can be retrieved from the P2VM up to a reasonable accuracy
matching well with the theoretical values. But, the MSE for all the three quantities (i.e. visibility
amplitude, visibility phase, and CP) increases with increasing bandwidth, which indicates the
bandwidth limitation of the DBC.

5.4 Impact of noise on visibilities

vIn the above sections, ideal detectors are assumed. From Chapter 2 and in the above sections,
monochromatic light is assumed as a wavelength – l0 and bandwidth – ∆l = 0, while the

vThe readers are asked first to read Chapter 7 and then read this section to have a better understanding of the
noise sources.
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Figure 5.13: Retrieved visibility phase when 4-input beams are injected simultaneously into the
DBC device. Black is the theoretical curve. Here, a phase ramp is applied to input numbered 4.
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Figure 5.14: Retrieved CP when 4-input beams are injected simultaneously into the DBC de-
vice. Black is the theoretical curve. Here, a phase ramp is applied to input numbered 4.
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polychromatic light is assumed to behave as l0
∆l
� 1. As a result, the visibilities and CP are

retrieved with excellent accuracy from a DBC, whether the light source is monochromatic or
polychromatic. It is well known that the visibilities describing the degree of coherence get
degraded due to the presence of different noise sources such as finite bandwidth of the light
source, wavefront tilts, aberrations of optical surfaces, non-ideal detectors, and polarization
mismatch [4, Chapter 3]. The effect of finite bandwidth of a light source and induced phase
errors at the inputs of the DBC have already been studied in the above sections of this chapter.

While conducting the lab characterization in Chapter 6, it will be seen that the retrieved
experimental visibilities are comparable to theoretical values. But, during the on-sky tests in
Chapter 7, the retrieved visibilities are significantly dispersed from the expected values. There-
fore in this section, a simulation is carried out to understand better the on-sky results of Chap-
ter 7 and their deviations from the expected values. Hence in a real-time environment, it is
essential to study the impact of some of these noise sources on the retrieved visibilities in the
context of a DBC.

Following Section 5.2.1, the 4-input electric fields are injected simultaneously into the
DBC device using RSoft. But, now, both the amplitude and phase of the electric field are
statistically variedvi with respect to time. The power vectors extracted from these statistical
variations of the input electric fields are applied to the P2VM centered at 1.6 mm, and then, the
visibilities are retrieved.

The statistical variation of the input electric field gives a simplistic representation of an
adaptive optics (AO) system, where the wavefront corrected by the AO has both phase and
amplitude errors. A quantity named Strehl ratio (SR) is defined, which tells about the quality of
the wavefront correction by an AO system. Mathematically, SR is written as:

SR = exp
(
−
(2psl

l

)2)
. (5.3)

Where, sl is the rms wavefront error in the units of length. Hence, it follows that the higher
the SR, the better is the quality of wavefront correction of an AO system.

It is underlined that a simulation taking fully into account the properties of the experimen-
tal setup described in Chapter 7 is beyond the scope of the present work. Consequently, the
description of the electric fields being launched in the present analysis is simplified. From the
SR of ∼ 30% delivered by adaptive optics system of the WHT – CANARY (see Chapter 7), a
wavefront error of l/5.7 root-mean-square (rms) is derived. The relative phases between the
four input electric fields are varied using a random Gaussian distribution with a standard devi-
ation of 2p/5.7. The amplitude fluctuations at the four inputs are accounted in the form of a

viThe probability density function of the histogram follows a Gaussian distribution.
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(a) (b)

Figure 5.15: Retrieved visibilities with four input beams coupled into the DBC device. Both the
amplitudes and phases vary following a statistical Gaussian distribution. Black is the theoretical
curve. (a) Visibility amplitudes. (b) Closure phases.

random Gaussian distribution with a mean of one and a standard deviation of 0.3, with strictly
positive amplitude values. In the subsequent sections, the results of the simulation study are
shown.

5.4.1 Input amplitude and phase errors

A 500 realizations of the output images of the DBC produced by RSoft were obtained, and
the images were applied to the simulated P2VM described above to extract the visibilities.
The retrieved visibility amplitude is shown in Fig. 5.15a, and the amplitude values for all the
visibility pairs are in the range 0.996± 0.017 to 1.001± 0.006. The closure phase values are
shown in Fig. 5.15b. For a small subset (i.e. < 10%) of samples,±2p phase jumps are obtained,
which are likely due to numerical errors, and are thus removed in Fig. 5.15b. It is observed that
the CP values are consistent with 0◦ for all the triplets. When testing SR = 0.5, it was found
that, as expected, an even lower dispersion for the retrieved amplitudes and CP values. These
results suggest that the effect of amplitude and phase residual errors from the AO should be
negligible compared to other noise sources.

In the next sections, additional noise sources are taken into account and considered only
one visibility amplitude and one closure phase for a clearer demonstration of the resulting ef-
fects. The visibility V14 and the closure phase Φ234 is selected, which have the lowest mean
squared error in Fig. 5.15.
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(a) (b)

Figure 5.16: Histogram of the retrieved visibilities for different levels of photon shot noise. The
legend shows the mean number of photons Np per pixel. (a) V14. (b) Φ234.

5.4.2 Photon shot noise

As the output intensity images provided by RSoft are normalized, the images are multiplied by a
constant factor to get the number of photons (Np) per pixel. Thus, a random Poisson distribution
with a mean of Np photons per pixel is now applied to the output image of DBC containing the
intensity of the complex electric fields to obtain the required photon shot noise.

