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Abstract—We propose a novel concept for the implementation
of 2-dimensional (2D) optical phased arrays (OPAs) with end-fire
waveguides as antenna elements (AEs), and we present its theoreti-
cal model and experimental proof. The concept is based on the use of
3-dimensional (3D) photonic integrated circuits (PICs) with multi-
ple waveguiding layers on the PolyBoard platform. In their simplest
form, the 3D PICs comprise AEs at different layers, vertical and
lateral couplers for the distribution of light among the AEs, and
phase shifters for the execution of the 2D beam scanning process.
Using the field equivalence principle, we model the radiated field
from the single-mode waveguide of the platform at 1550 nm, and we
find that the expected beam width is 12.7°. We also investigate the
perturbation that is induced into propagating fields inside parallel
waveguides in proximity, and we conclude that waveguide spacings
down to 6 µm can be safely used for development of uniform OPAs
in the PolyBoard platform. For OPAs with 6 µm pitch and 4 AEs,
we find that the maximum steering angle is 14.0° and the expected
angular clearance, wherein the main radiation lobe is higher than
any grating lobe by at least 3, 6 and 10 dB is 10.8°, 7.6° and 2.8°,
respectively. Based on our simulations, we design and fabricate
single- and 2-layer PICs with 1 × 4 and 2 × 4 OPAs. The lateral
pitch of the OPAs ranges from 10 down to 6 µm, while the vertical
pitch is 7.2 µm. We experimentally characterize these OPAs and
validate the potential of the 2-layer PICs for 2D beam scanning on
the azimuthal and elevation plane. The beam profiles and the main
scanning parameters such as the maximum steering angle and the
relative intensity between the main and the grating lobes are found
in excellent agreement with our simulations.

Index Terms—3D photonic integration, LIDAR systems, optical
beam scanning, Optical phased arrays, optical polymers.
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I. INTRODUCTION

O PTICAL phased arrays (OPAs) have the possibility to
replace the moving mirrors and lenses in the laser beam

scanning unit of optical sensing and free-space communication
modules, enabling realizations of that unit in a compact, robust
and low-cost form [1]–[5]. Typical implementations of OPAs in
the form of photonic integrated circuits (PICs) bring together
a set of light outcoupling structures that act as optical antenna
elements (AEs), a set of phase shifters that adjust the relative
phase between the AEs, and a set of optical couplers that split
the laser light between the AEs. The far-field of each OPA is the
coherent addition of the fields that correspond to the individual
AEs, and provided that the arrangement and the phase tuning of
those AEs are suitable, this far-field can have a main radiation
lobe pointing in a well-controlled direction.

The grating couplers and the end-fire waveguides at the end
facet of the PICs have been hitherto the two most common types
of optical AEs in OPA implementations [6]. Grating couplers on
the surface of planar PICs deflect the propagating light off-plane,
and act as light emitting structures. In the simplest case, the
grating couplers form linear arrays on the surface of the PICs
and facilitate the scanning of a laser beam on a single plane with
the help of phase shifters on-chip [7]–[10].

Extension of the use of the grating couplers to support beam
scanning on two planes, usually referred to as 2-dimensional
(2D) scanning, has been achieved using two different concepts.
The first one retains the linear arrangement of the grating cou-
plers, but it relies on the dependence of their deflection angle
on the operating wavelength. As a result of this dependence, the
selection of the wavelength within the tuning range of a laser
source can effectively control the beam direction on the plane
that is normal to the axis of the linear array, whereas the phase
shifters on-chip can still control the beam direction on the plane
parallel to that axis. Based on this concept, 2D beam scanning
has been demonstrated in the silicon-on-insulator (SOI) and the
silicon-nitride photonic platforms with linear arrays of up to
512 AEs using tunable laser sources either on- or off-chip [3],
[11]–[17]. The second concept is more straightforward. The
grating couplers in that case form 2D (plane) arrays on the
surface of the PICs and facilitate in a direct way the 2D scanning
without use of a wavelength tuning mechanism. However, strict
requirements regarding the integration density and the maxi-
mum length of the grating couplers within the plane arrays are
present. Leveraging again the high integration density of the
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SOI platform, these requirements can be partially met, leading
to designs of nano-grating couplers with length below 4 µm, and
demonstrations of functional 2D OPAs with number of AEs up
to 8 × 8 [18]–[22].

The end-fire waveguides represent an alternative type of opti-
cal AEs for OPAs. The propagating light finds its way out of the
waveguides at the end-facet of the PIC, and is emitted into the air.
Compared to the grating couplers, the end-fire waveguides have
significant advantages when used in linear arrays for scanning on
a single plane: their radiation efficiency is unity, their radiation
pattern is smooth and is fully defined by the profile of the
waveguided mode, and their size as AEs is the smallest possible
one, enabling OPA realizations with large number of AEs and
small inter-element spacing (pitch). Using end-fire waveguides,
an OPA with 256 AEs for 1550 nm operation and an OPA with
64 AEs for the blue part of the visible spectrum have been
demonstrated in silicon-nitride platforms [23],[24], while OPAs
with half-wavelength pitch at 1550 nm have been developed in
SOI [25],[26].

The main drawback of the end-fire waveguides on the other
hand is the fact that they cannot form 2D arrays in planar PICs to
support the 2D scanning, which is required by most applications.
To overcome this drawback, efforts have been made to develop
3D silica (glass) structures with waveguides at multiple layers
that can facilitate 2D OPAs with end-fire waveguides [27],[28].
In one of the most interesting efforts, a 4× 4 OPA was developed
[29], using an ultra-fast laser inscription method to inscribe the
waveguiding paths in the bulk of the silica structure [30]. Despite
the innovation of this work, there are two critical drawbacks of
the silica as material system for the implementation of such a
concept. The first one is the need for hybrid integration of the
silica structure with a PIC that can host the optical couplers and
the phase shifters of the OPA. The second one is the weak mode
confinement in the silica waveguides that leads to strong optical
coupling when the waveguides get in proximity. As a result, the
OPA in [29] was designed with a large vertical and lateral pitch
of 18 µm. This led in turn to support a maximum steering angle
of only 4.93°, defined as the angular spacing between the main
lobe and the grating lobes in the radiation pattern of the OPA.

Among other photonic platforms that can be possibly used
for the development of 2D arrays of end-fire waveguides, Poly-
Board is maybe the most promising candidate. PolyBoard is a
general-purpose polymer platform that supports the monolithic
integration of various structures and can act as motherboard
for the hybrid integration of heterogeneous elements [31]. The
fabrication of PolyBoard PICs involves simple steps, which can
be repeated to develop 3D PICs with multiple waveguiding
layers and with vertical couplers for light transition between
those layers [32]. Such 3D PICs were originally proposed as a
solution for coupling to multi-core fibers [33], and later on for the
realization of large-scale switching circuits without waveguide
crossings [34].

In the present work, we propose for the first time, and we
theoretically investigate and experimentally demonstrate the use
of 3D PolyBoard PICs with multiple waveguiding layers as a
practical solution for the realization of 2D OPAs with end-fire
waveguides. We start from the modelling of the PolyBoard
waveguide as an optical antenna at 1550 nm, and find that the

full-width at half maximum (FWHM) of its beam is 12.7°. We
continue with the modelling of the respective 1D and 2D OPAs,
and investigate the beam profile, the maximum steering angle
and the relative intensity between the main and the grating lobes
of the radiation pattern for different values of the AEs and the
pitch. For the value of 6 µm in specific, which is identified via
beam propagation method (BPM) simulations as a safe pitch
limit for the operation of uniform OPAs, we find that the maxi-
mum steering angle is 14.0° and the angular clearance, wherein
the intensity of the main lobe is higher than any grating lobe by
3, 6 and 10 dB is 10.8°, 7.6° and 2.8°, respectively. Based on our
modelling results, we fabricate a set of 1 × 4 and 2 × 4 OPAs in
single- and 2-layer PolyBoard PICs with all required lateral and
vertical couplers and phase shifters on-chip. The lateral pitch in
these OPAs varies from 6 to 10 µm, while the vertical pitch in the
subset of the 2 × 4 OPAs is 7.2 µm. Experimental testing of the
OPAs validates their possibility for 1D and 2D beam scanning,
and shows that their radiation parameters are in agreement with
the simulation results.

