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Automated Testing of Arrayed Waveguide Gratings:
From Optical Alignment to Data Analysis

V. van Wijk
Department of Electrical Engineering

Eindhoven University of Technology, The Netherlands
v.v.wijk@student.tue.nl

Abstract—Die testing is an important part of the manufactur-
ing process of photonic integrated circuits. Often, it involves the
alignment of optical fibers to on-chip waveguides with sub-micron
precision. This paper shows the implementation of an improved
automatic alignment algorithm. Its performance has been vali-
dated during automatic characterization of arrayed waveguide
gratings (AWGs), and a decrease in overall measurement time of
42% with an increase in coupling power of 0.4 dB was observed
in comparison to a conventional iterative hill-climbing algorithm.
Furthermore, this paper shows the development of an AWG
analysis module to further increase testing throughput. It outputs
a one-page analysis summary to enable quick and easy validation
of AWG designs.

Index Terms—photonic integrated circuit (PIC), arrayed
waveguide grating (AWG), automated optical alignment, analysis
module

I. INTRODUCTION

TESTING is an important part of the overall manufacturing
process of photonic integrated circuits (PICs), as the

testing cost fraction of the overall manufacturing cost can
be as high as 29% [1]. This results from the fact that it is
performed at different stages of the PIC fabrication process,
which is frequently overlooked and has led to an underde-
velopment of testing [1]. As a result, existing manufacturing
chains suffer from lack of standardization and automation
of test. In this context, measurement and data analysis au-
tomation are two possible ways to increase testing throughput
and thus support higher yield for high-volume production.
Measurement automation increases overall testing throughput,
while automation of data analysis standardizes measurement
data interpretation and speeds up the overall characterization
process.

Qualification of photonic integrated building blocks is often
performed by optical and electrical testing, with optical signals
provided to and from the chip by means of optical fibers
aligned to on-chip waveguides. As the dimensions of these
waveguides are typically in the order of several tenths to
a few micrometers [2], alignment of the fibers has to be
performed accurately, which is a labor-intensive and time-
consuming process that can take up to several minutes per
waveguide. The current state-of-the-art of automated optical
fiber alignment is a Fast Multichannel Photonics Alignment
(FMPA) system [3], which is able to find an optimal coupling
position in a few seconds using areal scans with fitting and
gradient searching. The currently implemented optical align-
ment method consists of a step-wise mapping tool and iterative

Fig. 1. Micro-photograph of SMART Photonics SP1021 chip, with nine
different AWG designs.

hill-climbing algorithm. Depending on the initial position and
angle of the fiber, it can take up to several minutes to find an
optimal coupling position.

The first part of this work focuses on increasing testing
throughput by developing new approaches to the alignment
algorithms. The hardware capabilities of the fiber positioner
controller are exploited to enable efficient scanning of dif-
ferently sized areas, similar to the FMPA system. An optimal
coupling position is then determined by means of fitting. Using
an automated measurement sequence, the improvement of this
alignment algorithm is evaluated during characterization of
arrayed waveguide gratings (AWGs) on a SMART Photonics
SP1021 chip (Fig. 1). This leads to a lot of AWG measurement
data which need to be analyzed. To aid in measurement
throughput and repeatability of analysis, the second part of this
work concerns the development of an AWG analysis module.
A complete analysis of AWG objective characteristics resulting
in a one-page summary was developed.

The structure of this paper is as follows; in Sec. II,
the measurement setup and sequence are explained. Next in
Sec. III, the optical coupling automation is explained and
the experimental results are presented in Sec. IV. The AWG
analysis module is then shown in Sec. V and its operation is
illustrated using an example analysis in Sec. VI. Finally, future
work is summarized and a conclusion is drawn.
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Fig. 2. Schematic overview of the connected equipment. Electrical and optical
connections are denoted by the black and blue lines, respectively.

II. MEASUREMENT SETUP AND SEQUENCE

A. Setup

An overview of the setup used in this work can be found
in Fig. 2, which is characterized as a typical setup to perform
optical transmission measurements. It should be noted that the
presented algorithm is applicable to any type of measurement
where light needs to be coupled to optical ports using edge
coupling. A broadband Thorlabs 1550 nm SLD source is
used as a light source. Polarization control is handled by a
polarization filter (outputs TE) and a 90-degree rotator. Using
edge coupling, the light is then coupled in and out of a device-
under-test (DUT) by means of lensed fibers. Here, straight
and angled fibers are used to couple to straight and angled
facets, respectively. After this, the light travels through a
90/10 wideband power splitter, with 90% going to an Ando
AQ6331 optical spectrum analyzer (OSA) and 10% going to
an Agilent 6153A power meter (PM). The OSA is used for
DUT characterization and the PM is used for optimization of
optical coupling.

The PIC containing the DUTs is placed on a central stage,
with the two lensed fibers on the left and right side. The
coarse movement of the fibers is handled by three actuators
on each side. These actuators move the fibers in the lateral
(X), vertical (Y), and focus (Z) direction with a movement
range of several centimeters. For each fiber, the fine movement
in three-dimensional (3D) space is performed by a piezo
actuator with a movement range of 80 µm in each direction.
These piezo actuators are controlled by a Newport XPS-
Q8 controller, which is used to realize the improved optical
coupling automation. A schematic overview of the actuators
can be found in Fig. 3, with the coordinate systems indicated
for the left and right side. This setup enables automatically
aligning to waveguides and characterizing on-chip devices.