By setting Np to the values 102, 103 and 104, different histograms of the visibility am-
plitude for the pair V14 are obtained as shown in Fig. 5.16a. It can be seen that the standard
deviation of the visibility amplitude distribution increases for low Np where the effects of pho-
ton noise become more significant. As a result, there is a spread in the visibility amplitude
distribution as Np decreases. The histogram plot for the CP triplet Φ234 in Fig. 5.16b also
shows a gradual increase of the standard deviation for decreasing Np. In addition to the photon
noise, the detector noise is added to the DBC outputs, and the impact of visibilities is studied in
the next section.

5.4.3 Detector noise

The simultaneous contribution of the photon noise and detector noise is now considered. For the
latter, two main components are included: 1) read-out noise; 2) dark current (Id). To implement
these noises in the intensity images obtained from RSoft, Np in Section 5.4.2 is converted into
number of electrons Ne using the 90% quantum efficiency of the CRED2vii when operated at

viiCRED2 is an NIR camera from the company – First Light Imaging. This camera will be used for on-sky test
in Chapter 7.
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Chapter 6

Characterization of devices
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This Chapter presents the interferometric characterization results of the three different IO
based-astrophotonics devices using a 2-beam Michelson setup. For all the devices, results of
monochromatic and polychromatic visibilities are shown. A polarization study is also done to
verify the polarization independent behavior of the DBC device fabricated using ULI. These
characterization results were necessary to find the best suitable device that could be operated
for the on-sky test in Chapter 7.

6.1 2-beam Michelson setup

The fabricated devices received from Politecnico di Milano were characterized to verify its
interferometric response. For doing the interferometric characterization of the devices, a semi-
automatic 2-input Michelson setup was used as shown in Fig. 6.1. Though the input facet of
the device is arranged in a pupil remapper configuration, the filling of the V2PM elements
requires excitation of at most two input beams. Hence, the 2-input Michelson setup is sufficient
to characterize these devices containing the DBC. The same 2-beam Michelson setup had been
used to characterize a 6-input DBC [149]. Thus, the 2-input Michelson setup can characterize
the V2PM of an N-input DBC. The goal of the device characterization is as follows: 1) To
observe temporal fringes in all the output waveguides of the DBC for all pairwise combinations,
and 2) To obtain a low-conditioned V2PM of the device to extract the visibilities.

There are various opto-mechanical and electrical components in the Michelson setup
shown in Fig. 6.1. The setup starts with a collimator to give a parallel light beam from a
fiber-fed laser source. The collimated light then passes through a polarizer to select the suit-
able polarization, hitting the 50:50 beam splitter (BS). Between the path of the polarizer and
beam splitter, there is an adjustable pinhole (APH) for controlling the diameter of the colli-
mated beam, and there is also a band-pass optical filter inserted only when doing the broadband
characterization. The transmitted light from the beam splitter went through a mirror (M2), and
reflected light went through M1. The two mirrors (M1 and M2) are placed on a kinematic
mirror mount controlled through a computer (COMP). Behind M2, there is a motorized delay
line controlled through COMP to give a known phase delay in one of the setup arms to obtain
the required temporal delay. There are electronic shutters controlled by COMP in front of M1
and M2, which can block/unblock the beam paths to excite the input WGs of the device. The
light from both the mirrors (M1 and M2) is passed via BS through lenses L1 and L2, which
reduces the beam diameter by a factor of 2. The reduced beam falls on a NIR Mitutoyo objec-
tive (OBJ1),i which has a long working distance of 30.5 mm. Thus, the OBJ1 allows a focused
spot of ∼ 12 mm, which couples the light to the single-mode WGs of a photonic chip (DEV).

iModel no: M Plan Apo NIR 10x.
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Figure 6.4: Complex visibilities across the Wavelength. Theoretical value is shown in black.
x-axis: ℜg , y-axis: ℑg .
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Figure 6.7: Closure phase for l0 = 1.6 mm. Theoretical value is shown in black. A zoomed
view of 5 mm is shown. Here, there is a phase delay in one of the arms of baseline pair 3-4.
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out due to the tip-tilt of the mirror mount and long arm of the Michelson,ix there were shifts in
the central OPD. This has also to do with the input facet of the pupil remapper, which has the
largest length of 1.5mm and shortest length of 0.25mm. However, due to the symmetry of the
input pupil remapper, the shifts in the OPD could be easily found out.

The visibility amplitude obtained from the device is shown in Fig. 6.8 with a CN of 8.2.
In the inset, the central OPD is shown along with high frequency oscillations as explained in
Chapter 5. From the symmetry of the device as shown in Fig. 6.2, V14 and V23 are almost at the
centre of the optical path in Fig. 6.1. Hence, the central OPD for these pairs are roughly the
same with a difference of ≈ 1mm. The pairs V12 and V13 had an OPD which is less than the
central OPD of V14 and V23. This means the optical path length between M1 and the OBJ1 is
more than the actual path length that was set for the pairs V14, V23. As a result, to compensate
for the long path length between M1 and OBJ1, the path length between M2 and BS has also to
become longer. Therefore, according to the convention used in Fig. 6.1, the reading of the DL
position decreased for V12, V13 when compared with V14, V23. A similar conclusion is drawn for
visibility pairs – V23, V34, which have an increased reading of the DL position when compared
with V14, V23.

The visibility phase is shown in Fig. 6.9 for a zoomed view of 5 mm around the center. A
close match between the predicted and retrieved values can be seen in the plots around the cen-
tral OPD. But, it is not the case when the entire OPL consisting of 5700 samples is considered.
The experiment was repeated with another H-band filter at l0 = 1550nm with an FWHM of
40nm to retrieve the polychromatic visibilities. The CN was 7.4, which is less when compared
to the bandwidth of ∆l = 50nm. As inferred in Chapter 5, the CN increases with increasing
bandwidth that is also seen experimentally. The visibility data for ∆l = 40 nm is not shown
here, but a comparison of MSE using both the filters is shown in Fig. 6.10.