The remainder of the manuscript is organized as follows: In
section II, we present the PolyBoard platform and describe its
possibility for development of 3D PICs with multiple waveg-
uiding layers and for light transition between those layers via
vertical couplers. We describe next how this possibility enables
the development of 2D OPAs with end-fire antennas. In sec-
tion III, we introduce the standard single-mode waveguide of
the PolyBoard platform as an elementary optical antenna, we
calculate its far-field using the field equivalence principle and the
theory of aperture antennas [35], and we extend our modelling
to the case of 1D and 2D OPAs. In parallel, we investigate via
BPM simulations the optical crosstalk between the PolyBoard
waveguides when these are parallel and in proximity, we in-
vestigate the impact of this crosstalk on the radiation pattern,
and we extract a cut-off pitch for the development of uniform
OPAs. Finally, we investigate the polarization sensitivity of
the PolyBoard OPAs, and we confirm that in theory they are
insensitive. In section IV, we present the design and fabrication
of PolyBoard PICs with 1D and 2D OPAs, and we present results
from the characterization of the fabricated OPAs at the PIC
level. In section V we describe the experimental setup for the
characterization of the far-field radiation pattern of those OPAs,
and present in detail the corresponding characterization results.
Finally, in section IV, we outline our next steps, and conclude.

II. 3D POLYBOARD PLATFORM AND CONCEPT OF 2D OPTICAL

PHASED ARRAYS

PolyBoard is a single-mode photonic platform based on opti-
cal polymers (ncore = 1.48, nclad = 1.45) that offers low propa-
gation loss at 1550 nm (0.7 dB/cm) and possibility for fabrication
of multi-functional PICs [36]–[38]. This possibility relies on the
monolithic integration of elements such as multi-mode interfer-
ence (MMI) couplers, Mach-Zehnder interferometers, arrayed
waveguide gratings, attenuators, optical hybrids and thermal
phase shifters, on the hybrid integration of indium phosphide
elements such as gain sections, modulators and photodiodes,
and on the assembly of thin films and micro-optic elements
inside slots and grooves on the surface of the polymer platform
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Fig. 1. Cross-section of the single-mode waveguide of the PolyBoard platform
at 1550 nm and intensity profile of the corresponding waveguided mode.

Fig. 2. Process flow with recurring steps for fabrication of 3D PolyBoard PICs
with multiple waveguiding layers and vertical MMI couplers for transition of
the propagating light between adjacent layers. The example corresponds to a
PIC with two waveguiding layers and one vertical MMI coupler.

[31], [36]. Fig. 1 shows the 3.2 µm × 3.2 µm cross-section of
the single-mode waveguide and the mode profile at 1550 nm.
Due to the symmetry of the cross-section, the mode is hybrid
with a transverse electric (TE) and a transverse magnetic (TM)
component. The presence and strength of those components in
the propagating field depend on the excitation conditions of the
waveguide.

The fabrication of the standard PolyBoard PICs with a single
waveguiding layer is based on the use of two polymer resins
(waveguide and cladding resin) and successive layer deposition
steps. The steps involve the spin-coating of the cladding resin on
a silicon (Si) substrate, the spin-coating of the waveguide resin,
the structuring of the waveguiding layer using ultra-violet (UV)-
lithography and reactive ion etching (RIE), and the spin-coating
of a second layer of cladding resin to form the top cladding layer.
This process can be repeated many times with different mask sets
resulting in PolyBoard PICs with multiple waveguiding layers
[33]. Within that 3D structure, each layer can be independently
formed in a way that retains its potential to support the full set of
functionalities offered by PolyBoard technology. Furthermore,
the flexibility to use intermediate deposition steps (as shown in
the process flow of Fig. 2) enables the structuring of vertical
MMI couplers that can couple the light between adjacent layers
[32], [34], [39]. Leveraging this 3D integration technology, it
becomes possible to develop PolyBoard PICs with lateral MMI
couplers, vertical MMI couplers and thermal phase shifters that
receive an optical input and distribute this input among a number
of output waveguides with precise phase control. Since the

Fig. 3. Concept of 2D OPAs based on PolyBoard PICs with multiple waveg-
uiding layers and vertical MMI couplers for light coupling between adjacent
layers. End-fire single-mode waveguides serve as optical AEs at the end-facet
of the PolyBoard PIC (cladding material omitted for clarity). A 4 × 4 OPA is
shown as example. Alternatively, an intermediate layer (Layer 2 or 3) can be
also used as the seed layer. Vertical couplers that couple directly the seed to
the target layer without involving the intermediate ones can be also used. Inset:
Close view of a vertical MMI coupler followed by a lateral one.

waveguides can run at different layers, it is possible to develop
a 2D array of end-fire waveguides at the end-facet of a 3D
PolyBoard PIC, enabling in this way the scanning of an optical
beam both on the azimuthal and the elevation plane. The pitch of
the array in the horizontal axis is determined by the pitch of the
end-fire waveguides at the same waveguiding layer, whereas the
pitch in the vertical axis is determined by the spacing between
the waveguiding layers in the 3D structure of the PIC. Fig. 3
illustrates the concept of the 2D OPAs based on a 3D PolyBoard
PIC taking as example the case of a 4 × 4 OPA. Extension to
a much larger number of waveguiding layers such as 8, 16 or
even 32 is expected to be possible, given the efficacy of the very
first efforts to develop 3D PICs with 5 waveguiding layers for
coupling purposes to multi-core fibers [33], as well as due to the
technical improvements that have been made in the fabrication
process of multi-layer PICs ever since. It is noted however
that in 3D PICs with a large number of waveguiding layers,
a smart design of the network of the vertical MMI couplers
will be necessary so as to minimize the optical loss that can be
accumulated by the vertical MMI couplers for the transfer of
light to every layer. Such a design may involve the use of an
intermediate waveguiding layer as the seed layer of the OPA
circuit, and the employment of higher vertical couplers that will
directly transfer the light from the seed layer to a much higher
or lower layer and not only to its neighbouring ones.

III. MODELLING AND SIMULATION RESULTS

In this section, the investigation of the radiation performance
of the OPAs in the PolyBoard platform starts from the modelling
of the end-fire waveguide as the basic AE. In the next step,
the radiation of each OPA in the far-field derives from the
combination of the radiation of this AE with the array factor
(AF) that corresponds to the specific OPA [35].

A. Far-Field of the End-Fire Waveguide in PolyBoard PICs

An end-fire PolyBoard waveguide constitutes a rectangular
aperture antenna. The field radiated to the air at the end-facet of



6512 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 39, NO. 20, OCTOBER 15, 2021

Fig. 4. a) Coordinate system and geometry for the modelling of the end-fire
PolyBoard waveguide as an aperture antenna using the Field Equivalence Princi-
ple, and b) Normalized radiation intensity of the end-fire PolyBoard waveguide
on the azimuthal and the elevation plane.

the waveguide can be calculated at every point of the hemisphere
outside the PolyBoard PIC using the Field Equivalence Principle
[35]. Its use involves four steps. In the first one, an imaginary
surface that encloses the actual radiation source is defined. In the
second step, the actual radiation source is replaced by fictitious
sources that reside on the defined surface and yield the same
field as the actual source within the volume of interest, which
is in fact the volume outside the surface. In the third step, these
equivalent sources are calculated using the boundary conditions
on the imaginary surface. In order to make this calculation,
one has to use the information about the actual value of the
electromagnetic field on the surface, and to additionally assume
that the corresponding field in the volume that is enclosed by the
surface is zero. Finally, in the last step, the equivalent sources
that have been calculated in the previous step are used for the
calculation of the vector potentials and the electromagnetic field
in the volume outside the surface. In the case of an end-fire
PolyBoard waveguide with the geometry shown in Fig. 4a, it is
convenient to consider the plane at the end-facet of the wave-
guide as an imaginary surface that extends to the infinity and
encloses the radiation source. With this choice, the information
about the mode profile inside the waveguide can be used in
order to determine the actual field on the imaginary surface, and
eventually to calculate the far-field radiation of the waveguide.
The steps and the mathematical operations related to the use of
the Field Equivalence Principle in the case of the TE and the
TM components of the waveguided mode are presented in detail
in the Appendix. The radiation patterns that emerge in the two
cases are identical, and have a single lobe. With reference to the
spherical coordinate system and the geometry of Fig. 4a, this
common pattern has its maximum at θ = 0, and is symmetric
around the z-axis without any dependence on the angleϕ. Fig. 4b
provides an insight into the radiation intensity Uo(ro, θ, ϕ) of
this pattern at a random radius ro in the far-field . The first curve
with red dots in this diagram refers to the azimuthal plane and
presents the radiation intensity as a function of θ for ϕ = 0o

(positive θ-axis) and ϕ = 180o (negative θ-axis). The second
curve with blue empty circles refers to the elevation plane. It has
a perfect overlap with the first one and presents the dependence
of the radiation intensity on θ for ϕ = 90o (positive θ-axis)
and ϕ = 270o (negative θ-axis). It is noted that in reality, the

Fig. 5. a) Coordinate system and geometry for the modelling of OPAs with
end-fire waveguides in PolyBoard PICs, and b) Angular spacing between the
main and the grating lobes of the AF (squared) in a linear OPA as a function
of the pitch. Results are not PolyBoard specific. Inset: Example AF (squared)
corresponding to a linear OPA with 4 AEs, 8 µm pitch and 0° steering angle.

angle θ takes only positive values. However, in the diagram of
Fig. 4b, we use both the positive and the negative part of the
axis to discriminate between the θ values that correspond to
ϕ = 90o and those that correspond toϕ = 270o or between the
θ values that correspond to ϕ = 0 and those that correspond to
ϕ = 180o . On both planes, the FWHM of the radiation intensity
is approximately 12.7°. Since the radiation pattern is symmetric
around the z-axis, the FWHM remains the same for any angles
ϕ and ϕ+ 180o , and describes unambiguously the directivity
of the PolyBoard end-fire waveguide as an optical antenna.