B. Sequence

The measurement sequence to perform the automated mea-
surements consists of four main steps. First, manually aligning
the input and output fibers to reference waveguides located
on the PIC and saving the stage coordinates. Together with
a chip description file (CDF), containing the on-chip coor-
dinates of the waveguides, this enables the calculation of

Fig. 3. Overview of the actuators of the setup, modified from [4].

waveguide positions in terms of stage coordinates [1]. The
second step consists of positioning the fibers automatically
to the calculated input and output waveguide positions of the
DUT using the coarse actuators. In the focus direction, the
fibers are positioned 5 µm further away from the waveguide
than the calculated position to increase the mode profile size.
In the third step, an optimal coupling position is found by
executing a realignment algorithm with feedback from a PM.
Finally, performing a certain measurement as defined in a
measurement description file (MDF) to characterize the DUT.
The second, third, and fourth step are executed sequentially
for each waveguide of the DUT as defined in the MDF.

III. OPTICAL COUPLING AUTOMATION

With a typical repeatability of several micrometers [5]–[7]
and the 5 µm margin in the focus direction, the fibers are not
at the optimal coupling location after coarse positioning. To
tackle this, a realignment algorithm is needed.

A. Current implementation

The current implementation of the realignment algorithm
includes two algorithms; a mapping tool and a hill-climbing
algorithm. The mapping tool measures the power in a specified
two-dimensional (2D) area with a certain number of measure-
ment points and is performed if the measured power after
coarse positioning is below a certain threshold. After this, the
iterative hill-climbing algorithm is executed, which scans the
power per axis in 3D space until a predefined power drop
is observed or a maximum number of steps is exceeded. An
optimal coupling position is then obtained by means of fitting a
Gaussian in the lateral and vertical direction, and a Lorentzian
in focus direction [8]. One complete iteration cycle consists
of realigning all six axes sequentially (three on both sides).

B. Improved implementation

To decrease alignment time and improve accuracy, the
hardware capabilities of the positioner controller are exploited.
It allows efficient scanning of differently sized areas using tra-
jectories. During execution of such a trajectory, the controller
sends out triggering signals to a PM, which instructs the PM to
perform a measurement and store it internally. Furthermore, it
saves the position of the fiber at the moment of measuring the
power. After completion of the trajectory, the fiber positions
and power measurements are transferred to a PC, where data
analysis can be performed. These trajectories can be executed
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on lateral and vertical axes of the fine positioners and on
the vertical coarse positioners. This enables the application
of trajectories at different points during the measurement
sequence, as explained in more detail in Sec. III-G.

C. Trajectories

The Newport XPS controllers offer the possibility to move
the fibers according to a user-defined trajectory. A so-called
line-arc trajectory is considered, where a trajectory is described
by different line and/or arc segments.

In order to measure on these trajectories, the controller
is configured to perform internal and external triggering
simultaneously, which occurs at a user-defined path length
interval during execution of a trajectory. During such an event,
the position of the actuators is saved by means of internal
triggering and a power measurement is initiated with external
triggering.

In contrast to the current implementation explained in
Sec. III-A, the execution time of a trajectory is not determined
by the total number of measurement points. Instead, it is
determined by its total length and the arc with the smallest
radius. This is because the smallest radius rmin defines the
maximum allowed velocity v on a trajectory according to

v = min (
√
amaxrmin, vmax) (1)

where amax and vmax are the actuator-specific upper bounds on
the acceleration and velocity, respectively.

Two trajectory types were considered; snake and spiral. The
snake- and spiral-shaped trajectories are both quick and easy
was of scanning a mode profile [9], and can be implemented
relatively straightforward using line and arc segments. Both
types are defined by the following parameters:

• width, width of the trajectory;
• height, height of the trajectory;
• line distance, distance between the line segments.

Example snake and spiral trajectories can be found in Fig. 4a
and Fig. 4b, respectively. From Fig. 4a, it can be seen that the
snake trajectory consists of horizontal line segments, which
are connected by 180-degree arc segments. Fig. 4b shows that
the spiral trajectory consists of both horizontal and vertical
line segments, which are connected by 90-degree arc segments
to create an inward-spiraling shape. Note that the radius of
the arcs of a spiral trajectory is larger by factor of two in
comparison to a snake trajectory. Besides, the lengths of both
trajectory types are approximately equal for the same dimen-
sions and line distance. This means a spiral trajectory would
be preferred as its execution time is roughly 1.4 times shorter.
However, because the snake trajectory allows for correction
of hysteresis in the movement of the fibers, as explained in
more detail in Sec. III-E, only this type of trajectory was used
during alignment.

D. Fitting

After executing a trajectory and obtaining the power and
position measurements, an optimal coupling position has to
be found. This is done with a fit, similar to the hill-climbing
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Fig. 4. Example horizontal snake (a) and spiral (b) trajectory starting in the
origin, both with dimensions 10 µm by 10 µm and line distance 1 µm.

algorithm. As a waveguide mode profile in the lateral and
vertical direction can be approximated with a 2D Gaussian
[8], the data is fitted using

I(x, y) = I0e
−2

(
( x−x0σx

)
2
+
(
y−y0
σy

)2
)

(2)

where I(x, y) is the intensity of the light in linear scale
at coordinate (x, y), I0 is the intensity at the center of the
beam, x0 and y0 define the center location of the beam,
and σx and σy denote the half width in lateral and vertical
direction, respectively, at which the intensity drops to 1/e2

of I0 [10]. This was implemented with an already available
Python package lmfit, which uses an iterative non-linear least-
squares algorithm [11]. A fit is characterized as successful
when the optimum lies within the scanned area and the fitting
residuals, quantified using chi-squared, are below a certain
threshold.

