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Abstract: We demonstrate a broadband digital Fourier Transform (dFT) spectrometer ad-
dressing wavelength monitoring applications in the 2.3-um wavelength range. The spec-
trometer is built in a silicon-on-insulator platform and the design allows its fabrication with
CMOS-compatible tools. We report an operating bandwidth of 130 nm around 2.3-.m wave-
length using an efficient algorithm for sparse spectra to retrieve the wavelength with an accu-
racy of 100 pm. The spectrometer can also resolve two laser lines up for dFT spectrometers,
which takes advantage of the sparse nature of the spectrum.

Index Terms: Silicon Nanophotonics, Integrated Photonic Systems, Spectroscopy.

1. Introduction

The wavelength range from 2 to 3 um has been attracting considerable attention in recent years
due to the growing interest in several applications of optical spectroscopy such as industrial and
environmental monitoring, health care and chemical sensing [1]-[3]. The quest for integrated ap-
proaches to address these applications has fostered a large amount of work to develop platforms
and components at wavelengths beyond the telecommunication window [3]-[5].
Arrayed-waveguide gratings (AWGs) and echelle concave gratings (ECGs) are well-known ap-
proaches in integrated photonics to build robust dispersive elements for spectrometers [6]-[8].
However, these approaches are characterized by a large footprint to accommodate a large band-
width and high resolution. A different Fourier Transform (FT) based approach relies on integrated
spatial heterodyne spectroscopy (SHS) [9]-[12]. For example, an SHS FT approach based on an
array of Mach-Zehnder interferometers (MZIs) with linearly increasing optical path delays (OPDs)
in a silicon-on-insulator (SOI) platform was recently demonstrated [11]. Although this approach
does not suffer anymore from the resolution limitations of AWGs and ECGs, its footprint still scales
linearly with the number of channels (to achieve a given resolution and spectral bandwidth simul-
taneously) as well as the number of output ports and required detectors, if no MZI modulation is

Vol. 11, No. 3, June 2019 6601709


https://orcid.org/0000-0002-6889-2012
https://orcid.org/0000-0002-7712-2183
https://orcid.org/0000-0002-4667-5092

IEEE Photonics Journal Broadband Digital Fourier Transform Spectrometer

Combiner
2x1 MMI

Spplitter (e Combiner
b Avlvigj\ ————(—(—Y(——(———— T ————————/ - — — —— 2x2 MMI

Switch Bl Switch L,
MZI 2k L, - 22<2AL

\ VAW

Bottom arm

Combiner
2x1 MMI

Fig. 1. Schematic of the dFT spectrometer design adopted in this work inspired by the initially dFT
spectrometer proposed design [17]. Every stage has a top and a bottom arm with same lengths.
k=1,2,3with Ly = Ly 4+ 222AL.

employed [8]. This latter limitation on the number of detectors is also present in other stationary
FT approaches which require spatial or spectral sampling of a waveform [13]-[15]. Compressive
sensing approaches can reduce the number of MZIs required to achieve a given resolution, however
the scaling behavior remains still linear [11].

Recently, a new approach named digital Fourier Transform (dFT) spectrometer, schematically
represented in Fig. 1, has been proposed to reduce the device footprint leading to an exponential
scaling of the number of channels as a function of the number of elements providing an OPD,
while using only a single detector [16]. The concept in Fig. 1 was originally implemented using
a cascade of unbalanced MZIs where each of the stages comprises a switch. Depending on the
specific configuration of each switch, OPDs between the top and the bottom arms of the dFT
spectrometer can be modified in a reconfigurable manner. In fact, if the stages are switched purely
in a binary way i.e. light is sent only in one of the two arms of each MZI stage, then 2/ configurations
are possible where j represents the number of switches. This means that the number of channels
scales exponentially with the number of stages according to [17]:

1 a2

N~ o ——
2N ngAL

(1)
where 6i represents the channel width, N is the number of switches, ny is the group index, A is
the wavelength in vacuum and AL is the increment step of the OPDs. Such configuration avoids
to have 1 OPD element per channel as in the case of spatial heterodyne spectrometers, hence
reducing the chip area required to implement all channels and their routing to photodetectors. It
allows to build very compact spectrometers which can provide, with a limited number of stages and
footprint, sub-nm spectral resolution according to the Rayleigh criterion [3], [18]. The dFT approach
has been recently proposed and experimentally demonstrated near 1550 nm wavelength on an SOI
platform over a bandwidth of 20 nm [16], [17]. For an arbitrary input spectrum, machine learning
and regularization methods are required to ensure a reasonable spectral reconstruction. Another
dFT spectrometer design has been recently proposed exploiting the same principles, but with a
different way of implementing the OPD elements [19]. Here, we investigate the dFT spectrometer
approach exploiting a variant of the design initially proposed by Kita and co-workers, but focusing
on wavelength tracking applications [17]. Our design in the 2.3 um wavelength range targets
applications such as Vernier-based widely tunable lasers stabilization, which require wavelength
monitoring as feedback mechanism [20]. Tunable and broadband integrated semiconductor lasers
in this wavelength range are of great interest for various biomedical and gas sensing applications
[21], [22]. Furthermore, this approach allows to monitor multiple closely (sub-nm) spaced laser
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lines at the same time. Compared to prior art on dFT spectrometers, we provide further insight in
terms of reconstruction techniques to achieve better accuracy, resolution and reduced number of
configuration states. In particular, we demonstrate that the dFT approach for wavelength monitoring
applications presents a large robustness which does not require to balance each MZI stage by
means of tap ports as done by Kita and co-workers, while still achieving correct operation over a very
broad wavelength range [17]. Several other approaches have been proposed so far for integrated
wavelength monitoring, however they are generally characterized by a reduced bandwidth, large
footprint, limited resolution or use of multiple photodetectors [20], [23]-[26]. Besides, they are limited
to monitoring only a single line.

2. Theoretical Background and Design

The working principle of the dFT spectrometer approach (see Fig. 1) consists of acquiring the
stationary interferogram for N different OPDs of the reconfigurable MZI from which the input can
be reconstructed using FT-based methods [9]. Delay lines in the lower arm allow a negative (with
respect to the common arm of length Ly in every stage) delay of —22¥-2 AL, while those in the upper
arm allow a positive (with respect to the common arm length L) delay of 22-"AL, where AL is
obtained from Eq. (1). Here, Ly is equal to L1 + 222 AL with L4 a constant offset. In practice, fabri-
cation imperfections, dispersion, deviations in power splitting and loss effects complicate the direct
FT reconstruction method. To circumvent this, a calibration step is performed which measures the
exact wavelength response for each state of the re-configurable spectrometer. The N x M calibra-
tion matrix A represents the system response for N = 2/ configurations of switches (all the binary
combinations available) at M wavelength points. In this work j is 6 as we used 3 stages allowing
N = 64 binary configurations. Once the calibration is performed i.e. the matrix A is obtained, several
techniques can be adopted to retrieve the spectral response depending on the characteristics of
the input signal. The spectroscopic system can be described by the following linear relation [16]:

y = Ax 2)

where x is the unknown 1xM vector of wavelength points sampling the spectrum and y is the vector
of the N measured configurations. Since N < M, thisis an ill-posed linear problem and regularization
methods are needed. In the current work only wavelength monitoring applications are targeted and
therefore it is assumed that x(1) is a sparse vector. The unknown spectrum is computed using two
methods: the first one involves the calculation of the Moore-Penrose least-squares (LSQR) inverse
of A and the second one takes the sparsity into account by solving the convex optimization problem
using the least absolute shrinkage and selection operator (LASSO) [11], [17]:

min . [IAx —yll2 subjectto |[[x|ls <t ()
M=
with t a pre-specified parameter which scales with the sparseness of the solution. For t — oo, the
LSQR solution is found. The problem is solved efficiently using the non-negative spectral projected-
gradient algorithm (SPGL) in Python [27], [28]. The design layout is reported in Fig. 2. A 400 nm
thick silicon device layer and 3 um thick buried oxide (BOX) layer have been used. A single-mode
800 nm wide rib waveguide, defined with a 180 nm deep etch, has been used for the MZIs and
the routing, while the bending radius was 40 um. The grating couplers are designed for 2.28 um
wavelength using a single partial etch step. The minimum optical path length difference AL was
10.825 um and it was set by using Eq. (1) with a group index ny = 3.75 and a spectral channel
bandwidth §A = 2 nm. The constant offset L1 = 770 um in each spiral corresponds to the minimum
dimension allowing to have a spiral waveguide (for compactness) satisfying the design conditions
i.e. bending radius and inter-spiral spacing. Grating couplers are used for input/output coupling. DC
pads 150 um x 100 um wide are used to drive the thermo-optic switches. The output is split into
two arms to allow, at a later stage, the integration of a photodetector, while still being able to monitor
optically the complementary output arm. Its overall footprint (complementary output excluded) is
4.57 mm x 1.16 mm. The footprint can be further reduced by exploiting also a full etch step, reducing
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Fig. 2. Layout of the 3-stage dFT spectrometer. A complementary port, 1.45 mm away for the output
grating, is not reported for drawing clarity.

the bending radius as well as by relaxing the constraint on matching the layout to the 500 um x
500 um grid due to stitching issues proper of e-beam lithographic tools. We expect a factor of 3-4
improvement in the footprint by doing so. Heaters are placed on one arm and 2 x 2 MMIs are
used at the input/output of the switches. A straight 2 xm wide waveguide with input/output grating
couplers has been added to estimate the on-chip insertion loss.