Finally, it is noted that in the analysis so far, the spherical
coordinates have been based on the definition of the θ and ϕ
angles, but they can be also based on the azimuth (αz) and
elevation (el) angles instead. The first one is the angle between
the z-axis and the orthogonal projection onto the xz-plane of
the vector between the origin and the observation point, and is
positive when going from the z- towards the x-axis. The second
one is the angle between the same vector and its orthogonal
projection onto the xz-plane, and is positive when going from
the xz-plane towards the negative y-axis.

B. Far-Field of 1D Optical Phased Arrays in PolyBoard PICs

In PolyBoard PICs with a single waveguiding layer, the end-
fire waveguides act as a set of identical AEs that form a linear
OPA. In the case of uniform OPAs, the pitch is constant, the
excitation fields have the same magnitude, and the differential
phase βx in the excitation of each AE compared to its preceding
one remains the same for all AEs. With reference to the definition
of the axes in Fig. 5a, the array factor (AF) of a uniform OPA is
expressed as per the well-known relation [35]:

AF (θ, ϕ) =

N∑
n=1

ei·(n−1)·(k·dx·sinθcosϕ+βx) (1)

where N the number of antenna elements, dx the pitch of
the linear array and k the wavenumber in the free-space. The
direction of the main lobe of the AF on the azimuthal plane is
controlled by the parameter βx. Since however the pitch of the
PolyBoard OPAs is much larger than the half of the wavelength
at 1550 nm, grating lobes are also present in the AF, setting
limitations on the maximum steering angle and the field-of-view
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Fig. 6. a) Exemplary radiation intensity of two linear PolyBoard OPAs on the
azimuthal plane: The first one (Case 1) has 4 AEs, 8 µm pitch and direction at
+4°, and the second one (Case 2) has 8 AEs, 6 µm pitch and direction at −4°.
b) FWHM of the main lobe of the radiation intensity as a function of the pitch
for different number of AEs and steering angles.

(FOV) that are offered by the OPAs. The inset of Fig. 5b presents
as an example the main and the grating lobes of the square of
the AF that corresponds to a 4-element linear OPA at 1550 nm
with 8 µm pitch and with 0° steering angle on the azimuthal
plane. The main diagram of Fig. 5b presents on the other hand
the angular spacing between the main and the grating lobes of
the square of the AF as a function of the pitch. Although the
dependence shown in this diagram is general and holds true
for all uniform OPAs, it is of particular value for the design of
PolyBoard OPAs, since the latter are based on waveguides that
are rather wide (3.2 µm) and offer weak mode confinement due
to their low refractive index contrast.

Using the radiation intensity (Uo) of the PolyBoard end-fire
waveguide and the AF of a linear OPA, the radiation intensity
(U ) of a single-layer PolyBoard OPA is calculated as follows:

U (r, θ, ϕ) = Uo (r, θ, ϕ) · [AF (θ, ϕ)]2 (2)

Fig. 6a presents two example cases for the radiation intensity
of such an OPA on the azimuthal plane. The first one is shown
with red solid line and corresponds to an OPA with 4 AEs, 8 µm
pitch and steering direction at 4°. The second one is shown with
blue dotted line and corresponds to an OPA with 8 AEs, 6 µm
pitch and direction at−4°. The radiation intensity of the basic AE
is also illustrated as an envelope in agreement with the physical
meaning of Eq. (2). In both cases, only one grating lobe is clearly
observed due to the suppression imposed on all the other ones.
The angular spacing between each main lobe and its companion
grating lobe is primarily defined by the pitch of the respective
OPA. It is noted however that this spacing is slightly smaller than
the corresponding spacing in Fig. 5b between the lobes of the
AF2. This reduction is a result of the multiplication between the
AF2 and the radiation intensity of the basic AE, and is present
for any pitch or number of AEs. Finally, Fig. 6b presents results
regarding the beam width in the radiation pattern of a PolyBoard
OPA. It reveals the strong dependence of the FWHM of the
main lobe on the number of AEs, and the weaker dependence
on the waveguide pitch. On the other hand, no dependence on
the steering angle can be observed for angles that remain within
the range of interest.

Looking more carefully at the main and the grating lobe in the
first case of Fig. 6a, we find that their relative intensity ratio is

Fig. 7. Radiation intensity of linear PolyBoard OPAs on the azimuthal plane:
Angular clearance, wherein the main lobe of the radiation pattern is higher than
any grating lobe by: a) 0 dB, b) 3 dB, c) 6 dB, and d) 10 dB.

2.3 dB. If the beam is steered further to the right with θ larger than
4°, this ratio drops. If on the contrary, the beam is pulled back to
the other direction, the ratio increases and gets back to its initial
value only when the main lobe is at−4°. The angular space from
−4° to 4° represents in this example the symmetric clearance
around 0°, wherein the main lobe is larger than any grating lobe
by at least 2.3 dB. Figs. 7a to 7d extend this investigation and
present the clearance around 0°, wherein the main lobe of the
radiation pattern remains larger than any grating lobe by at least
0, 3, 6 or 10 dB, respectively. By default, the 0 dB clearance
shown in Fig. 7a reveals the spacing between the main and the
grating lobes for the respective number of AEs and waveguide
pitch. On the other hand, the 3 dB, 6 dB and 10 dB clearance
can serve as a practical metric for the assessment of the FOV
that can be achieved, depending on the grating lobe suppression
requirements of each application.

As an overall comment on the FOV performance of the
PolyBoard OPAs presented in Fig. 7, we can say that although
higher than the corresponding performance of the OPAs in
the 3D silica structures [27]–[29], it is still moderate and has
limitations. The limitations are associated both with the large
pitch that is required for the minimization of the crosstalk in
the PolyBoard platform and with the directivity of the radiation
intensity (Uo) of the single-mode waveguide as the basic AE. The
limitations from the pitch can be effectively overcome by using
a non-unform, sparse aperiodic placement of the AEs along the
array [40]–[42]. Such a placement is known to result in AFs with
grating lobes, which are weaker and reside further away from
the main lobe, and it can thus significantly extend the FOV of
the OPAs. On the other hand, this extension will be inevitably
compromised to a certain extent by the radiation pattern of the
basic AE. This pattern is defined by the cross-section and the
refractive index contrast of the single-mode waveguide in the
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PolyBoard platform. Small improvements could still be possible
via a reduction of the cross-section size or via a slight increase
of the refractive index contrast, but not without negative impact
on the propagation loss of the platform.

C. Far-Field of 2D Optical Phased Arrays in PolyBoard PICs

In PolyBoards with multiple waveguiding layers, the end-fire
waveguides form a plane OPA. The radiation properties pre-
sented in the previous paragraph for the azimuthal plane in the
case of linear OPA (see Figs. 5-7) can be extended without
modification to the elevation plane to describe the radiation
pattern of a plane OPA and the possibility for 2D scanning of
that pattern on the azimuthal and the elevation plane. Using again
the spherical coordinate system and the definition of the axes in
Fig. 4a, the AF of a uniform plane OPA is given as:

AF (θ, ϕ) =

=

N∑
n=1

M∑
m=1

ei·(n−1)·(k·dx·sinθcosϕ+βx)ei·(m−1)·(k·dy ·sinθsinϕ+βy)

(3)

where N , dx and βx the number of AEs, their pitch and their
differential phase along the x-axis, while M , dy and βy the
number of AEs (or layers), their pitch and their differential phase
along the y-axis. The beam scanning process on the azimuthal
plane is controlled by the differential phase βx, whereas the
beam scanning process on the elevation plane is controlled by
the differential plane βy . The total radiation intensity (U ) is
given again by Eq. (2), using the radiation intensity (Uo) of the
end-fire waveguide and the AF of the plane OPA from Eq. (3).