Though the MSE reported for polychromatic visibilities in Section 5.3 have the same order
of magnitude as the one shown in Fig. 6.10. But, one should not forget about the experimental
factors in the form of external phase errors described in Section 6.3.1 that might apply here as
well. Mainly, the MSE for the retrieved phase is higher than the retrieved amplitude, which is
due to: 1) Systematic errors from the DL, 2) Coupling errors due to the positioning of the DM,
2) Retrieval errors from the quasi-monochromatic P2VM due to the finite bandwidth of light as
mentioned in Section 5.3, and 3) Non-ideal detectors. However, the MSE using both the filters
are of the same orders of magnitude in visibility amplitude and visibility phase. This implies
that the quality of the retrieved visibilities from the DBC device is at least independent to light
source that has a moderate bandwidth – a result that is also conferred in Chapter 5.

ixThe long arm refers to the distance between OBJ1 and either of the mirrors (i.e. M1 or M2).
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Figure 6.9: Visibility phase for l0 = 1600nm and FWHM of 50nm. Theoretical value is shown
in black. A zoomed view of 5 mm is shown. The x-axis values are absolute as recorded by the
DL.

(a) (b)

Figure 6.10: MSE with the legend showing two H-band filters. (a) Visibility amplitude. (b)
Visibility phase.
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6.4 4-input pupil remappers with DBC and reformatters

The characterization procedure and the analysis of results in Section 6.3 are extended to this
section as well. It is to be reminded that the outputs of the DBC device in this section are
coherently reformatted in a linear spatial arrangement. This device will be used to record the
first stellar photons, which will be discussed in detail in Chapter 7.

6.4.1 Retrieval of monochromatic visibilities

The variation of the CN across the wavelength range is shown in Fig. 6.11. The mean of
the CN = 10.62 and the standard deviation = 1.54 across the considered wavelengths, which
implies a variation of 15 % from the mean CN value. The order of the magnitude of the CN is
roughly the same when compared to the values of Section 6.3, indicating that the reformatters
at the output ends of the DBC induce negligible phase differences. This is important for stellar
interferometry because any additional detected phase will bias the true phase of the object. The
retrieved visibility amplitude from the device is shown in Fig. 6.12. The complex visibility
pair g14 performs slightly worse than other visibility pairs, which might have come from the
systematic errors of the experiment. For the sake of clarity, the visibility phase at l0 = 1600nm
is shown in Fig. 6.13 for a zoomed view of 5mm. It can be seen that the absolute delay line
position in Fig. 6.13 is different when compared to Fig. 6.5. As pointed out in Section 6.3, the
reading of the DL is absolute and user-specific. Thus, the change in the DL position is attributed
to the use of a different IO chip in Fig. 6.1. It is to be noted that the coupling conditions will
change during the replacement of the chip. The overall length of the IO chip is also different
when compared to the IO chip of Section 6.3. These factors will result in changing the absolute
delay line position. However, it is to be reminded that the travel range of the delay line and the
number of frames acquired by the camera are kept fixed.

The quality of the retrieval of the visibilities is measured using MSE, which is shown in
Fig. 6.14 both for visibility amplitude and phase. The MSE for visibility phase is higher than
MSE for visibility amplitude, which is due to systematic errors from the DL, coupling errors
due to the positioning of DL, retrieval errors from the P2VM, and non-ideal detectors – the
reasons already mentioned in Section 6.3.1. However, comparing Fig. 6.14 with Fig. 6.6, it can
be seen that the MSE for both the devices is roughly the same, at least in the order of magnitude.
Thus it concludes that the reformatters at the output ends of the DBC are path length matched
experimentally up to a good accuracy, which implies that the devices fabricated using ULI are
reliable.
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Figure 6.13: Visibility phase for l0 = 1.6 mm. Theoretical value is shown in black. A zoomed
view of 5 mm is shown. The x-axis values are absolute as recorded by the DL.

(a) (b)

Figure 6.14: MSE. (a) Visibility amplitude. (b) Visibility phase.
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6.4.2 Retreival of polychromatic visibilities

The visibility amplitude obtained using the H-band filter for l0 = 1600 nm, ∆l = 50 nm is
shown in Fig. 6.15 that has a CN of 11.4. The center OPD is shown in the inset. As discussed
in Section 6.3, the shifts in the central OPD between the baselines are seen in the insets of
Fig. 6.15. This is due to the differential tip/tilt of the kinematic mirror mounts that couples light
into the device. The long arms of the setup in Fig. 6.1 also play a significant role by inducing
optical path delays in the form of central OPD that shifts between the baselines as seen in the
inset of Fig. 6.15. From the symmetry of the pupil remappers, the visibility pair V14 and V23

corresponds to the position of the beam path when the tip/tilt of the kinematic mirror mounts
are "balanced".x

The central OPD for V12, V13 are less when compared to the central OPD of V14, V23. This
is due to the "unbalanced" tip/tilt of the kinematic mirror mounts, which effectively increases
the OPL between the mirrors and the OBJ1 in Fig. 6.1. Hence according to the convention, the
reading of the DL position decreases. Similar conclusion holds for visibility pairs – V24 and V34.

The visibility phase is shown in Fig. 6.16. The experiment is repeated for l0 = 1550nm,
∆l = 40nm, but the visibility data is not shown here. The CN was 8.2, which is less when
compared to ∆l = 50 nm. As inferred from Chapter 5, the CN increases with increasing band-
width. The comparison for MSE using both the filters is shown in Fig. 6.17. It can be seen that
the quality of the retrieval is roughly the same in order of magnitude for both the filters, be it
visibility amplitude or phase. This implies that the quality of the retrieved visibilities is almost
equal when operating at moderated bandwith – a result that is already inferred from Section 6.3
and Chapter 5. Comparing Fig. 6.10 and Fig. 6.17, it can be seen that the MSE are roughly
the same for both the devices, whether the outputs of the DBC are reformatted or not. This
concludes that the reformatters induce negligible phase errors and indicate the good reliability
of the devices fabricated using ULI.