E. Hysteresis

An example waveguide mode profile scan, executed on
the lateral and vertical axes of the fine stage positioner, can
be found in Fig. 5a. For this, a 15 µm by 15 µm vertical
snake trajectory with a line distance of 0.25 µm and a path
length interval of 0.25 µm has been used. An example lateral-
vertical view can be found in Fig. 5b, where the power is
shown as a function of position for the lateral and vertical
axes separately with their corresponding fits. Here, two peaks
can be distinguished in the vertical direction. As a result,
determining an optimal coupling position by fitting (2) is not
feasible.

The two peaks originate from hysteresis in the movement
direction of the fibers during execution of a trajectory, where
hysteresis along the vertical axis is visible using a vertical
snake trajectory (Fig. 5b) and hysteresis along the lateral axis
is visible using a horizontal snake trajectory. To quantify
the peak offset, a vertical and horizontal snake trajectory
are executed for different trajectory velocities and the power
measurements are separated based on the movement in positive
and negative direction. In Fig. 5b, the movement in the positive
and negative direction is indicated by the solid and dashed
lines, respectively. A 2D Gaussian is then fitted through both
peaks, and the peak offset is calculated as the difference
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Fig. 5. Example heat map (a) and lateral-vertical view (b) of a waveguide
mode profile, using a 15 µm by 15 µm vertical snake trajectory with line
distance and path length interval 0.25 µm. In (b), the solid and dashed lines
indicate movement in positive and negative direction, respectively.

between peak locations, as also shown in Fig. 5b. The result
can be found in Fig. 6, where it can be seen that the peak
offset approaches zero for decreasing velocity with a linear
behavior, meaning a constant time delay. It was found that
positioner load and the fiber position on the fiber holder have
no effect on the hysteresis. Most likely, there exists a driver-
related delay between the set position and the actual position
of the fiber, but this has to be investigated in more detail.

Unfortunately, hysteresis has an impact on the accuracy
and execution time of the alignment algorithm. To find an
optimal coupling position, the power measurements have to be
separated based on movement direction, effectively doubling
the trajectory line distance. To account for this, the line
distance - and in turn the arc radius - has to be halved,
which increases execution time by approximately 2.8 times.
Besides, the use of a faster spiral trajectory is not practical,
as separating measurements based on movement direction will
result in four quadrants. The waveguide should then be visible
in all quadrants to be able to determine the correct coupling
position. In contrast to the line distance in snake trajectory,
this cannot be controlled. Therefore, only the snake trajectory
is relevant at this point.
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Fig. 6. Hysteresis based on movement direction as a function of trajectory
velocity.

F. Oscillations

Besides hysteresis, another observed phenomenon which
impacts the performance of the alignment algorithm is os-
cillations. Fig. 7 shows the power as a function of vertical
position separated based on movement direction, measured
with a 2.5 µm by 2.5 µm vertical snake trajectory with line
distance and path length interval 0.1 µm, a trajectory velocity
of 73 µm/s, and a trajectory period of 0.07 s. Here, a trajectory
period is defined as the time to execute two line and two
arc segments. As can be seen, the profile does not represent
the expected Gaussian shape, but exhibits oscillations at a
frequency of approximately 120 Hz. It was found that increas-
ing the trajectory period or lowering the load, decrease the
amplitude but increase the frequency of oscillation. This is
illustrated by Fig. 8 where the same trajectory is executed
with a four-times lower trajectory velocity, corresponding to
a trajectory period of 0.28 s. Here an oscillation frequency
of approximately 300 Hz can be observed. The oscillations
are not visible in Fig. 5b because of the similar trajectory
period (0.25 s) and lower path length interval compared to
the trajectory used in Fig. 8. The most logical explanation
for these oscillations is of mechanical origin, where the fiber
holder starts resonating at the eigenfrequency of the positioner.
However, this still has to be investigated in more detail.

Just like with the hysteresis, the presence of these oscil-
lations impacts the improved alignment algorithm. Specifi-
cally, determining an optimal coupling position by fitting a
Gaussian model is not practical. Fits will be characterized as
unsuccessful more often and as a consequence the position
at maximum power (still taking into account hysteresis by
separating measurements based on movement direction) is
used as the optimal coupling position.

G. Applications

The trajectories offer a wide variety of applications. Two
types have been used in this work: 2D scan and height scan.

1) 2D scan: The trajectories can be executed on the lateral
and vertical axis of the fine movement stages. They are used at
two locations in the alignment sequence. The first application
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Fig. 7. Power as a function of vertical position of a waveguide mode profile,
using a 2.5 µm by 2.5 µm vertical snake trajectory with line distance and path
length interval 0.1 µm. Executed with a trajectory velocity 73 µm/s.
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Fig. 8. Power as a function of vertical position of a waveguide mode profile,
using a 2.5 µm by 2.5 µm vertical snake trajectory with line distance and path
length interval 0.1 µm. Executed with a trajectory velocity 19 µm/s.

is as a large area scan after coarse positioning to replace
the currently implemented 2D mapping tool, as described in
Sec. III-A. Furthermore, they are used as a small area scan to
replace the iterative hill-climbing alignment on the lateral and
vertical axis. This effectively creates a realignment algorithm
which is a hybrid version of iterative hill-climbing on the focus
axis and a trajectory scan on the lateral and vertical axes. Here,
one complete iteration cycle consists of performing a scan on
the lateral and vertical axes and a hill-climbing realignment
on the focus axis, for both sides.