D. Optical Crosstalk Between the PolyBoard Waveguides

The results in Figs. 6, 7 for the linear OPAs in single-layer
PolyBoards and the extension of these results to the case of
the plane OPAs in multi-layer PolyBoards are based on the
assumption that the phase of each AE can be independently
controlled. This holds true, when the pitch of the OPAs is large
enough, but it does not when the waveguides are brought in
proximity and start getting coupled. Within this context, parts of
the diagrams in Fig. 6b and Figs. 7a-d may not be of any practical
value since they might correspond to waveguide spacings that
do not prevent this kind of detrimental coupling. To evaluate the
strength of the waveguide coupling as a function of the pitch and
define a conventional cutoff pitch as a guideline for the design
of OPAs in single- and multi-layer PolyBoards, we take the
simplest case of two parallel PolyBoard waveguides with 100 µm
length (see Fig. 8a), and we simulate the light propagation in
those waveguides using the Beam Propagation Method (BPM)
[43]–[44]. Both waveguides are excited by their fundamental
eigenmode with TE polarization and peak amplitude normalized
to unity. In all simulations for a particular pitch, the phase of
the excitation field in the right-most waveguide (denoted as
waveguide 2) is zero, whereas the phase of the excitation field
in the left-most waveguide (denoted as waveguide 1) varies
from -180° to +180°. Fig. 8 presents as example a case that
corresponds to 7 µm pitch and -30° phase of the excitation field

Fig. 8. BPM study for the estimation of the crosstalk between two PolyBoard
waveguides: a) BPM pattern for 100 µm propagation, b) TE excitation of the two
waveguides, and c) Output fields with dominant Ex component at z = 100 µm.
The three diagrams correspond to 7 µm waveguide pitch, -30° phase in the
excitation of waveguide 1, and 0° phase in the excitation of waveguide 2.

Fig. 9. a) Amplitude perturbation in the output field of waveguide 2 (z =
100 µm) due to the phase variation in the excitation of waveguide 1 (see Fig. 9a).
The 12 curves correspond to excitation phase from -180° to+150° with 30° step.
b) Main BPM results: Amplitude and phase perturbation at waveguide 2 output
as a function of the pitch. The values are for the center of waveguide 2 (x = 0,
y = 0).

at the input of waveguide 1. More specifically, Fig. 8a illustrates
the beam propagation pattern and reveals in a qualitative way the
optical crosstalk between the two waveguides. Fig. 8b presents in
turn the cross-section of the two waveguides and the distribution
of the TE fields that are employed for the excitation of the two
waveguides at z = 0. Finally, Fig. 8c depicts the corresponding
distribution of the output fields at z= 100 µm, and makes evident
the asymmetry that is induced between the two waveguides due
to the optical crosstalk. The perturbation of the amplitude and
the phase of the output field of waveguide 2 with respect to the
corresponding amplitude and phase of the output field, when this
waveguide is alone, depends both on the pitch and on the phase
of the excitation field at the input of waveguide 1. The level of
this perturbation at the center of the cross-section of waveguide
2 is used hereafter as metric for the assessment of the coupling
between the two waveguides.

In more detail, Fig. 9a presents as an example the peak
amplitude perturbation of the output fields, when the pitch is
7 µm and the excitation phase at the input of waveguide 1 varies
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from -180° to +150° with 30° step (i.e., 12 curves in total). The
perturbation is the same for both waveguides with a range of
almost 11.6% of the peak amplitude at the input. The range of the
phase perturbation is not shown in this diagram, but it is 6.6° in
absolute terms. Fig. 9b summarizes the ranges of the amplitude
and phase perturbation as a function of the waveguide pitch for
values between 4 and 10 µm. As shown, for pitch equal or larger
than 8 µm, the perturbation is negligible, and the waveguides
remain practically decoupled. For pitch between 8 and 6 µm, the
perturbations start rising, but remain moderate and manageable,
whereas for pitch below 6 µm, the rise becomes much more
abrupt. Based on these observations, we can expect that the value
of 6 µm can be a safe limit for the pitch of uniform OPAs in the
PolyBoard platform.

In order to investigate in a direct way, the impact of the
optical crosstalk on the radiation pattern of a PolyBoard OPA,
we extend our previous study, and we investigate the far-field
radiation pattern of the two waveguides as a function of their
spacing, when the relative phases of the two waveguides are
adequately adjusted for steering of the main lobe at 4°. For
each value of their spacing, the investigation is based on the
comparison between the radiation patterns that are obtained
with two different simulation methods. The first one is the
method that we have used so far involving the calculation of the
radiation intensity (Uo) of the basic AE with the help of the Field
Equivalence Principle, the calculation of the AF that corresponds
to the two AEs for their specific spacing, and the combination
of the two quantities with the help of Eq. (2). Clearly, this
method does not take into account the optical crosstalk during the
co-propagation of the optical waves along the two waveguides.
The second method treats the combination of the two waveguides
as a single AE. It uses the electro-magnetic field at the end-facet
of the two waveguides as the input for the implementation of
the Field Equivalence Principle and the direct calculation of
the radiation intensity of the two waveguides in the far-field.
Since the electromagnetic field that serves as input is the result
of the crosstalk during the co-propagation of the optical waves
inside the two waveguides, this second method takes clearly into
account the crosstalk. Any difference between the results from
the two methods can thus be attributed to the impact of the optical
crosstalk. The diagrams in Fig. 10a-d present in logarithmic scale
the normalized radiation intensity obtained with the two methods
for spacing equal to 4, 5, 6 and 8 µm, respectively. The point
of minimum intensity between the main and the grating lobe is
the most indicative one for the comparison of the two curves in
each diagram. As observed, the two methods give practically the
same result in the case of 8 µm spacing. The difference remains
small in the case of 6 µm spacing, whereas it gets substantially
larger in the case of 5 and 4 µm spacing, revealing the strong
impact of the crosstalk on the radiation pattern in these cases.

E. Polarization Dependence of the Far-Field Radiation

As already described in the first paragraph of the present
section, the perfect symmetry of the cross-section of the single-
mode waveguide in the PolyBoard platform leads to the creation
of exactly the same radiation pattern from an OPA, both when

Fig. 10. Far-field radiation intensity of two end-fire PolyBoard waveguides
with relative phases that lead to beam steering at 4° on the azimuthal plane. The
diagrams correspond to waveguide spacing equal to: a) 4 µm, b) 5 µm, c) 6 µm,
and d) 8 µm. The two curves in each diagram correspond to different simulation
methods. The method of the blue solid curve does not take into account the optical
crosstalk between the two waveguides, whereas the method of the red-dashed
curve does. The difference between the two curves reveals the impact of the
crosstalk on the radiation pattern for the respective waveguide spacing.

the excitation of the AEs is done with the TE mode and when
is done with the TM mode of the PolyBoard waveguides. The
equations used for the implementation of the Field Equivalence
Principle and the non-zero components of the electric and mag-
netic current densities that correspond to the equivalent sources
in each excitation case are described in detail in the Appendix.
In order to validate the polarization insensitivity of our OPAs as
far as their excitation is concerned, a relevant simulation study
is set up. Without loss of generality, the study involves a linear
OPA with 4 AEs, 6 µm pitch and phase relations that correspond
to beam steering at 4° on the azimuthal plane. Three excitation
cases are considered in this study. The first one corresponds to
the TE mode, the second to the TM mode, and the third to the TE
mode rotated by 45°, which represents in fact a mixture of the
previous two excitation cases. The calculation of the radiation
intensity in the far-field is made with our standard method in this
work, based on the calculation of the radiation intensity (Uo) of
the basic AE and the use of Eq. (2) for the calculation of the final
radiation intensity of the entire OPA. The results are summarized
in Fig. 11, and as evident in the corresponding diagram, they
confirm the absolute identity of the expected radiation patterns
in the three cases. It is noted that the specific simulation study
involves only the propagation of the excitation waves inside the
waveguides, their out-coupling to the air, and of course their
interaction during their propagation in the air. It does not take
thus into account the possible polarization sensitivity of other
components on-chip like for example the couplers, which may
lead in fact to small differentiations in the radiation patterns
depending on the polarization state of the excitation waves.
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Fig. 11. Radiation intensity on the azimuthal plane of a linear PolyBoard
OPA with 4 AEs, 6 µm pitch and adequate phases for beam steering at 4°. Three
excitation cases are investigated corresponding to different polarization of the
optical waves inside the PolyBoard waveguides.