6.5 8-input pupil remappers with 2×4-input DBC

The Michelson setup of Fig. 6.1 is also used to characterize the transfer matrix and extract
the visibilities for the 8-input pupil remappers with the design shown in Fig. 3.8. The 8-input
pupil remapper chip was placed and aligned in the setup to find the input WGs from the raster
scan. Fig. 6.18 shows the input map of the pupil remapper from the raster scan, where all the

xIt refers to the optical path delay from the mirrors to the objective. Thus, "balanced" implies when the optical
path delay from M1 to OBJ1 equals that from M2 to OBJ1 (see Fig. 6.1).
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Figure 6.15: Visibility amplitude for l0 = 1600nm and FWHM of 50nm. Theoretical value is
shown in black. A zoomed view around the center is shown in the inset. The x-axis values are
absolute as recorded by the DL.
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Figure 6.16: Visibility phase for l0 = 1600nm and FWHM of 50nm. Theoretical value is
shown in black. A zoomed view of 5 mm is shown. The x-axis values are absolute as recorded
by the DL.

(a) (b)

Figure 6.17: MSE with the legend showing two H-band filters. (a) Visibility amplitude. (b)
Visibility phase.

109



(a) (b)

Figure 6.18: Input maps that are obtained from the Michelson Characterization Setup. (a)
Straight beam corresponds to when M1 is open, and M2 is closed. (b) Delayed beam corre-
sponds to when M2 is open, and M1 is closed. The color bar shows the ADU value of the 14-bit
camera.

8-inputs spots are visible and numbered. It can be seen that the inputs numbered 7 and 8 have
a non-circular spot. The first thought was that it could be due to dust particles present in the
input facet of the IO chip. So, the chip was cleaned with IPA, and the alignment of the chip
was also repeated many times. But, to the surprise – the inputs numbered 7 and 8 always had a
non-circular spot confirming that these were due to the fabrication errors from the ULI. Since
these two waveguides are located at the extreme bottom of the chip,xi the laser spot of the ULI
could have been defocussed, resulting in the non-circular spot of the input WGs.

The 8-coordinates of the pupil remappers are extracted, stored, and later used to carry
out the calibration of the V2PM. The naming convention shown in Fig. 6.18 will be used in
the remaining sections of this Chapter. The results of the monochromatic and polychromatic
visibilities are discussed in the subsequent sections using the same analysis as that of Section 6.3
and Section 6.4.

6.5.1 Retrieval of monochromatic visibilities

The retrieved visibility amplitude for both the DBCs at l0 = 1600nm are shown in Fig. 6.19
and Fig. 6.20. The theoretical black curve matches well with the retrieved values. The CN of
the V2PM for both the DBCs were 10.8 and 11.2, which are comparable to the CN obtained
both in Section 6.3 and Section 6.4. The retrieved visibility phase for both the DBCs for a 5 mm
path length at l0 = 1600 nm are shown in Fig. 6.21 and Fig. 6.22. The MSE for the visibility
amplitude for all 12 combinations is in the range (1.1,6.6)×10−3. Similarly, the MSE for the

xiLocated ≈ 1.06mm measured from the top surface of the chip
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Figure 6.19: Complex visibilities for l0 = 1600nm. Theoretical value is shown in black. x-
axis: ℜg , y-axis: ℑg .

visibility phase for all the 12 combinations is in the range (0.8,1.4). The MSE for the visibility
phase is higher than the visibility amplitude, which is due to systematic errors of the delay line,
coupling errors due to the positioning of the delay line, retrieval errors from the P2VM, and
non-ideal detectors in the experiment – the reasons already outlined in Section 6.3.1. However,
the MSE, either for visibility amplitude or phase for all the 12 combinations, have the same
order of magnitude.

Following Fig. 6.18 that indicated the imperfection of the bottom two input waveguides
of the device, it was expected that the two DBCs that are fabricated at different heights in the
substrate might be different. There could be laser-induced stress and different focussing con-
ditions of the laser spot at different heights resulting in the two DBCs having slightly different
geometrical and optical properties. But, as the calculated MSE across the 12 visibility pairs
has the same order of magnitude, it indicates that the two DBCs at different heights have almost
identical optical properties. Thus, it implies the fabrication advantage of the ULI in writing such
3-D devices, where identical photonic devices can be written at different depths. One can also
conclude that though the pupil remappers numbered 7 and 8 in Fig. 6.18 are visually different,
but the amplitude and phase errors induced by them are negligible during the experiment, thus
leading to similar MSE values across the 12 visibility pairs.
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Figure 6.20: Complex visibilities for l0 = 1600nm. Theoretical value is shown in black. x-
axis: ℜg , y-axis: ℑg .

112



Figure 6.21: Visibility phase for l0 = 1.6 mm. Theoretical value is shown in black. A zoomed
view of 5 mm is shown. The x-axis values are absolute as recorded by the DL.

113



Figure 6.22: Visibility phase for l0 = 1.6 mm. Theoretical value is shown in black. A zoomed
view of 5 mm is shown. The x-axis values are absolute as recorded by the DL.
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Figure 6.23: Visibility amplitude for l0 = 1600nm and FWHM of 50nm. Theoretical value is
shown in black. A zoomed view around the center is shown in the inset. The x-axis values are
absolute as recorded by the DL.
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sub-pupil 1 sub-pupil 2 sub-pupil 3 sub-pupil 4

x (meters) +1.52 0 -0.24 -1.52
y (meters) 0 +0.85 +1.32 0

Table 7.1: Coordinates of the sub-pupils projected onto the telescope primary in the reference
frame of Fig. 4.2b.