2) Height scan: The second application of the trajectories
is a height scan. As explained in Sec. II-B, part of the
measurement sequence consists of manually aligning the fibers
to reference waveguides. This is done using a camera, where
a top view of the DUT and fibers is used to position the fibers
in lateral and focus direction at the waveguide locations. The
height scan can then be used to position the fibers at the correct
vertical position, something which is not feasible using a top
view. With a snake trajectory, a vertical sweep on one side is
performed efficiently for different height setpoints on the other
side. An example scan can be found in Fig. 9, where the x-
and y-axis represent the vertical coarse position of the left and
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Fig. 9. Example heat map of a height scan with a detected waveguide (area
I), using a 200 µm by 200 µm snake trajectory with line distance 10 µm and
path length interval 5 µm.

right fiber, respectively. Five areas can be distinguished and
are separated by the white dashed lines. Area I indicates the
height positions where both fibers couple light in or out of
the waveguide. In area II, both fibers are below the waveguide
and light is transmitted through the substrate. Areas III and
IV show the power when the left fiber is below and right fiber
is above the waveguide, and vice versa, respectively. Finally
in area V, both the fibers are positioned above the chip. A
waveguide is found by moving the positioners to the position
at maximum power. Here, it is assumed that a waveguide was
detected during the scan and therefore the maximum power is
located in area I.

IV. RESULTS AND DISCUSSION OPTICAL COUPLING
AUTOMATION

As explained in Sec. III-G, the trajectories are used as a 2D
scan on the lateral and vertical axes after coarse positioning
and in combination with the hill-climbing algorithm in focus
direction. For both cases, a trade-off between execution time
and being able to detect a waveguide has to be found. This
means finding a suitable trajectory size, line distance, and
path length interval. Furthermore, the performance of the 2D
trajectory after coarse positioning and the hybrid alignment
algorithm of the iterative scan (XY) with hill-climbing (Z)
have to be evaluated, which is done experimentally.

A. Mapping sizes

The map size of the 2D scan used after coarse positioning
was obtained by performing 303 alignments to angled facets
and recording the lateral and vertical fiber position before and
after 2D scanning. A histogram of the position difference
can be found in Fig. 10, where it can be seen that the
difference does not exceed 6 µm. Therefore, the dimensions of
the snake trajectory are set to 15 µm by 15 µm. In addition, the
trajectory is oriented vertically and the line distance and path
length interval are set to 1 µm and 0.5 µm, respectively. These
parameters are based on the expected waveguide dimensions
2 µm by 0.5 µm [2].
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complete iteration of the iterative map (XY) with hill-climbing (Z) algorithm,
with bin size 0.1 µm.

Similarly, the map size used for the 2D scan (XY) in combi-
nation with the hill-climbing algorithm (Z) was also obtained
experimentally by performing 237 alignments to angled facets
with ten complete iterations each. The fiber position difference
between 2D mapping and the first alignment iteration, and
the fiber position difference between subsequent alignment
iterations is recorded. A histogram of this position difference
can be found in Fig. 11, where it can be seen that most absolute
differences lie between 1.25 µm. Therefore, a mapping size of
2.5 µm by 2.5 µm was chosen, with a line distance and path
length interval of 0.1 µm. This ensures that if fitting fails, a
coupling position close to the optimum can still be found by
moving to the position at maximum power, while keeping the
trajectory execution time below a second.

B. Performance of alignment algorithms

To compare the performance of the iterative hill-climbing
(XYZ) algorithm with the iterative map (XY) and hill-climbing
(Z) algorithm, a series of measurements were performed. Both
algorithms have been executed to perform alignment to ten

straight passive waveguides on a SP26 SMART Photonics test
chip, where each waveguide was measured three times, for a
total of 30 observations. Furthermore, the performance of both
algorithms has been evaluated using angled fibers during align-
ment to 48 different waveguide combinations of the AWGs
on the SP1021 chip. The power and alignment time after
each alignment step are saved and the power measurements
are normalized to the overall maximum observed power per
waveguide.

1) Straight fibers: Fig. 12 shows the average normalized
power as a function of alignment time, with the shaded region
indicating the standard deviation (STD), for the straight fiber
measurements. The vertical dashed lines indicate the start
of a complete iteration cycle. Here, a decrease in overall
alignment time of 34% can be seen, which results from the
fact that the alignment time on the lateral and vertical axes
for both sides has been decreased from 22 s (5.5 s per axis)
to 5.3 s (1.3 s per axis). The fact that the average normalized
power for both alignment algorithms does not fully converge
to 0 for increasing time, results from the fact that in some
cases the iterative hill-climbing algorithm and in other cases
hybrid algorithm was able to attain a higher power. The small
decrease in final power of 0.06 dB of the hybrid algorithm is
due to the inaccuracy of the fitting caused by the arcs of the
trajectory. When removing the arcs from the measurements,
similar to what is shown in Figs. 7 and 8, the iterative mapping
(XY) with hill-climbing (Z) algorithm is able to attain the same
final alignment power. This means that the proposed way of
dealing with hysteresis and oscillations is sufficient to remove
the negative impact on alignment accuracy of these effects.