Fig. 12. (a) Mask layout for the fabrication of 1 × 4 OPAs with 6 µm
lateral pitch in single-layer PolyBoards, b) Detail of the layout in the left most
section, where the waveguides run in parallel, and c) Photograph of a respective
PolyBoard PIC (top-view).

IV. PIC DESIGN, FABRICATION AND CHARACTERIZATION

Two types of PolyBoard PICs were developed to provide
the experimental proof-of-concept regarding the potential of
the PolyBoard platform for laser beam scanning. The first type
corresponds to single-layer PICs with linear 1 × 4 OPAs. Three
versions of these PICs were designed with lateral pitch equal to 6,
8 and 10 µm, respectively, in order to experimentally investigate
the impact of the pitch on the beam parameters and the beam
scanning performance. Fig. 12 presents the mask layout and
a micro-photograph of the specific version that corresponds to
6 µm pitch. On the left side of the circuit, the input light is
split into four equal parts by a lateral 1:4 MMI coupler. In the
output waveguides of the coupler, heating electrodes with 20
Ohm resistance serve as thermal phase shifters for adjustment of
the phase relation between the AEs. The required current at each
heating electrode for pi-phase shift is approximately 16 mA.
Finally, in the right-most part of the circuit, the four waveguides
are brought in proximity via carefully designed S-bends, and
run in parallel towards the end-facet of the PIC. The length of

Fig. 13. (a) Mask layout for the fabrication of 2 × 4 OPAs with 10 µm lateral
and 7.2 vertical pitch in 2-layer PolyBoards, and b) Photograph of a respective
PolyBoard PIC (top-view). The tags (L or U) next to each heating electrode
indicate, whether the particular electrode is used for the control of a waveguide
at the lower or the upper layer of the 2-layer PolyBoard PIC. c) Micro-photograph
of the end-facet of the same PIC, where the end-fire waveguides that act as the
optical AEs of the OPA are clearly visible.

this very last section, where the waveguides run completely in
parallel (see Fig. 10b) is short (50 µm) so as to keep the crosstalk
between the parallel waveguides as low as possible.

The second type of PolyBoards corresponds to PICs with two
waveguiding layers that support the development of 2× 4 OPAs.
Three versions of these PICs were designed with lateral pitch
equal to 6, 8 and 10 µm, respectively. The vertical pitch was
7.2 µm in all versions. Fig. 13 presents the mask layout and a
micro-photograph of the version with 10 µm lateral pitch. On
the left side of the circuit the input signal is split in two parts by
a lateral 1:2 MMI coupler. The light at the second output of this
coupler is transferred to the upper waveguiding layer by means of
a vertical MMI coupler with 1350 µm length and 10.4 µm height.
At both layers, the rest of the optical circuit is practically the
same as the circuit of the single layer PICs described above: the
light at each layer is split in four equal parts by a lateral 1:4 MMI
coupler and the optical phase inside the output waveguides is
adjusted by thermal phase shifters. Finally, the four waveguides
are brought in proximity by means of S-bends and run in parallel
till the end-facet of the PIC. It is noted that the linear 1× 4 OPAs
at the two layers are laterally aligned to each other as much as
possible so as to form a rectangular 2 × 4 OPA. As evident
however in Fig. 13c, which shows a photograph of the end-facet
of a PolyBoard PIC with a 2 × 4 OPA with 10 µm lateral pitch,
an offset between the two layers is still present.

The fabrication of the single-layer PICs was based on the
standard steps of PolyBoard technology. The fabrication of the
2-layer PICs on the other hand was realized using the sequence of
spin-coating, structuring and removal steps of the 3D PolyBoard
technology outlined in section II. It is noted that in the case
of the 2-layer PICs, all heating electrodes were fabricated on
the top of the PICs, and for this reason they are visible in the
same way under the microscope (see Fig. 13b). The fact that the
heating electrodes were fabricated on the top implies that the
4 electrodes that control the waveguides of the upper layer are
closer to their companion waveguides, whereas the 4 electrodes
that control the waveguides of the lower layer are further apart.
As a consequence, the operation of the first quartet is more en-
ergy efficient having the same current requirements for pi-phase
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shift as the electrodes in the single-layer PICs (approximately 16
mA). On the other hand, the required current for pi-phase shift
in the electrodes of the second quartet is approximately 20 mA.
After the end of the wafer processing, all PolyBoard PICs were
diced, and taken further for characterization at the PIC level.

In more detail, the characterization at the PIC level involved
measurements for the estimation of the insertion loss and the
polarization dependence of the PICs, as well as for the non-
uniformity of the optical power among the AEs of the OPAs.
Subject of the characterization were the 2-layer PICs with 6,
8 and 10 µm lateral pitch. The relevant setup was equipped
with an external laser source operating in the 1550 nm band
and a set of polarization handling components for the coupling
of TE or TM light into the PIC under test. The end-facet at the
other side of the PIC was scanned by a single-mode fiber to
collect the light that was out-coupled from each AE. The results
showed that the average optical loss in the lower layer of the
PICs is approximately 2 dB, both in the TE and TM case. This
loss is due to the standard propagation loss of the waveguides
(0.7 dB/cm) and the insertion loss of the 1 × 2 and 1 × 4 MMI
couplers. The average optical loss in the upper layer of the PICs
is even higher due to the presence of the vertical MMI coupler
along the respective optical paths. Previous measurements with
test structures have shown that the insertion loss of the vertical
coupler is almost 1 dB, both in the TE and in the TM case [32].

As far as the uniformity of the optical power between the
AEs is concerned, the measurements confirmed the presence
of variations. The first two sources of these variations are the
imbalance of the 1 × 2 and the 1 × 4 MMI couplers, and the
insertion loss of the vertical MMI coupler. Given that the typical
imbalance of the horizontal couplers is not higher than 0.2 dB
(both for TE and TM polarization) and the typical insertion loss
of the vertical coupler is not higher than 1 dB (both for TE and
TM polarization), the maximum power deviation between the
AEs should be only 1.4 dB in the worst case scenario. However,
the maximum power variation was much higher, especially for
the PICs with the OPAs of the shorter lateral pitch (6 µm).
The additional variation is associated with the optical crosstalk
between the waveguides, which can result in massive transfer of
optical power from one waveguide to the other, as it is illustrated
in Fig. 9 via the metric of the peak amplitude perturbation. It is
noted that the heating electrodes were not active during this
set of measurements, and thus the relative phases between the
waveguides were random, leading in turn to a random transfer
of optical power between the waveguides. This transfer had
obviously an impact on the power that was out-coupled from
each AE, and thus on the level of the non-uniformity that was
eventually recorded.

Finally, as far as a metric for the overall power efficiency of
our OPAs is concerned, we can define the optical throughput
as the ratio between the optical power inside the main radiation
lobe (at the reference radiation angle of 0° on the azimuthal and
the elevation angle) and the optical power at the input of the PIC.
Clearly, this ratio depends on the insertion loss of each PIC, the
radiation efficiency of the AEs, which is practically 100% due
to the use of end-fire waveguides as AEs, and the power ratio
between the main and the grating or side lobes at the reference

Fig. 14. (a) Layout of experimental setup and Fourier imaging system for the
characterization of the far-field of the PolyBoard OPAs. (b) Picture of the setup.
(c) Close-up of a PolyBoard PIC with a 2 × 4 OPA. (d) Example image from a
2 × 4 OPA with 6 µm lateral pitch. The beam is centered at 0° on both planes.
The diagram depicts the plots related to the radiation intensity on the azimuthal
plane when the phase shifters are off, when the phase shifters are tuned for beam
direction at 0°, and when digital filtering is additionally applied.

radiation angle for the specific number of AEs and the specific
pitch in the lateral and the vertical axis. Using the value of 3 dB as
an upper limit of the insertion loss of our 2 × 4 OPAs (according
to the analysis above), and making the calculations for the power
ratio between the main and the other lobes for the 2 × 4 OPAs
with 6 µm lateral pitch, we end up with an estimation for the
overall optical throughput of these OPAs close to 30%.

