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1. Introduction
Integrated photonics is one of the leading plat-
forms for quantum protocol implementation and
signal processing, because of its compactness
and the interesting properties of photons, such
as the long decoherence time and operation
without the need for cryogenic temperatures.
In this framework, programmable photonic in-
tegrated circuits (PICs) offer the opportunity to
reconfigure the circuit behaviour by exploiting
active elements such as thermal phase shifters
directly fabricated on top of the waveguides. Re-
cently, there has been growing interest towards
universal photonic processors (UPPs), which are
complex interferometric circuits realized with a
mesh of reconfigurable Mach-Zender interferom-
eters (MZI), capable of implementing any uni-
tary transformation between a set of N input
and output signals [1]. These devices are promis-
ing candidates for the photonic implementation
of quantum computers and the quantum infor-
mation infrastructure [2].
Among the different technological platforms
available for the fabrication of PICs, femtosec-
ond laser writing (FLW) has affirmed itself as
a versatile technique, capable of providing low
losses, polarization insensitive optical waveg-

uides [3]. FLW is a mask-less technique, al-
lowing for fast and cost-effective prototyping of
different circuit layouts. Moreover, it is an in-
trinsically three dimensional technique, which,
unlike silicon photonics, enables the design of
non-planar circuit schemes. 6-mode FLW-UPPs
have been recently demonstrated and present ex-
cellent performances, opening the way to FLW
devices with an ever-increasing complexity [4].
The aim of this work is to present different solu-
tions for the optimization of optical waveguides
and the UPPs layout, in order to reduce their
optical losses, allowing the fabrication of devices
with higher number of input/output modes.
In this summary, I address the main issues re-
garding the actual circuit layout of FLW-UPPs
and present the achieved experimental results,
along with the future possibilities. In detail,
Section 2 describes the fabrication process of
an 8-mode UPP with the standard implementa-
tion and the different terms of losses, which will
be the objective of the optimizations through-
out the summary. Section 3 discusses the direc-
tional coupler optimization procedure, from the
proposed layout to its characterization. Finally,
in Section 4 I present the work related to the
optimization of light injection into the UPPs.
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Figure 1: Schematic layout of the 8-mode interferometric circuit. The unit cell, composed by the reconfigurable
MZI and the external phase shifter segment, is highlighted. The fan-in section is highlighted in orange.

2. Preliminary 8-mode UPP
fabrication and characteriza-
tion

The circuit has been fabricated on an alumino-
borosilicate glass sample (Cornings EAGLE-
XG), with irradiation parameters which have
been selected from the basis of a preliminary
waveguide optimization process: the irradiation
power is 340mW, the repetition rate of the
laser is 1MHz (which corresponds to pulses with
an energy of 340 nJ), the fabrication speed is
10mms−1 and the number of scans, which is the
number of times the laser system passes on the
same path, is 3. The waveguides have been de-
signed to work at a wavelength of 925 nm, which
is the typical emission wavelength of quantum
dot single-photon sources, which will be inter-
faced with the UPP. The waveguide bending
radius is 15mm, which is the smallest value
present in the literature for FLW-PICs. For this
circuit, the Clements scheme [5] has been im-
plemented, with directional couplers with ‘null’
interaction length, in order to reduce the device
footprint, and an interaction distance of 5.1µm,
specifically chosen to obtain 50% reflectivity. Its
layout is depicted in Figure 1: as it can be
seen, the circuit presents a fan-in/out section,
because the distance between adjacent waveg-
uides shrinks from 127 µm (which is the standard
pitch of the fiber arrays used for light injection
into the device) to 80 µm, which is a distance
that allows to achieve a small circuit footprint
while keeping the features required to fabricate

resistances for the thermal phase shifters.
The optical characterization of the device
showed propagation losses of 0.16 dB cm−1,
almost negligible bending losses and inser-
tion losses, averaged over all modes, of
2.33 ± 0.12 dB. From the analysis, it emerged
that about 0.6 dB of the total insertion losses can
be attributed to the small interaction distance of
the directional couplers. In fact, this distancing
is in the order of the waveguides cross-section
diameter: during the fabrication process, the in-
scription of the second arm of the directional
coupler influences also the previously fabricated
arm, inducing further modifications in the inter-
action region, which result in additional losses
when light passes through the optical compo-
nent. This flaw could be detrimental in the case
of devices with high number of modes, since the
number of directional couplers scales quadrati-
cally with the number of modes [1].