The limiting factor in further decreasing the overall align-
ment time is the hill-climbing realignment algorithm on the
focus axis, which takes up 83% of the overall alignment
time. Assuming a similar execution time as with the lateral
and vertical axes (1.3 s), employing the trajectories on the
focus axes will result in a theoretically possible alignment
time of 16 s for two complete iteration cycles. This is a
decrease of 86% compared to the hill-climbing (XYZ) al-
gorithm. Additionally, time can be gained by optimizing the
controller configuration to execute a trajectory, and retrieval
and processing of power and position measurements, which
is currently the limiting factor in decreasing realignment time
on one axis. It is, however, difficult to quantify the time gain
from this optimization.

2) Angled fibers: The results for the alignment with angled
fibers can be found in Fig. 13, where a decrease in overall
alignment time after ten complete iterations of 44% percent
can be observed. It can also be seen that convergence takes
significantly longer for both algorithms in comparison to
straight fibers. This originates from the fact that alignment
is not performed in the focal direction of the fibers, but
along the Z axis, which causes a staircase-like optimization
behavior. Additionally, the hybrid algorithm it is able to attain
a 0.4-dB power increase on average. This power increase is
not uniform as indicated by the large spread of the iterative
hill-climbing algorithm. At this moment, the origin of this
significant increase is not entirely clear. One hypothesis is that
the coupling profile of the modes from the angled fiber into
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a waveguide is more complex and contains a local maximum
from which the hybrid algorithm is able to recover more easily.

An alignment power convergence similar to the one obtained
using straight fibers (Fig. 12) can be achieved by revising
the hill-climbing algorithm to perform alignment in the focal
direction of the fiber (X and Z) instead of just the focus
axis. With the current configuration, it is not possible to
execute the trajectories in the focal direction of the fibers.
However, besides 2D scans using line-arc trajectories, the
controller also allows for efficient scanning in up to eight
dimensions. This can be used to address the staircase-like
optimization behavior for angled fibers, where a scanning
pattern can be created that optimizes in the focal direction
of the fibers. In addition, creating a pattern to scan all six
axes simultaneously, like with the FMPA system [3], will
further decrease alignment time as it removes the still present
iterative nature of the algorithm. It should be noted that these
patterns need to be designed carefully to avoid colliding with
the chip when moving in focus direction. The exact decrease
in alignment time using these multi-dimensional patterns is
currently difficult to estimate, but it can be assumed that
the expected alignment time of 16 s (see Sec. IV-B1) can be
achieved at least.

C. Impact on complete measurement sequence

Finally, the impact of all implemented alignment improve-
ments is tested using the automated measurement sequence to
characterize eight AWGs (52 input-output (IO) combinations)
on the SP1021 chip. First a baseline is obtained, where the
fiber realignment to the AWGs is done using the current
algorithm; the step-wise 2D mapping tool and the iterative
hill-climbing realignment algorithm with ten complete itera-
tion cycles. Next, the performance of the new algorithm is
evaluated using the same measurement sequence, where the
2D mapping and the hill-climbing algorithm are replaced by
the 2D trajectory scan and the iterative map (XY) with hill-
climbing (Z) realignment algorithm, respectively. The results
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Fig. 13. Performance of realignment algorithms with angled fibers: average
power normalized to the maximum observed power per waveguide as a
function of alignment time. The shaded areas indicate the standard deviation,
and the vertical dashed lines indicate the start of a complete iteration cycle.

TABLE I
TOTAL MEASUREMENT TIME OF EIGHT AWGS (52 INPUT-OUTPUT
COMBINATIONS) USING DIFFERENT REALIGNMENT ALGORITHMS

Description Alignment
time

Total
time

Current
algorithm

Step-wise 2D mapping
and iterative hill-
climbing

393 min 459 min

New
algorithm

2D trajectory scan and
iterative map (XY) with
hill-climbing (Z)

199 min 265 min

can be found in Tab. I, were a decrease in total measurement
time of 42% can be seen. Although this is a substantial
improvement, 75% of the total measurement time is still
devoted to fiber alignment. The main reason for this is the
staircase-like behavior when optimizing the fiber position in
focus direction, which takes up 56% of the total measurement
time. Using a theoretical realignment time of 16 s of the hybrid
alignment algorithm (see Sec.IV-B2), the same eight AWGs
with 52 IO combinations can be characterized in 85 min, a
decrease in overall measurement time of 82%.

V. AWG ANALYSIS MODULE

The automatic characterization of AWGs results in a lot of
measurement data in a relatively short time space. To further
increase overall testing throughput, an AWG analysis module
was developed. This section describes the extracted parameters
and their extraction algorithms, and Sec. VI illustrates the
working of the module using an example analysis on obtained
AWG measurement data.

A. Input data

The input of the module is AWG transmission data of
Nch × 1 or 1 × Nch input-output (IO) combinations,
where Nch is the total number of channels of the AWG.
This transmission data can either be measured or simulated.
Furthermore, the designed central wavelength and free spectral
range (FSR) should be present. These parameters are used in
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TABLE II
OVERVIEW EXTRACTED AWG PARAMETERS

Parameter Symbol Description
Per peak (separately for each peak in one input-output combination)
Peak height Pp Peak power (data)
Peak location λp Wavelength at peak power (fit)
L-dB
bandwidth

∆fL Width of the passband at L dB below the
peak height (data)

Peak skewness - Skewness of the peak determined from the
fit

Per channel (separately for one input-output combination)
Free spectral
range

∆fFSR Difference between successive peak loca-
tions of one input-output combination (fit)

Per FSR order (Nchx1 or 1xNch input-output combinations)
Central
wavelength

λc Peak location of the central channel (mid-
dle input to middle output) (fit)

Insertion loss L0 Distance from the central channel (middle
input to middle output) peak height to
0 dB (data)

Channel spac-
ing

∆fch Difference between successive peak loca-
tions across successive input-output com-
binations (fit)

L-dB crosstalk
neighboring

CTN, L Maximum power of neighboring input-
output combinations (normalized to peak
height), evaluated for each peak within the
wavelength range at L dB below the peak
height (data)

L-dB
crosstalk non-
neighboring

CTNN, L Maximum power of non-neighboring
input-output combinations (normalized to
peak height), evaluated for each peak
within the wavelength range at L dB be-
low the peak height (data)

Non-uniformity Lu Difference in peak height between the
central channel and outer channels (data)

Polarization
shift

∆fpol Difference in peak locations between TE
and TM measurements (fit)

extracting the central wavelength and peak detection, respec-
tively, as described in Sec. V-C.