V. RADIATION PATTERN CHARACTERIZATION

In this section we present the setup for the characterization
of the far-field radiation pattern of the PolyBoard PICs, and
the main results that were obtained as the core outcome of this
characterization.

A. Experimental Setup

Fig. 14 depicts the setup for the experimental investigation of
the radiation pattern of the 1D and 2D OPAs in the developed
PolyBoard PICs. A distributed feedback (DFB) laser provides a
continuous wave (cw) at 1563 nm with -5.0 dBm output power.
The light passes through an optical isolator and a polarization
controller (PC), and is coupled to each PIC under test from the
left-side of the PIC. It further propagates through the optical
structures on-chip, is emitted from the end-fire waveguides on
the right-hand side of the PIC, and is collected by a system
of lenses that form a Fourier imaging system [45]. In such a
system, the far-field is imaged at the back-focal (Fourier) plane
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of a microscope objective (MO), and is brought back to a sensor
using a pair of lenses with an image ratio, which is defined
by the focal lengths of the two lenses. The MO in our setup
has a numerical aperture (NA) equal to 0.3. The two lenses L1
and L2 have focal lengths f1 and f2 equal to 100 and 50 mm,
respectively. These lengths have been carefully selected so that
the entire area of the sensor at the right end of the imaging system
can be utilized for light detection. This sensor is in fact a 1/2"
charge-coupled device (CCD) near infra-red (NIR) camera with
768 × 494 pixels and 8.4 µm × 9.8 µm pixel size. With this
imaging system, emission angles from the OPAs up to 17° on the
azimuthal plane and 14° on the elevation plane can be measured
with resolution better than a tenth of degree.

The emitted light that passes through the principal axis of the
imaging system hits the center of the CCD sensor, and appears
at the center of the captured image, corresponding to 0° beam
steering angle both on the azimuthal and the elevation plane.
The light that is emitted towards the positive azimuthal angle
corresponds to the right part of the image, while the light that is
emitted towards the positive elevation angle corresponds to the
upper part of the image. Prior to the installation of the imaging
system in our setup, a careful characterization was carried out
to create a pixel-to-angle mapping for the captured images. For
this purpose, an auxiliary laser source with a collimated output
beam was mounted on a rotational stage [46]. The rotation axis
of the stage was placed exactly at the position, where the OPAs
at the end-facet of the PolyBoard PICs were expected to be
in order to emulate the light emission conditions in the actual
experiments. It is noted that the beam size of the auxiliary laser
source was adequately small to yield a spot size of almost a single
dot in our imaging system. Via the rotation of the collimated
beam by a known angle, it was thus possible to calibrate the
image acquisition process in terms of steering angle and light
intensity, and to compensate for the small image distortion
effects originating from our lens system.

Light coupling into the PolyBoard PIC under test is accommo-
dated by a 6-axis alignment station. The heating electrodes that
adjust the phase of the individual AEs of the OPAs are controlled
by an 8-channel current driver. All channels are used for the 2×4
OPAs, whereas only half of them for the 1× 4 OPAs. Two 16-pin
probe heads with 50 µm pitch are additionally used to interface
the controller with the chip pads. Finally, a Python-based code
has been developed for capturing frames from the CCD sensor
and processing the images. A Gaussian smoothing filter can
be also applied for suppression of the white noise from the
sensor without altering the captured pattern. Fig. 14d presents
as example the intensity distribution of the captured image at 0°
elevation angle, when the phase shifters are off, when the phase
shifters are tuned for 0° steering on the azimuthal plane, and
when the filter is additionally applied. The inset illustrates the
corresponding 2D image in the last case.

Regarding the polarization of the input light to the PIC, we
should mention again that a polarization controller (PC) is used
off-chip to provide a means to adjust the polarization. Despite the
polarization insensitivity features of the PolyBoard waveguides
described in section III, a weak dependence is still present due
to the non-perfect symmetry of the PolyBoard waveguides in

Fig. 15. Beam profile for all the OPAs in the PolyBoard PICs under test: The
upper row corresponds to 1 × 4 OPAs in single-layer PICs, whereas the lower
row to 2 × 4 OPAs in 2-layer PICs. The lateral waveguide pitch is 6, 8 or 10 µm.
The vertical pitch in the 2-layer OPAs is fixed at 7.2 µm.

practice, and due to the polarization sensitivity of the lateral and
vertical MMI couplers on-chip. During the experimental testing,
the PC is used to adjust the polarization and micro-optimize
the quality of the beam. Although a direct knowledge of the
polarization state of the input light is not possible in the specific
experimental setup due to the manual nature of the PC, due to
the nonuse of any other polarization handling component and
due to the use of non-polarization maintaining fibers for the
transfer of the light from the laser source to the PIC, we can
safely guess that the images of the highest quality are acquired
when the input polarization state corresponds to either the TE or
the TM polarization, whereas a lower quality is recorded when
the input polarization state is in-between. It is noted that this
ambiguity regarding the polarization of the input light and the
impact of this low polarization dependence can be eliminated
via the hybrid integration of the laser source on-chip.

B. Experimental Results

Fig. 15 presents the profile of the radiated beam for all the
fabricated versions of the PolyBoard OPAs. The FWHM of the
beam intensity in the case of the single-layer OPAs is measured
3.3° × 12.7°, 2.6° × 12.4° and 2.1° × 12.9° for lateral pitch
equal to 6 µm, 8 µm and 10 µm, respectively. As observed, the
width of the beam on the elevation plane approximates the beam
width of the single waveguide emitter, as there are no additional
waveguides in the vertical direction to act on the array factor.
On the azimuthal plane on the other hand, the beam width is
becoming narrower, as the pitch is increasing. This dependence
has been already described in the modelling section (see Fig. 6b),
and the experimental data fit very well to the simulation results.
In the case of the 2-layer PolyBoard PICs, the FWHM values are
3.3° × 5.9°, 2.6° × 5.7° and 2.1° × 5.8° for lateral pitch equal to
6 µm, 8 µm and 10 µm, respectively. As observed, the addition
of a second emission layer decreases drastically the beam width
in the vertical direction, demonstrating the strong impact of
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Fig. 16. Comparison between the simulation (upper row) and the experimental
(lower row) radiation patterns in the case of the 2 × 4 OPA and 8 µm lateral
pitch in four beam steering scenarios. The intended main lobe steering angle is
displayed in each frame at the top-left: 1st column scenario: (0°, 0°). 2nd column
scenario: (4°, 0°). 3rd column scenario: (0°, 4°). 4th column scenario: (4°, 4°).

the number of the AEs on the beam divergence. In the lateral
direction, the beam is becoming again narrower as the pitch is
increasing. It is worth noting that regardless of the number of the
waveguiding layers (either one or two), the FWHM in the lateral
direction remains the same for the same lateral pitch, indicating
the high performance of the PolyBoard PICs and the consistency
of the measurements.

The OPAs in all PolyBoard PICs were fabricated with random
phase differences between the AEs, resulting in a random radi-
ation pattern when the phase shifters are off (see Fig. 14d). To
overcome the randomness of this initial pattern, each PIC has to
undergo a 2-step calibration process. In the first step, the required
driving current for phase shift equal to 2π is identified for each
phase shifter (heating electrode). In the second step, appropriate
phase shifts are applied on the individual waveguides in order to
eliminate the phase differences between the AEs and maximize
the radiation intensity at the direction of 0° on both the azimuthal
and the elevation plane. After the execution of these steps, all
required information for precise 2D beam scanning is known.
In all PolyBoard PICs under test, the required current for 2π
phase shift was found to be close to 20 mA for the bottom layer
electrodes and close to 16 mA for their top layer counterparts.

Fig. 16 presents a comparison between experimental and
simulation results as an evidence for the potential of the 3D
PolyBoard PICs to support well-controlled beam scanning on
the azimuthal and the elevation plane. The experimental images
(in the upper row) are from the testing of the 2 × 4 OPA with
8 µm lateral pitch, and the simulation results (in the lower row)
are from the simulation of the far-field radiation of the same
structure. Based on the curves in Fig. 7a for 2 AEs with 7.2 µm
pitch, and for 4 AEs with 8 µm pitch, the expected spacing
between the main and the grating lobes in the radiation pattern
of this OPA is approximately 9.9° in the vertical direction and
10.7° in the lateral direction. Four beam steering scenarios are
investigated. The first one (shown in the first column) corre-
sponds to intended beam direction at 0° both on the azimuthal
and the elevation plane (0°, 0°). No grating lobes are present
in the experimental image. The second scenario (shown in the

second column) corresponds to intended beam direction at +4°
on the azimuthal and 0° on the elevation plane (+4°, 0°). A
grating lobe is now present at (−6.7°, 0°), as expected. The third
scenario (shown in the third column) corresponds to intended
beam direction at 0° on the azimuthal and +4° on the elevation
plane (0°, +4°). The previous grating lobe is not there anymore,
but a new one at (0°, −5.9°) is now present, close to its expected
position. Finally, the fourth scenario (shown in the last column)
corresponds to intended beam direction at +4° both on the
azimuthal and the elevation plane (+4°, +4°). In this case,
grating lobes are present both in the lateral and vertical direction
at azimuthal and elevation angles that are practically equal to the
expected ones. As it is evident from Fig. 16, the experimental and
the simulation images are remarkably similar. This similarity
validates our 2D beam scanning concept, and demonstrates the
quality of the fabricated 3D PolyBoard PICs.