Figure 7.1: (a) Schematic of the optical setup that was used on the WHT Nasmyth bench (not to

scale). f/11 is the AO corrected beam that is received from the WHT. The following acronyms
are used, L: lens, H-filter: H-band filter (l0 = 1600 nm, ∆l = 50 nm), APH: adjustable pin
hole, BR: beam reducer, M: mirror, DM: segmented deformable mirror, MLA: microlens array,
DEV: device under test, OBJ: objective, IR CAM: infrared camera. The various focal lenghts
are f1 = f4 = f5 = f7 = 125 mm, f2 = 100 mm, f3 = 45 mm, f6 = 300 mm. (b) Image to verify
the conjugation of the DM onto the MLA before injection into the integrated optics (IO) device.
The sub-apertures to be coupled into the IO device are steered out by tilting the corresponding
segments of the DM and appear therefore in black. (c) Two of the output waveguides of the DBC
after bias subtraction with Vega’s starlight injected into the device. The image is magnified by
a factor of ≈ 3.4 and the colorbar shows the analog to digital units (ADU). Also shown is a red
augmented area consisting of 5 pixels, which is used to calculate the power across each output
waveguide.

125



Figure 7.2: Photograph of the optical setup as installed on the Nasmyth platform with the red
beam illustrating the light path from the telescope to the IO device. The acronyms used in
Fig. 7.1 follows here as well.

Components Throughput (in %)
CANARY (e) < 15

Optics (e) 66
Coupling efficiency (e) 78

DBC device (m) ∼ 50
Total ∼ 3.9

Table 7.2: Estimated throughput of the system down to the infrared camera. In brackets, "m"
refers to measured, "e" to estimated throughput. For the coupling efficiency, the optimistic
upper limit is reported. The effective on-sky coupling efficiency could not be measured. The
optics includes H-band pass filter (T = 90 %), lenses (T = 99.5%), mirror (R = 96%) and MLA
(T = 90 %). T: Transmittance, R: Reflectance.
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to record the single excitation and second, by injecting two input beams to record the pairwise
excitation. The temporal fringes at the output were recorded by delaying the corresponding DM
segment. With this process, 4 single excitations and 6 pairwise excitations of the input light
beams were recorded to generate the 16 × 23 elements of the V2PM. The visibility amplitudes
is shown in Fig. 7.3 extracted from one of the low-conditioned V2PM that was acquired at the
WHT with the calibration source. The CN was 12.5, slightly higher than that obtained in the lab
using the 2-beam Michelson setup (see Section 6.4). The oscillations in the visibility amplitude
are due to residual phase errors obtained from a chromatic V2PM [2] – a result already obtained
in Section 6.4.

The MSE between the theoretical value and the experimental data in blue for visibility
amplitudes in Fig. 7.3 is in the range 0.4×10−2 − 7.4×10−2 for all visibility pairs. This range
of MSE is of the same order of magnitudes as the visibility amplitude obtained from the 2-beam
Michelson setup in the lab. However, the MSE of the visibility amplitude pairs, especially (V12

= 5.0× 10−2, V13 = 7.4× 10−2 and V14 = 2.8× 10−2) is slightly higher in comparison to the
other three pairs, which is evident in Fig. 7.3. A statistical approach is used where a confidence
interval is defined and showed only those frames for the retrieved visibility amplitudes, whose
value was within 50% of the theoretical value of visibility amplitude in Fig. 7.3. Those frames
that were outside the 50 % confidence interval were discarded, which happened due to larger
imbalance originating in the retrieved photometry (i.e. Γii in Eq. (2.14)) of the input waveguide
numbered 1. The photometry imbalance (= Γii/Γ j j) for V12 and V13 was a magnitude higher than
the remaining four visibility pairs. As a result, the Vi j value given by Eq. (2.20) deviates from
the expected amplitude value and fall outside of the confidence interval defined above, implying
missing values for V12 and V13 in Fig. 7.3. This might have happened due to coupling errors at
input numbered 1 from the DM segment in between the pairwise excitation of two input beams,
while obtaining the V2PM.

The confidence interval defined above for the visibility amplitudes was then used to calcu-
late the retrieved visibility phases as shown in blue in Fig. 7.4. The theoretical phase is shown
in black with a spatial frequency of ∼ 4p

l
. There is a factor two in the spatial frequency due to

the reflection on the DM. Fig. 7.4 shows a close match between the retrieved and the theoretical
values, except for f12, f13. The phase deviation for the latter is suspected to be due to resid-
ual phases caused by coupling errors as mentioned above, as well as uncertainties in the piston
positioning of the DM segment.

The above calibrated P2VM obtained at the WHT is applied to the stellar targets and the
visibilities are extracted in the subsequent sections.
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Nights seeing (as) r0 (cm) v (km/hr) t0 (ms) sl (nm) Targets
10-11 0.7 58.3 20 32.5 169.2 – 276.5 Altair
11-12 0.8 50.8 20 28.3 295.9 – 432.3 Vega

Table 7.3: Table showing different averaged quantities describing the observing conditions for
the nights: seeing values recorded from the metrology archive of the WHT at 500nm, the Fried
parameter (r0) calculated at 1600nm, wind speed (v), atmospheric time constant (t0), range
of root-mean squared (rms) wavefront errors (sl ) from CANARY and stellar targets that were
observed per night.