3. Directional coupler opti-
mization procedure

In order to reduce the losses due to directional
couplers, there is the need to achieve a higher
interaction distance, while possibly keeping a
‘null’ interaction length and the same device
footprint. To this aim, a new kind of curve lay-
out has been proposed. Its analytical expression
is the following:

f(x) =

√
1 + a2

1 + a2 · cosx2
· cosx (1)
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Figure 2: (a) Plot of the Eq. 1 for a = 0 (the standard cosine function), for a = 2.5 and for a → ∞, which
corresponds to a square wave. (b) Plot of the reflectivity curves of directional couplers with a = 0 and a = 0.9.
The inset highlights the portion of the curves around the 50% reflectivity value, marked by the red horizontal
line. (c) Plot of the ACL as function of the a parameter. The losses are normalized to the number of times
the waveguides couple. (d) Plot of the ACL as function of the a parameter. The losses are normalized to the
number of times the waveguides couple.

This curve is parameterized by the parameter a:
for a = 0, one obtains the standard cosine curve.
By tuning a, it is possible to flatten the cosine
antinodes, as can be seen in Figure 2a. In such
‘squeezed’ curve, the coupling region becomes
longer than the one of the standard cosine curve,
thus allowing an increase of the interaction dis-
tance to achieve 50% reflectivity. However, the
value of a cannot be increased indefinitely, since
bending losses increase together with it. From
a preliminary characterization of this new type
of curve, it emerged that values of a between
0.1 and 0.9 do not show significant increase of
the bending losses. After that, another test was
performed, aimed at quantifying the shift of the

reflectivity curve of the directional couplers for
different values of a. In Figure 2b, it can be
seen that for a = 0.9 the interaction distance for
50% reflectivity increased up to 5.45 µm, which
marked an increase of about 7% with respect to
the standard case.
Finally, the characterization of the additional
coupling losses (ACL) has been performed by
fabricating curved, coupled waveguides: in this
configuration, there are many directional cou-
plers in sequence, in order to enhance the ef-
fect of the ACL. Coupled waveguides have been
fabricated with different values of the parame-
ter a (ranging from 0.5 to 0.9), to which corre-
spond different interaction distances, all set to
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have directional couplers with 50% reflectivity.
Along with the coupled waveguides, also uncou-
pled waveguides with the same design have been
fabricated, in order to isolate the ACL contribu-
tion, which is retrieved with the following equa-
tion:

ACL =
ILcoupled − ILsingle

Ncoupling
(2)

where ACL is the additional coupling losses
term, ILcoupled, ILsingle the insertion losses of
the coupled and curved waveguide, respectively,
and Ncoupling is the number of times the coupled
waveguides interact, so that the ACL are the
losses which light experiences everytime it enters
a directional coupler. The results are shown in
Figure 2c: as expected, for high values of a, the
ACL decrease because of the bigger interaction
distance. In particular, for a = 0.9, losses are
around 0.015 dB/coupler, meaning that ACL
are reduced of about 40% with respect to the
case a = 0.
Another solution to the problem of distancing
the arms of the directional couplers could be to
increase of the bending radius r, since for higher
radii, the interaction region becomes longer.
The same aforementioned experiment has been
performed with bending radii of 15, 20, 25 and
30mm. The results are presented in Figure 2d:
for higher bending radii,the ACL decrease more
than the waveguides with the ‘squeezed’ layout,
because the interaction distance is bigger (for
r = 30mm, the interaction distance for 50% re-
flectivity is about 6.2µm). However, one has to
consider that for higher bending radii, the prop-
agation losses term becomes more and more im-
pactful, since the curve becomes longer. Even-
tually, the introduced propagation losses will
surpass the gain in the ACL, thus becoming
a detrimental solution. The most efficient pro-
posal would be to implement the ‘squeezed’ lay-
out with a bending radius of 20 or 25mm, in
order to almost cancel out the ACL term at the
cost of a small increase in the propagation term.

4. Optimization of light injec-
tion

4.1. Fiber coupling
UPPs are coupled to fiber arrays, which are
glued to the input and output facets of the de-
vice in order to ensure a stable injection and col-

Reference point

Figure 3: Plot of the coupling losses values as func-
tion of the irradiation power, extracted from the fit
of the experimental data of the cut-back measure-
ment for different values of the fabrication speed.
The data corresponding to the actual optimal fabri-
cation parameters is highlighted.

lection of the optical signals. A fraction of the
optical losses is caused by the imperfect overlap
between the fiber and the waveguide modes. The
idea is to optimize the fiber coupling through
the fabrication of a tapering section at the in-
put and at the output of the waveguides: it is
a transition region that enables the reduction of
the fiber coupling losses. To precisely measure
the coupling losses, a cut-back measurement has
been performed on a set of straight waveguides
with different irradiation parameters: insertion
losses have been measured at different waveguide
lengths by cutting the sample each time. In this
way, it is possible to retrieve the coupling losses
of each waveguide with the following equations:

{
IL = PL · l + (FL+ CL),

y = m · x+ q,

(3a)
(3b)

where, for a straight waveguide, l is the waveg-
uide length and PL, FL and CL are propaga-
tion, Fresnel and fiber coupling losses, respec-
tively. It can be seen that Eq. 3a is the one of
the straight line as a function of the waveguide
length, with PL as the slope and (FL + CL)
as the intercept on the vertical axis. With a
linear fit of the experimental data with Eq. 3b
it is possible to retrieve the CL term. In or-
der to create a tapering section at the input of
the waveguides, there is the need to dynamically
change the fabrication parameters during the in-
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Figure 4: (a) Plot of the standard fan-in section (blue curve) and resulting numerically computed curvature
(red curve). The vertical line highlights the junction point between the straight and the cosine segment. (b)
Plot of the polynomial fan-in section (blue curve) and resulting numerically computed curvature (red curve).
The vertical line highlights the junction point between the straight and the cosine segment, while the blue dot
marks the junction point between the two polynomial curves.

scription of the waveguides. This requirement
allows the change of only two possible experi-
mental parameters: the fabrication speed and
the irradiation power. In order to avoid a long
transition between the tapering section and the
rest of the waveguide, the range for both the pa-
rameters has been kept around the optimal val-
ues (which at the time of the experiment were
340mW, 15mms−1 and 6 scans). In particular,
the selected fabrication speeds are 10, 13, 15, 17
and 20mms−1, while irradiation powers are in
the range from 330mW to 350mW, with a step
of 5mW. The initial sample has been cut three
times, in order to achieve four different waveg-
uide lengths: 8.85, 6, 4.4 and 2.85 cm. The re-
sults are shown in Figure 3: as can be seen, there
is a minimum at 340mW, 20mms−1, where the
coupling losses can be considered negligible. In
particular, high fabrication speeds result in a de-
crease of the coupling losses, suggesting that the
tapering section could be implemented with the
modulation of the fabrication speed.

4.2. Fan-in/out
As it can be seen in Figure 4a, the standard
layout of the fan-in/out section is composed by
three parts: a straight segment, a sinusoidal
bend and another straight segment: this struc-
ture is simple and easily scalable, but the re-
lated curvature presents discontinuities at the

junction points between the straight and the si-
nusoidal segment, which can lead to additional
losses of the device [6]. The proposed solution is
to replace the actual layout with a new one, that
is composed by two polynomials, merged with
continuous derivatives, which can be designed
to match the curvature value of the straight seg-
ments.
A preliminary simulation was performed, in or-
der to observe the behaviour of the waveguide
curvature with the two layouts. The results are
reported in Figure 4a, 4b: the polynomial layout
presents a much smoother curvature, suggesting
that optical losses can be further reduced by the
implementation of this new curve.
In order to test if the polynomial layout re-
ally brings an improvement in the device perfor-
mances, I fabricated just one mode of the UPP
with the standard fan-in/out and the polyno-
mial geometries. In this way, it was possible to
directly see how the different fan-in/out layouts
interface with the actual modes of the device.
Different copies have been fabricated in order to
acquire some statistics. Moreover, five different
types of polynomial layouts have been tested,
as depicted in Figure 5a: I tried to see if the
position of the junction point between the two
polynomial curves influences their performances,
since it may cause fine changes in the overall
curve. The results are shown in Figure 5b, where
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Figure 5: (a) Plot of the different types of tested polynomial fan-in, depending on the position of the junction
point between the two polynomial curves which make up the fan-in section. (b) Plot of the insertion losses of
the waveguides with the standard and the different polynomial layouts, as defined in Figure 5a.

the insertion losses of the different curves are
plotted: as it can be seen, there is no major
improvement in the insertion losses of the poly-
nomial layout, independently on the type, since
the error bars of the waveguides are overlap-
ping. In conclusion, although a slight decrease
in the mean insertion losses is seen, there is no
actual evidence that the polynomial fan-in/out
improves the performances of the interferomet-
ric circuit, even if further tests with a broader
statistics could be able to bring more impactful
conclusions.

5. Conclusions
In this Thesis work I reported different meth-
ods to reduce the optical losses of UPPs fab-
ricated with FLW technology. In particular, I
demonstrated that the additional losses intro-
duced by the directional couplers small interac-
tion distance can be reduced up to 40%, while
maintaining the same device footprint, with the
new curve layout proposed in Section 3. My
study also showed that the implementation of
this solution with a slightly bigger curvature ra-
dius should be able to cancel out the directional
couplers flaw. Then, I proposed the introduc-
tion in the waveguides of a tapering section in
order to further reduce the losses due to fiber-
waveguide coupling and a new polynomial layout
for the fan-in/out section, both intended to opti-
mize the fiber-to-chip interface. From the analy-

sis, the tapering section can effectively be imple-
mented by adopting an higher fabrication speed,
although further tests need to be performed with
the actual fabrication of tapered waveguides. On
the other hand, the polynomial fan-in/out did
not bring evidences of losses reduction with re-
spect to the standard case. This work will open
the way to smaller, low-loss complex femtosec-
ond laser written circuits for quantum applica-
tions and UPPs with an ever-increasing num-
ber of modes, thus increasing the computational
power of FLW photonic devices.
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