Fig. 17 presents an additional compendium of experimental
images that validate further our concept and give additional
information about the presence of grating lobes in the radiation
patterns of the fabricated OPAs. More specifically, Fig. 17
presents two subgroups of images. The first subgroup on the
top is associated with the testing of the 2 × 4 OPA with 8 µm
lateral pitch, while the second one in the bottom with the testing
of the 2× 4 OPA with 6 µm lateral pitch. Each subgroup includes
9 images that correspond to intended beam directions at −4°,
0° and +4° on the azimuthal and the elevation planes. Based on
the specific curves in Fig. 7a for 2 AEs with 7.2 µm pitch and
for 4 AEs with 6 µm pitch, the expected spacing between the
main and the grating lobes in the images of the second subgroup
is approximately 9.9° in the vertical and 14.0° in the lateral
direction. In both subgroups, the symmetry of the images with
respect to the lateral and the vertical axis is evident in the case
of symmetrical beam steering directions, which manifests the
high performance quality and operation predictability of both
OPAs. The spacing between the main and the grating lobes in
the vertical direction is approximately 9.9° in all the images
of the first and the third row of both subgroups. This result is
expected since the OPAs have the same number of AEs (i.e.,
2) and the same pitch (7.2 µm) in the vertical direction. In the
lateral direction on the other hand, we can observe a significant
difference due to the different pitch between the two OPAs.
While in the images of the first and the third column of the
first subgroup (8 µm pitch) the spacing between the main and the
grating lobes is 10.7ο, in the corresponding images of the second
subgroup (6 µm pitch) no grating lobes are present. The reason
is that the grating lobes in this second subgroup are actually
expected to have a spacing of 14° from the main lobe, and thus
to appear at±10° in the lateral direction, where they are strongly
suppressed by the envelope of the single waveguide emitter.

Fig. 18 presents data from a more in-depth analysis of experi-
mental images. More specifically, Fig. 18a presents the radiation
intensity of the 2 × 4 OPA with 8 µm pitch, when the beam
is scanned on the azimuthal plane from −6° to +6° with 2°
angle step, and its elevation angle is kept 0°. The information
associated with the images of the second row in the first subgroup
of Fig. 17 is thus included in Fig. 18a. The distribution of the
radiation intensity is shown for the slice of 0° elevation angle,
as a function of the azimuthal angle. In a similar way, Fig. 18b
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Fig. 17. Experimentally captured images (radiation patterns) of the 2 × 4
OPAs with 8 µm (upper subgroup) and 6 µm (lower subgroup) lateral pitch.
Within each subgroup, nine beam steering scenarios are presented corresponding
to angles from −4° to +4° with 2° step on the azimuthal and the elevation plane.

presents the radiation intensity of the same OPA, when the beam
is scanned on the elevation plane from −4° to +4° with 2° angle
step, and its azimuthal angle is kept 0°. This time, the information
associated with the images of the second column in the first
subgroup of Fig. 17 is included in Fig. 18b. The distribution
of the radiation intensity is shown for the slice of 0° azimuthal
angle, as a function of the elevation angle. Finally, Figs. 18c and

Fig. 18. Analysis of experimental images from two 2 × 4 OPAs with 8 and
6 µm lateral pitch. Eleven beam steering scenarios are investigated for each
OPA corresponding to 0° elevation angle and azimuthal angle from −6° to +6°
with 2° step, and to 0° azimuthal angle and elevation angle from −4° to +4°
with 2°° step: a) 8 µm pitch: Intensity distribution on the azimuthal plane for 0°
elevation angle. b) 8 µm pitch: Intensity distribution on the elevation plane for
0° azimuthal angle. c) 6 µm pitch: Intensity distribution on the azimuthal plane
for 0° elevation angle. d) 6 µm pitch: Intensity distribution on the elevation plane
for 0° azimuthal angle. In all diagrams, the theoretical intensity distribution of
the basic emitter (PolyBoard end-fire waveguide) is also drawn as an envelope.

18d present the same information as Figs. 18a and 18b, but for
the radiation intensity of the 2 × 4 OPA with 6 µm pitch. In
all these figures, the theoretical radiation intensity of the single
end-fire waveguide has been also drawn to make obvious that its
distribution serves as an envelope that suppresses the OPA lobes
at large angles. As observed, the matching between the theo-
retical envelopes and the experimental data is satisfactory in all
cases, proving again the consistency of the results. The angular
spacings between the main lobes and their companion grating
lobes are also in good agreement with the theoretical values, as
these can be extracted from Fig. 7a, as already described. Finally,
more careful inspection of the relevant intensity levels between
the main lobes and their companion grating lobes in Figs. 18a
to 18d reveals that the experimental data are also aligned with
the expected values from Figs. 7b to 7d. As example, in the
case of an OPA with 4 AEs and 6 µm pitch, the theoretical
3 dB clearance from Fig. 7b is 10.8°. The curves in Fig. 18c for
beam direction at±4° and±6° reveal that the experimental 3 dB
clearance on the azimuthal plane is much larger than 8°, but still
smaller than 12°. Use of simple fitting calculations indicate that
the actual 3 dB clearance is in fact close to the theoretical one.
The same conclusion about the agreement of the experimental
and the theoretical data with respect to the angular clearance can
be drawn by similar inspection of other curves in Fig. 18.

VI. CONCLUSION AND OUTLOOK

We have proposed, investigated and experimentally demon-
strated a new solution for 2D OPAs in support of laser beam
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scanning applications. Our solution is based on the use of the
3D PolyBoard platform and the development of PICs with
multiple waveguiding layers. The edges of the waveguides at
the end-facet of those PICs serve as the individual AEs of the
OPAs. The split of the input light among the AEs is realized with
the help of lateral and vertical MMI couplers, while the phase of
each AE is controlled by a thermal phase shifter with millisecond
re-configuration times. Using the field equivalence principle, we
have estimated the far-field radiation of the standard PolyBoard
waveguide at 1550 nm, and we have calculated that the lobe
of the corresponding radiation pattern has a FWHM of 12.7°.
We have also investigated the emerging radiation patterns of
the linear and plane OPAs in PolyBoard PICs, and we have
assessed the impact of the waveguide pitch on the creation of
grating lobes and the deterioration of the FOV. Using BPM
simulations we have investigated the optical crosstalk between
the PolyBoard waveguides as a function of their spacing, and we
have concluded that any value down to 6 µm can be considered
and used as a safe limit for the prevention of the detrimental
coupling between the AEs of the OPAs. When we have at least 4
AEs in a linear array, this cutoff pitch corresponds to an angular
spacing of 14.0° between the main lobe and its adjacent grating
lobes, and to an angular clearance of 10.8°, wherein the main
lobe of the radiation is higher than any side or grating lobe by
at least 3 dB. Based on an extensive set of simulation results,
we have designed and fabricated single- and 2-layer PICs on the
PolyBoard platform with 1 × 4 and 2 × 4 OPAs, respectively.
The lateral pitch in the OPAs was between 6 and 10 µm, while
the vertical pitch in the 2 × 4 OPAs was 7.2 µm. Using a
carefully designed experimental setup, we have demonstrated
the potential of the 2-layer PICs to efficiently facilitate 2D beam
scanning, and we have validated our simulation results regarding
the beam width, the maximum scanning angle and the FOV of
the 2D OPAs.