B. Extracted parameters

A summary of the extracted parameters can be found in
Tab. II, where it is indicated if the parameter is extracted
from the data or a fit. These parameters are based on the
AWG characteristics as presented in [12]. To illustrate these
parameters, the symbols are shown in example parameter
extraction figures. An example power spectral density (PSD)
of nine AWG transmissions can be found in Fig. 14, where
ten different peaks can be distinguished (one IO combination
shows two peaks). The parameter extracted from each IO com-
bination (FSR) separately is shown in Fig. 14. The parameters
extracted from multiple IO combinations (central wavelength,
insertion loss, channel spacing, L-dB crosstalk, L-dB crosstalk
non-neighboring, and non-uniformity) are also presented in
Fig. 14. Finally the single peak parameters (peak height, peak
location, and L-dB bandwidth) with the corresponding fit can
be found in Fig. 15.

C. Extraction algorithms

1) Reference waveguide analysis: Before AWG measure-
ment data can be processed, the analysis of reference waveg-
uides is performed to account for light source and equipment
specific PSD characteristics. This is done by calculating a
reference spectrum and a useful wavelength range.

The reference spectrum is calculated by taking the mean of
a selection of transmission spectra through reference waveg-
uides. This selection is performed based on the maximum
measured power. If a certain waveguide experiences a sig-
nificant additional loss compared to the other waveguides, it
is not taken into consideration when calculating the reference
spectrum.

To ensure the measurements are not affected by the dynamic
range of the OSA, the useful wavelength range is defined as
the 10-dB bandwidth of the mean reference spectrum.

2) Normalization: Normalization of the AWG transmission
data is performed to remove the light source spectrum shape,
measurement setup loss, coupling loss, and passive waveguide
loss. After analysis of the reference waveguides, all spectra are
first interpolated linearly on the same wavelength range based
on the wavelength resolution and useful wavelength range.
This enables normalization of the AWG measurement data to
the reference spectrum.

3) Peak detection: To enable the calculation of parameters
as described in Sec. V-B, the peaks must be detected first. After
normalization with the reference spectrum, it can be safely
assumed that the peaks of one transmission are approximately
the same height. This invites the use of a straight-line thresh-
olding technique, where the threshold is set to the mean of
the PSD for each IO combination separately. This effectively
acts as a pessimistic initial estimate of the crosstalk level.

A shortcoming of the straight-line thresholding is that it
does not distinguish between main lobes, side lobes, and cut-
off peaks due to truncation of the transmission data within the
useful wavelength range. To address this, the peak detection
algorithm in the Python SciPy package offers the use of the
parameters prominence and minimum distance between peaks
[13], where prominence is the minimum height to descend to
still find higher terrain. In the analysis module, the prominence
is set to highest L dB based on the desired L-dB bandwidth(s)
to be extracted. Furthermore, the minimum distance is set
to 90% of the designed FSR to take into account possible
deviations from the design value.

These peak locations are then cross referenced with the
groups determined from straight-line thresholding, and a group
is characterized as a peak when it contains a peak location.
An example peak detection can be found in Fig. 16, where the
threshold is indicated by the orange horizontal line, the peak
locations obtained using the SciPy peak detection algorithm
are indicated by the green vertical lines, and the resulting peaks
are shown in red.

4) Fitting: To determine the exact location and quantify
the shape, a fit is used. As the intensity of the light as a
function of the wavelength from a single output waveguide
can be approximated by a Gaussian beam [12], the top half of
each peak is fitted with a skewed Gaussian model given by

f(x) =
A

σ
√
2π
e−

1
2 (

x−µ
σ )

2
[
1 + erf

(
α(x− µ)
σ
√
2

)]
(3)

where A is the amplitude, µ is the location, σ is the scale, α is
the shape, and erf is the error function [14]. These parameters
are used to calculate the location (argmax f(x)) and skewness
of the peak, which is a value in the interval (−1, 1). Here,
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Fig. 14. Power spectral density of nine AWG transmissions with indicated parameters extracted per channel; free spectral range (∆fFSR). And for multiple
channels; central frequency (λc), insertion loss (L0), non-uniformity (Lu), channel spacing (∆fch), 3-dB crosstalk neighboring (CTN, 3), and 3-dB crosstalk
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Fig. 15. Power spectral density of one peak in of one AWG transmission
with indicated parameters per peak; peak location (λp), peak height (Pp), and
3-dB bandwidth (∆f3).

a negative skewness means a tilt to the right and a positive
skewness means a tilt to the left. It is used as an indication
for the quality of the peaks.

5) Parameters: After peak detection and fitting, parame-
ters can be extracted. To not be limited by the wavelength
measurement resolution, the exact peak location is determined
from the fit. Furthermore, to disregard possible overestimation
of the peak height from the fit, the maximum measured power
is used as peak height.