7.3 On-sky experiment

The on-sky experiments were performed during the nights of August 09-12, 2019, with observ-
ing conditions summarized in Table 7.3. Two bright stars Vega and Altair (H∼0) were observed
subtending an angular resolution of a few milli-arcsecond (mas) and thus appearing as point
sources at the spatial resolution of the WHT. These two sources, which are among the brightest
stars in the Northern hemisphere, were selected based on their observability (right ascension
and declination) during the entire night. The on-sky experiment was operated with the support
of the CANARY AO system to compensate for the atmospheric turbulence. Therefore, the AO
system is briefly described from where the f/11 corrected beam was obtained. CANARY is
a multi-guide star AO system that was developed to demonstrate multi-object AO correction.
CANARY was configured in single conjugate adaptive optics (SCAO) mode with an expected
throughput of < 15% for this experiment. In this mode, CANARY uses a 14x14 sub-aperture
Shack-Hartmann wavefront sensor controlling a 241-actuator deformable mirror from ALPAO
at a frame rate of 150 Hz [157, 158, 159]. When CANARY is operated in SCAO mode, and
depending on the seeing conditions, an average Strehl ratio of 0.3 is obtained. In Table 7.3, the
actual range of wavefront errors delivered by CANARY is reported during the observation of
our sources.

The four segments of the DM were used to couple light into four inputs of the pupil
remapper via the MLA (see Fig. 7.1). With an average total throughput of our system of at
most ∼ 4% (see Table 7.2), the CRED2 camera water-cooled at 233K was used and affected
by a read-out noise of ∼ 22e− [148] to record the DBC outputs. Since, the routines for a
synchronous control of the CRED2 and DM was not available, the CRED2 and DM interfaces
separately was used separately. The DM interface was used to steer in the four DM segments
without adding any additional piston. The CRED2 interface was used to record various sets of
1500 frames in one continuous shot. All the frames were bias-subtracted. The bias frames were
recorded by blocking starlight path with a physical aperture placed before L1 (see Fig. 7.1).
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Figure 7.6: Histograms of the visibility amplitudes for Vega, Altair, the calibration source and
a background region.
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DBC, three IO devices were designed containing photonic circuits that manipulated the light
spatially in 3-D. The following naming convention for the devices are used for the rest of
this section: 1) Device-A, 2) Device-B, and 3) Device-C. Device-A consisted of 4-input non-
redundant pupil remappersvi connected with the 4-input DBC. Device-B was a replica of Device-
A but had reformatters that spatially distributed the 23-outputs of the DBC into a linear con-
figuration for spectro-interferometric measurements. And Device-C consisted of 8-input non-
redundant pupil remappers connected with two 4-input DBCs that were stacked vertically. The
initial designs and parameters were sent to Politecnico di Milano, which they further optimized.
Afterward, these devices were fabricated using their state-of-the-art ultra-fast laser inscription
(ULI) facility. The single-mode waveguides of the pupil remappers were polarization insensi-
tive and could be efficiently coupled with standard single-mode bare fibers at l0 = 1.55 mm. A
throughput of ∼ 50% was achieved for all three devices.

Simulation – A simulation was done to find the wavelength and bandwidth response of
the 4-input DBC region (see Fig. 3.5b). It was assumed that pupil remappers before the DBC
region or coherent reformatters after the DBC region introduced negligible phase errorsvii be-
cause these were path length matched. The CN was low (< 15) at the design wavelength in
H-band.viii The retrieved visibilitiesix were in good agreement with the theoretical values with
mean squared error (MSE) values of ∼ 10−7. It was found that CP did not give a feasible result
when calculated from the data that is used for the calibration of the V2PM (see Appendix A
on how the V2PM is filled). But, when the same calibrated P2VM is used to extract the vis-
ibilities of different data that is taken with simultaneous injection of 4-input light beams, the
CP provides a feasible result. Thus, it can be generalized to an N-input DBC that CP must be
calculated when the calibrated P2VM is applied to the power output vectors – with all N-input
beams injected simultaneously into the DBC. With the increasing bandwidth of light, the CN
increases, indicating the chromaticity of the V2PM. The MSE of the retrieval visibilities and
CP also increases with increasing bandwidth. It was found that there were high frequency os-
cillations in the retrieved visibility amplitude at higher bandwidths which were due to residual
phase errors of ≥ p

2 between the real and imaginary parts of mutual-coherence terms gi j. This
resulted in the MSE values for the polychromatic visibilities to be higher than the monochro-
matic visibilities because of the phase errors obtained from the quasi-monochromatic P2VM
due to the finite bandwidth of the source. A simulation was done where all the four input beams
injected simultaneously into the device had an amplitude value of 1 and a linear phase ramp in
one of the arms of the input waveguides. It was found that the retrieved visibilities and CP were
as expected. The retrieved CP was close to∼ 0◦ showing the robustness of CP to external phase

viWhen coherent reformatters are used to collect light from a re-imaged pupil of a telescope, they are defined as
pupil remappers.

viiErrors of l

16 at l0 = 1.6 mm.
viiil0 = 1.6 mm.

ixRefers to both visibility amplitude and phase, unless stated otherwise.
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errors.