From a practical point of view, the solution we have introduced
in this work for the development of 2D OPAs can be extended
to a much larger number of AEs in the lateral direction by using
a larger distribution network of MMI couplers at each layer. By
means of this extension, beams with beam width small enough
can be obtained offering the possibility for high angular resolu-
tion on the azimuthal plane. On the other hand, the extension of
our OPAs along the vertical axis is less straightforward due to
the need of additional waveguiding layers. As already described
at the end of section II, the yield of the fabrication methods that
have been developed so far make us believe that the fabrication
of 3D PICs with 8, 16 or even 32 layers is possible. It is noted
however that even this number of layers may not be enough for
high angular resolution on the elevation plane, leading to the
conclusion that our 2D OPAs will be more suitable for use in
short-reach detection systems rather than in long-reach systems,
where the requirements for angular resolution are typically high
(0.1° or less). Moreover, as far as the speed of the beam scanning
process is concerned, it is clear that the low reconfiguration
speed of the thermal phase shifters in the PolyBoard platform
sets a limitation. Specifically, the reconfiguration time has been
previously reported to be as low as a few ms [47], while in the
current designs of the PolyBoard PICs the phase shifters have

been optimized in terms of power consumption, size and thermal
crosstalk, resulting in reconfiguration times of approximately 15
ms. This limitation makes in turn the use of our OPAs suitable
for systems that require low scanning speeds. Extension to fast
scanning applications is possible however with an alternative
phase shifting technology.

Along these lines, the immediate next steps in our work
include the extension of our uniform OPA designs to larger size,
starting from a 4× 8 and a 4× 16 OPA built in 4-layer PolyBoard
PICs. They also include the design of non-uniform 2D OPAs
with aperiodic placement of the AEs [40]–[42]. Such a sparse
and aperiodic placement is known to result in array factors (AFs)
with grating lobes far away from the main beam, and they can
thus extend the FOV of the OPAs. Finally, they include the hybrid
integration of the PolyBoard PICs with silicon nitride PICs built
on TriPleX platform [48]. The aim of this integration is to replace
the slow thermal phase shifters on the PolyBoard platform with
Lead zirconate titanate (PZT) stress-optic phase shifters on the
TriPleX platform, offering steering reconfiguration times below
100 ns and making our OPAs compatible with high scanning
rate systems. Our longer-term plans on the other hand include
the investigation of the viability of our OPA concept from a
business point of view. Since the technical features of our OPAs
fit in better to the small-size and low-cost sensor device market, a
crucial part of this investigation is related to the prospects of the
PolyBoard technology for transfer to high volume production
lines, as it is today the case for the silicon photonics technology.
To this end, it should be already noted that the simple production
steps, the use of standard production equipment and the short
production runs of PolyBoard technology, make such a transfer
look certainly possible from a techno-economic point of view.

APPENDIX

CALCULATION OF THE FAR-FIELD OF AN APERTURE ANTENNA

USING THE FIELD EQUIVALENCE PRINCIPLE

The use of the Field Equivalence Principle for the calculation
of the far-field radiation of a rectangular aperture antenna is de-
tailed in [35]. Using the geometry of Fig. 4a, which is presented
again in Fig. 19, we can define the plane at the end-facet of the
waveguide as an imaginary surface S that extends to the infinity
and encloses the actual radiation source. The Field Equivalence
Principle allows for replacing this source by equivalent sources
with electric current density JS and magnetic current density
MS . The equivalent sources reside on the surface S and yield
the same fields Eo and Ho as the actual radiation source in
the volume outside the surface, which is in fact the volume
of interest. The corresponding fields within the volume that is
enclosed by the surface can be assumed to take any value. It is
obviously convenient to assume that they are zero. In this way,
the boundary conditions for the tangential field components on
the surface S can be written as:

Js = n̂×Ho = ẑ × (x̂Hox + ŷHoy) = ŷ Hox − x̂Hoy

(4)

M s = − n̂× Eo = −ẑ × (x̂Eox + ŷEoy)

= − ŷEox + x̂Eoy (5)
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Fig. 19. Extension of Fig. 4a: Coordinate system and geometry for the mod-
elling of the end-fire PolyBoard waveguide as an aperture antenna using the
Field Equivalence Principle. The imaginary surface S that extends to the infinity
and encloses the radiation source is also illustrated.

where n̂ the unit vector normal to S. The componentsEox,Eoy ,
Hox and Hoy at the outer side of the surface can be connected
in a straightforward way to the componentsEx,Ey ,Hx andHy

of the waveguided mode taking into account that the physical
medium at the outer side of the surface is not the dielectric
material of the optical waveguide but the air. As the TE mode
has non-zero only theEx andHy components and the TM mode
only the Ey and Hx components, Eq. (4) and (5) can be even
simpler if the propagating mode inside the optical waveguide
has only TE or TM polarization:

JTES = − x̂Hoy (6)

JTMS = + ŷHox (7)

MTE
S = − ŷEox (8)

MTM
S = + x̂Eoy (9)

In either polarization case, the equivalent sourcesJS andMS

derived from Eq. (6)-(9) can be used for the calculation of the
normalized magnetic and electric vector potentials N and L
related to the far-field radiation. Using again the geometry of
Fig. 17, and working with spherical coordinates, the relations
between the equivalent sources and the θ̂ and ϕ̂ components of
the vector potentials take the following form:

Nθ (θ, ϕ) =

∫∫
S

[Jx · cosθ · cosϕ+ Jy · cosθ · sinϕ]

· ei·k·r′ ·cosψ · ds′ (10)

Nϕ (θ, ϕ) =

∫∫
S

[−Jx · sinϕ+ Jy · cosϕ] · ei·k·r′ ·cosψ · ds′

(11)

Lθ (θ, ϕ) =

∫∫
S

[Mx · cosθ · cosϕ+My · cosθ · sinϕ]

· ei·k·r′ ·cosψ · ds′ (12)

Lϕ (θ, ϕ) =

∫∫
S

[−Mx · sinϕ+My · cosϕ] · ei·k·r′·cosψ · ds′

(13)

In Eq. (10)-(13), the parameters θ and ϕ are the spherical
coordinates of the observation point in the far-field, k is the
wavenumber in free space, d s′ = dx′ · dy′ is the differential
area on the surface S of the integration, r′ is the amplitude of
the vector corresponding to the differential area, andψ the angle
between the vectors r′ and r that correspond to the differential
area and the observation point, respectively. For the geometry
of Fig. 17, the factor r′ · cosψ that can be seen in all the
exponentials of Eq. (10)-(13) takes the following form:

r′cosψ = x′ · sinθ · cosϕ+ y′ · sinθ · sinϕ (14)

Finally, the electric and magnetic fields that are radiated by
the rectangular aperture antenna in the far-field can be calculated
using the vector potentials from Eq. (10)-(13) and the following
relations:

Er (θ, ϕ) ≈ 0 (15)

Eθ (θ, ϕ) ≈ − i · k · e−i·k·r
4πr

[Lϕ (θ, ϕ) + η ·Nθ (θ, ϕ)] (16)

Eϕ (θ, ϕ) ≈ i · k · e−i·k·r
4πr

[Lθ (θ, ϕ)− η ·Nϕ (θ, ϕ)] (17)

Hr (θ, ϕ) ≈ 0 (18)

Hθ (θ, ϕ) ≈ i · k · e−i·k·r
4πr

[
Nϕ (θ, ϕ)− Lθ (θ, ϕ)

η

]
(19)

Eϕ (θ, ϕ) ≈ − i · k · e−i·k·r
4πr

[
Nθ (θ, ϕ) +

Lϕ (θ, ϕ)

η

]
(20)

The calculation of the E and H fields from Eq. (15)-(20) can
be used in turn for the estimation of other important antenna
parameters such as the Poynting vector, the radiation density,
the radiation intensity and the beam width [35]. In more detail,
the time average Poynting vector is calculated as follows:

W av (r, θ, ϕ) =
1

2
Re [E ×H∗] (21)

Taking into account that the radial components of the E and
H fields are practically zero, Eq. (18) can be written as:

W av (r, θ, ϕ) =
1

2
Re

[
Eθ ·H∗

ϕ − Eϕ ·H∗
θ

] · r̂ (22)

The magnitude of the time average Poynting vector in the
far-field is denoted as Wrad and describes the radiated power
density (or radiation density) in units W/m2. Finally, the radi-
ation intensity Uo is also a far-field parameter that unveils the
power radiated by an antenna per unit solid angle. It is expressed
in units W/unit solid angle, and is associated with the radiation
density via the following mathematical relation:

Uo (r, θ, ϕ) = r2 ·Wrad (r, θ, ϕ) (23)

The radiation intensity Uo describes in the most intuitive way
the radiation pattern and forms the basis for the mathematical
calculation of the beamwidth and the directivity of an antenna.
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