Next, based on the peak locations, the FSR orders are
determined. The number of peaks belonging to first FSR
order is found by looking at where the peaks of the two
outer channels ’meet’ for the first time. The outer channels
are determined from the physical location of the waveguides
on the AWG. After this, each peak is assigned to one FSR
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Fig. 16. Normalized power spectral density of an input-output combination
of an AWG to illustrate the peak detection algorithm.

order, where each complete FSR order contains Nch peaks,
one from each IO combination. For example in Fig. 14, the
outer channels (gray and yellow) meet between the first (left
most) and second peak. This means that the first FSR order
contains only the first peak, and the second FSR order contains
the second to tenth (right most) peak.

For each peak, the L-dB bandwidth is calculated by thresh-
olding the data at L dB below the peak height, and calculating
the intersection between this threshold and the data.

The FSR is calculated per IO combination by taking the dif-
ference between two consecutive peak locations. For example,
if one IO combination contains peaks 1, 2, and 3, the FSR is
calculated between peaks 1 and 2, and 2 and 3.

The central wavelength and insertion loss are determined
from the peak location and peak height, respectively, of the
central IO combination for each FSR order. In the case of
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an even number of channels, a mean central wavelength
is calculated on the peak locations of the two central IO
combinations. The insertion loss is given as the minimum
distance from peak height of the central channel(s) to 0 dB.
Furthermore, the FSR orders are labeled according to their
central wavelength, with FSR order 0 being the order with its
central wavelength closest to the design value.

The channel spacing is determined from the peak locations
of successive IO combinations in each FSR order, meaning
an FSR order containing Nch channels will result in Nch − 1
channel spacings.

The L-dB crosstalk neighboring is calculated using the so-
called ‘rectangle’ method. For each peak, a wavelength range
is determined at L dB below the peak height. Next, the raw
data of neighboring transmissions are evaluated within this
wavelength range, and the maximum value normalized to the
peak height is taken as the crosstalk value of that peak. The
maximum is taken, instead of the exact intersection between
the border of the rectangle and the raw data, to account for
the presence of sidelobes.

Similar to the neighboring crosstalk, the L-dB crosstalk non-
neighboring is also performed using the ‘rectangle’ method.
For every peak, the maximum value of the non-neighboring
transmissions within the rectangle is determined.

Finally, the non-uniformity is determined by the peak height
difference between the central IO combination (or IO combi-
nations in the case of an even number of channels) and outer
IO combinations.

D. Analysis report

To enable quick validation of a particular AWG design, a
clear and concise analysis report was designed. It includes a
one-page analysis summary and a detailed analysis containing
a set of plots. The summary is formatted using reStructured-
Text (RST), which is an easy to read and lightweight markup
language [15]. Using Pandoc, RST can be easily converted to
other wide-spread used formats like Microsoft Word, PDF, or
HTML [16] for example.

1) Summary: The summary consists of several parts; design
data, sample data, session data, and a parameter summary.

In the design data part, a table containing relevant design
parameters is provided. This includes the building block name,
number of input and output channels, central wavelength,
channel spacing, and FSR. It provides a quick overview of
the design characteristics.

Parameters in the sample data table include wafer name,
cell name, die name, input ports, and output ports. These
parameters can be used as identifiers when comparing the same
building block across different cells or dies.

The parameters in the session data table describe the par-
ticular measurement session in which the data was obtained.
This includes the date, session identifier, reference input and
output ports, and the polarization. When comparing different
measurement sessions of the same building block on the same
chip, these parameters can be used as identifiers.

Finally, the last part of the analysis summary is an extracted
parameters table. This table contains the minimum, maximum,

mean, and percentage standard deviation (%STD) of the
extracted parameters calculated on the central FSR order, with
the exception of the FSR itself, which is calculated on each IO
combination. Furthermore, the design values of the parameters
in the design data table are also presented here to enable a
quick comparison.

2) Detailed analysis: In some cases, the parameter sum-
mary might not give enough information. For example, when
the %STD is relatively high, it may be worth looking at the
measurement data and analysis results in more detail to see
if a particular IO combination exhibits a high loss. For this
reason, the analysis report also features a detailed analysis
part. Here, all calculated parameters are shown per FSR order
(central wavelength, insertion loss, and non-uniformity), per
IO combination for each FSR order (3-dB bandwidth, 3-dB
crosstalk neighboring, 3-dB crosstalk non-neighboring) and
for each FSR order pair (free spectral range), or per IO
combination pair for each FSR order (channel spacing). The
goal of this part is to enable quick identification of parameter
outliers.

VI. RESULTS AND DISCUSSION AWG ANALYSIS MODULE

To illustrate the working of the analysis module, this section
shows an example analysis with several characteristic plots and
a parameter summary for the AwgA00 building block located
on the SP1021 chip, see Fig. 1. This measurement data was
obtained using the automated measurement sequence.

A. Measurement data normalization

The measured power spectral density with TM polarization
of AwgA00 for nine different IO combinations can be found
in Fig. 17. Reference waveguide analysis is performed and
the reference spectrum with a useful wavelength range is
obtained. They are both also shown in Fig. 17, where the
useful wavelength range is indicated with the black vertical
dashed lines. The AWG transmission data is normalized using
the reference spectrum and the result can be found in Fig. 18.
Here, it can be seen that measurement setup loss, coupling
loss, passive waveguide loss, and the roll-off due to the
broadband source are removed.