The impact of different noise sources on retrieved visibilities was further studied by sim-
ulating wavefront perturbationsx in the form of amplitude and phase errors at all four input
waveguide locations of the DBC. Neglecting the effects of both photon and detector noise, it
was found that the retrieved visibility amplitude ∼ 1 and CP ∼ 0 for a set of 500 random real-
izations. However, when simulated photon noisexi was taken into account, the histograms for
both the visibility amplitude and CP changed and started to spread out: the peak’s height de-
creased, and the width increased due to the increase in photon noise. Adding detector noise to
the photon noise worsened the retrieved visibility amplitude and CP. A significant deviation was
observed, the median visibility amplitude < 1 and median CP 6= 0, along with an increase in
the spread of the retrieved values. To simulate a realistic scenario, the camera’s exposure time
was included. Longer camera exposure times in addition to photon and detector noise further
decreases the median values of the retrieved visibility amplitude. The retrieved amplitude me-
dian value decreases even more if the level of Strehl ratio or the correction from an AO system
is poorer.xii

Characterization – The characterization of the three different IO devices was done us-
ing a 2-beam Michelson interferometer setup, which is capable of acquiring the V2PM of the
DBC. The characterization was performed using a tunable laser source which produced the
monochromatic visibilities, and using a broad-band light source with two different bandpass
filtersxiii producing the polychromatic visibilities. For all three devices, the monochromatic
and polychromatic visibilities were successfully retrieved. The calculated CN of the measured
V2PM of all devices was low (< 20), which is roughly similar to the CN values obtained from
simulation across the H-band (1.54−1.64 mm). Due to residual phase errors, simulations pre-
dicted high-frequency oscillations around the retrieved visibility amplitude. These oscillations
could be observed in the measurements, which confirmed the simulations. Additionally, a shift
of the central OPD for all the three devices (e.g. see Fig. 6.15) was observed while retrieving
the polychromatic visibility amplitude. This is suspected to be due to the long armsxiv of the
Michelson experimental setup. The tip/tilt applied to the mirrors in order to couple light into
the pupil remappers creates an optical path delay in the long arms of the setup, which are seen
as shifts in the central OPD of the retrieved visibility amplitude. To test whether the mirror
tip/tilt introduces phase errors while retrieving the visibilities from the experimental V2PM, an
artificial global phase term was applied to the columns of the V2PM. No change in the CN or
the retrieved visibility amplitude was found, concluding that phase errors in the form of central

xThe statistics of the wavefront perturbations was calculated based on Strehl ratio that was delivered by the
CANARY AO system.

xiThe relative contribution of photon noise increases with a lower number of photons.
xiiAs the Strehl ratio decreases, it implies significant perturbation in the incoming wavefront.

xiiiOne at l0 = 1.6 mm, ∆l = 50 nm and other at l0 = 1.55 mm, ∆l = 40 nm.
xivThe distance between the mirrors and the coupling lens.
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the orientation of the polarized light, thus confirming the polarization insensitive behavior of
the single-mode waveguides fabricated using ULI.

On-sky results – The visibilities and CP results from the lab characterization and overall
performance of the devices presented above provided the foundation and motivation to proceed
with the on-sky campaign at the WHT. Within the available space at the Nasmyth table of
the WHT, an optical setup was prepared using a segmented deformable mirror and an MLA
to perform the pupil remapping of the WHT. For this purpose, the substrate containing the
Device-B was selected. Light coupling into the IO chip was maximized by carefully positioning
the DM, MLA, and various optical components. The V2PM was acquired with a broad-band
calibration light source using a bandpass filter of ∆l = 50 nm. With the DM and MLA, starlight
was successfully coupled into 4 input WGs of the DBC, enabling 6 baseline measurements
simultaneously. Stellar photons from Vega and Altair were recorded, and the P2VM obtained
from the calibration measurements was applied to the data captured from the star. After the data
analysis, several points were found that should be discussed to interpret the results:

• Using the high-flux, turbulence-free, broad-band calibration source, it was observed that,
in most of the baselines, the retrieved visibility distributions were in agreement with V ∼
1 and CP ∼ 0◦. However, one change had to be introduced to the setup between the
calibration and starlight measurement: the camera had to be replaced due to technical
challenges. It is strongly believed that the calibrated V2PM might have been affected
by biases, which are partly due to different cameras used for the V2PM calibration and
the on-sky observation. Unfortunately, this was detrimental to obtaining the precisely
calibrated visibilities and CPs.

• For all baselines, the visibility amplitude distributions peaked below the expected value
of V = 1 for an unresolved source, typically around ∼ 0.6−0.8, with a significant spread
around the mean value. The measured CPs also exhibited a significant spread around 0◦,
and showed in some cases departures from 0◦, which is not interpreted as an astrophysical
signal.

• To further investigate effects on the retrieval of visibilities and CPs from the on-sky mea-
surements, the signal level was considered. A comparison between the high-flux casexix

and a case where no signal is detected at the DBC outputs indicates that the shape, spread,
and peak in the histograms of the retrieved quantities is strongly influenced by the SNR
measured at the 23 outputs. For Vega, an SNR ∼ 2− 14 was reached, which is con-
sidered at the edge of measuring a coherent signal. Therefore, we expect higher flux –
e.g. through larger telescope sub-apertures – is required to obtain reliable results for the
visibilities.

xixWith the calibration source.
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part of a future mission for stellar interferometry in space [168].

147



This page was intentionally left blank.



Appendix A

How to fill the V2PM?
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• P1: Only input beam numbered 1 is present due to contribution from the straight mirror.

• P2d: Only input beam numbered 2 is present due to contribution from the delayed mirror.

The following steps are now followed:

I To BL12 data set, a fast fourier transfrom (FFT) algorithm is used to filter out the high
frequency components by setting a threshold value, and the result for some of the waveg-
uides is shown in Fig. A.2.

II A polynomial fitting of the 4th power or less, y = a+bx+cx2+dx3+ex4 is applied to P1
and P2d through NLLS method. x is the DL scan from 3.7− 4 mm with 5700 samples,
y is the data, and unknowns are a, b, c, d, e. The result for some of the WGs is shown in
Fig. A.3.

III A photometric correction, BL12c is applied using:

BL12c =
BL12−P1−P2d

2
√

P1P2d
. (A.1)

The fringes for some of the waveguides are shown in Fig. A.4.