B. Peak detection and parameter extraction

Next, peak detection is performed and the peaks with
their corresponding fits are analyzed. The resulting peak
locations (indicated with the green points), the 3-dB crosstalk
neighboring range (indicated by the blue shaded area), the
intersection points of the 3-dB crosstalk neighboring range
with the neighboring peaks (indicated by the blue points),
3-dB crosstalk non-neighboring range (indicated by the red
shaded area), and intersection points of the 3-dB crosstalk non-
neighboring range with the non-neighboring peaks (indicated
by the red points) are presented in Fig. 18. Furthermore, the
vertical lines indicate the borders of the detected FSR orders,
with 0 being the central FSR order.
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Fig. 17. Measured power spectral density of AwgA00 for nine different input-
output combinations. The calculated mean reference spectrum and the bounds
indicating the useful wavelength range are shown by the black solid and
dashed lines, respectively.

C. Analysis results

Finally, Tab. III shows the extracted parameter summary of
the central FSR order, with the exception of the FSR itself,
which is calculated on each IO combination. As can be seen,
this table provides a quick and easy to read overview of
the AWG performance, with room to expand for additional
parameters. The parameters central wavelength and insertion
loss are put in the Min column, as there is only one value
for these parameters available on the central FSR order. One
parameter that needs some improvement is the skewness. It is
meant to indicate the quality of the peaks, but the value might
seem a bit arbitrary. Indicating the peak quality with a figure
of merit, containing the skewness and fit residuals quantified
by chi-squared, for example, is something to look into.

When looking at the 3-dB crosstalk neighboring, a %STD
of 9 can be seen. As an illustration of the detailed analysis, the
3-dB crosstalk neighboring as a function of IO combination
for each complete FSR order is shown in Fig. 19. The outliers
of the central FSR order can be quickly distinguished here.
It should be noted that this is possible because the number
of channels and number of FSR orders is relatively low. A
table format will likely provide a better overview for a larger
number of channels and/or FSR orders.

Something which is still missing is an extension of the
module which is able to analyze multiple analysis summaries.
Such an extension will enable quick and easy tracking of AWG
designs over time, where the parameters in the sample data
table can be used as identifiers. For example, the input of
such an extension would be the analysis summaries of one
AWG design measured on several different dies. The resulting
output is an analysis report indicating the spread of extracted
AWG parameters across the different dies.

VII. FUTURE WORK

Improvements which can be made to the realignment al-
gorithm and automated measurement sequence include the
following:
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Fig. 19. Detailed analysis of parameter 3-dB crosstalk neighboring as a
function of input-output combination for each FSR order, extracted from
AwgA00 measurement data.

1) Due to the angle of the fibers, the overall character-
ization time of AWGs is limited by the staircase-like
optimization behavior when realigning the fiber along
the focus axis. Alignment time can be significantly
decreased if the fiber positions are optimized along the
focal direction of the fibers instead.

2) Besides 2D scans, the Newport XPS-Q8 controllers are
also able to perform efficient scanning in up to eight
dimensions. Creating an efficient pattern to scan all sixes
simultaneously, like with the FMPA system [3], will
further decrease alignment time.

The AWG analysis module can be improved in the following
way:

1) Using a figure of merit, instead of just the skewness,
will provide a better indication of the peak quality. This
can be done by, for example, combining the skewness
parameter with the fitting residuals quantified by chi-
squared.

2) Formatting the detailed AWG analysis results with tables
is a better way of representation, especially when the
number of IO combinations and/or FSR orders is large.

3) The module should be extended with a tool to visualize
the results of multiple analyses. This will enable easy
tracking of the performance of a particular AWG design
over time in a structured manner.

VIII. CONCLUSION

In the context of photonic integrated circuit testing, auto-
mated optical coupling and measurement data analysis are
two important tasks. This paper showed the implementation
of an improved automated optical realignment algorithm. The
already implemented algorithm has been replaced and sped
up by exploiting the hardware capabilities of the positioner
controller. The performance of the new algorithm has been
validated by optical characterization of a passive test chip
containing eight arrayed waveguide gratings (AWGs) with a
total of 52 input-output combinations. A significant decrease
in overall measurement time of 42% has been achieved, with
a 0.4-dB increase in average final coupling power. With the
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TABLE III
PARAMETER SUMMARY OF THE CENTRAL FSR ORDER FROM AWGA00

Parameter Unit Min Max Mean %STD Design
Central wavelength nm 1552.51 1550
Channel spacing GHz 375.82 415.7 398.65 2.65 400
Free spectral range GHz 3565.15 3655.97 3608.95 0.63 3600
3-dB bandwidth GHz 195.69 228.16 213.18 5.2
3-dB crosstalk neighboring dB 9.65 13.67 12.03 9.18
3-dB crosstalk non-neighboring dB 25.9 30.26 28.67 4.32
Insertion loss dB 1.98
Non-uniformity dB 1.94 2.24 2.09 7.15
Polarization shift GHz 6.12 15.24 9.85 32.7
Peak skewness -0.02 0.47 0.15 102.25

implementation of the suggested improvements, a minimum
decrease in overall measurement time of 82% is expected.
Furthermore, to deal with the increased amount of AWG
measurement data in a shorter time frame, an AWG analysis
module has been developed. This further increases testing
throughput and aids in data analysis standardization. As a
result, the module outputs a one-page analysis summary,
including key AWG parameters such as central wavelength,
free spectral range, and crosstalk level. This enables quick
and easy validation of AWG designs and aids in speeding up
the overall measurement process.
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