IV A Hilbert transformation is used to find the envelope of the temporal fringes and the center
of the envelope is located. This gives the central OPD (in mm) of each of the 23 output
fringes. An average is carried out across the central OPD for 23 output WGs. Then, a few
number of fringes (∼ 11) around the averaged-central OPD is used for the next step. The
corresponding DL scan values for the 11 number of fringesiii are also noted down.

V A model fitting is applied:

y = DC12 +A12 cos( fc(x− x0)+f12)
sin( fs(x− x0))

fs(x− x0)
. (A.2)

Where, y = BL12c, fc =
4p

l0
and fs =

p∆l

l 2
0

. x = DL values and x0 = average of 23 central
OPD from the fringes found in Step IV. The unknowns are A12 = amplitude, f12 = phase
and DC12 = constant term. The model is applied using NLLS method and the fitting is
shown in Fig. A.5 for the 11 number of fringes. The fitting parameters are saved for
later use while filling the V2PM. It is to be noted that for a monochromatic light source
∆l → 0. Hence, the same Eq. (A.2) is used for the monochromatic data as well,iv with
the exception that sin(0)

0 → 1 in Eq. (A.2).
iiiHere, 1 number of fringe corresponds to a cosine or sine cycle from 0 to 2p .
ivSee the monochromatic retrieved visibilities – Fig. 6.12 and Fig. 6.13.
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Figure A.2: FFT filtering is used to filter the high frequency components when both the beams
are present. The orange is the filtered curve, while blue is the original data.

The Steps I to V are repeated for the remaining 5 baselines.v

A.1 Self-coherence terms

The first 4 columns of the 23× 16 V2PM are filled with the coefficients of self-coherence
terms.vi Consider the 1st column of the 23× 16 V2PM, which is filled with input beam num-
bered 1 from the contribution of the straight mirror. The filling of the ith row, 1st column
element, Ui1 can be written mathematically as:

Ui1 =
P1i

∑
23
i=1 P1i

. (A.3)

Where, P1i is the power extracted for ith WG of input beam numbered 1 (see the definition
above). The Eq. (A.3) can then easily be extended to the remaining first three columns, thus

vThis particular example uses 4 inputs/telescopes. Therefore, there are 6 unique baselines.
viΓii in Eq. (2.14).
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(a) (b)

Figure A.3: Polynomial fitting to the data when only 1 of the beam is present. Blue is the
original data, and orange is the fitting curve. (a) P1 (b) P2d . The coupling variation due to DL
can be easily seen for WG: 5.

Figure A.4: Photometric correction of fringes using Eq. (A.1). It can be seen that when photo-
metric correction is performed, amplitude range of the fringes is in range -1 to 1.
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Figure A.5: Model fitting using Eq. (A.2). The Ai
12 = amplitude and f i

12 = phase of the temporal
fringes is found for the ith output WG. Blue is the photometrically corrected data from Fig. A.4,
while orange is the fitting curve.
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filling the coefficients of self-coherence terms. It is advisable that one should not use the P1d

data, which has a contribution from the delayed mirror due to coupling errors as shown in
Fig. A.3b.

A.2 Mutual-coherence terms

The remaining 12 columns of the 23× 16 V2PM are filled with the coefficients of mutual-
coherence terms.vii Consider the fifth column of the V2PM, which is filled with parameters
extracted from Step V. The filling of the ith row, 5th column element, Ui5 can be written mathe-
matically as:

Ui5 = 2
√

P1iP2iAi
12 cos(f i

12). (A.4)

Where, P1i and P2i are the power extracted for ith WG of input beam numbered 1 and 2,
respectively (see the definition above). f i

12 and Ai
12 are the parameters extracted from Eq. (A.2)

for ith WG, when both the beams numbered 1 and 2 are present. The Eq. (A.4) can then easily
be extended to fill the 6th, 7th, 8th, 9th, and 10th columns from the contributions of baselines
BLc

13, BLc
14, BLc

23, BLc
24, and BLc

34, respectively.

Finally, the last 6 columns are reserved for the imaginary part of Γi j. The filling of the ith

row, 11th column element, Ui11 is done using:

Ui11 =−2
√

P1iP2iAi
12 sin(f i

12). (A.5)

Where, all the definitions are defined above. Thus, Eq. (A.5) can then easily be extended to
fill the 12th, 13th, 14th, 15th, and 16th columns from the contributions of baselines BLc

13, BLc
14,

BLc
23, BLc

24, and BLc
34, respectively.

A.3 Elements of the V2PM

The procedures mentioned above are followed, filling all the elements of a 23× 16 V2PM,
which is shown in Fig. A.6. The pseudoinverseviii of the V2PM, which is the P2VM is calculated

viiΓi j in Eq. (2.14).
viiiAlso known as Moore-Penrose inverse.
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Figure A.6: The elements of a 23×16 V2PM. This was the V2PM that was used to obtain the
visibilities of Fig. 6.15 and Fig. 6.16 in Section 6.4.

and applied to the P⃗ix of 23 output WGs for 6 of the BLpq data set. pq in BLpq refers to
pairwise combination when both the beams are present at input numbered p and q without
any photometric correction of Step III. The corresponding rows of the matrix, {P2V M.P⃗} are
extracted and using Eq. (2.20), the visibilities of Fig. 6.15 and Fig. 6.16 in Section 6.4 are
produced. It is to be noted that the elements of the V2PM can be filled in any order, but one
should make sure that the consistency is being followed while extracting the corresponding
rows of the J⃗ from the matrix {P2V M.P⃗}. Thus, the DBC encodes the fringes matricially (see
Section 1.4.4). Once the transfer matrix or V2PM of the optical system is known, it allows for
the simultaneous extraction of visibilities without any scanning element.x

ixPower vectors from Eq. (2.13).
xScanning element refers to any optical component that introduces a phase delay.
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