3. Fabrication

For fast prototyping purposes, the patterning of the 400 nm thick device layer has been performed
with e-beam lithography. However, all the minimum feature size dimensions can be achieved us-
ing industry-standard silicon fabrication tools. A 180 nm deep etching has been carried out using
reactive ion etching to define rib waveguides. The layout has been matched to a 500 x 500 um?
grid in order to minimize stitching issues due to adjacent patterning fields. These issues would
impact the insertion loss of the device and have been minimized by placing grid lines onto MMls
central multimode sections or onto 2 um wide waveguides (with respective tapers) in other crit-
ical locations to increase the device tolerance and to reduce the insertion loss. Afterwards, a
1.5 um thick SiO, layer has been deposited to enable heater integration. Heaters are based on a
150/10 nm thick Ti/Au bi-layer. Au wires and pads are then fabricated by UV lithography. The device
is finally passivated with 700 nm thick BCB layer with openings on pads and grating couplers for
probing.

4. Measurements and Analysis

The measurements have been performed using a Yokogawa AQ6375 optical spectrum analyzer
and an IPG photonics SFTL-Cr-ZnS/Se laser. A polarization controller has been used to adjust for
TE polarization at the grating coupler input. A 26 pin DC probe from GGB industries has been used
to drive the heaters through an in-house designed 64 channel power supply.

The required P, power for the heaters is estimated at 52 mW and was obtained from measuring
anisolated 2 x 2 reference MZI with an extinction ratio larger than 30 dB. It is worth mentioning that
the actual switching power for each stage is slightly different because of different heater resistances.
However, such a difference does not impact the correct operation of the system as observed in our
measurements. The on-chip insertion loss measured at the maximum transmission envelope for all
the combinations was between 7 and 8 dB over a 130 nm wavelength span.

The calibration matrix A was collected on a wavelength grid spanning 160 nm with 0.5 nm steps,
see also the normalized transmission in Fig. 3(a). An example of a spectrum for a given state is
provided in Fig. 3(b). The collection was performed once at ambient room temperature over the
course of few hours. The switching stages are not monitored (no weakly coupled port present) and
the splitting power ratio varies among the switches decreasing the visibility of the interferometric
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Fig. 3. Normalized calibration matrix for all 64 switch combinations (a) The broad wavelength depen-
dency observed is due to the grating coupler response centered around 2.3 um. Such response is
simply an additional contribution which remains constant for all the states. Hence this contribution does
not impact the actual bandwidth of the device provided enough sensitivity of the detector. In a full system
this contribution may not be present depending on the actual input/output light coupling to the chip.
(b) The data is collected over the course of a few hours and without temperature control of the chip. An
example for the switch state combination corresponding to 411 um OPD is shown. (c) The calibration
data is collected on a 500 pm wavelength step grid and interpolated using a spline function to a 50 pm
regular grid.

fringes. Nonetheless, the linear system is proven to be remarkably robust against these issues.
Differently from previous work on dFT spectrometers, here we show that, even if we do not observe
a clear sinusoid for a given state (see Fig. 3(b)), the device performance for sparse spectra are not
compromised [17].

It was found that the accuracy of the spectral recovery can be further increased from 500 pm to
100 pm by interpolating the calibration matrix data points onto a finer 50 pm grid using a spline
function (see also Fig. 3(c)), while a linear interpolation does not improve accuracy, a smooth
interpolation allows to improve the accuracy up to 100 pm. In what follows, a 64 x 3200 calibration
matrix is therefore employed, spanning 160 nm with 50 pm wavelength grid spacing.

The signal-to-noise ratio (SNR) for such spectrometer used as wavelength monitor, defined here
as peak amplitude with respect to the highest maximum at other wavelengths within the bandwidth,
depends on the wavelength as well as on the reconstruction parameters and the wavelength window
considered. In fact, by opportunely reducing such window, the SNR can be increased to arbitrary
values. However, for wavelength monitoring applications, the SNR has a minor importance as only
peak positions are required.

For wavelength tracking applications where the spectrum is sparse and the laser operation is in
a single longitudinal mode, it is sufficient to record only the peak wavelength of the reconstructed
spectrum. To this end, the LSQR solution, which is often adopted and included here for complete-
ness, already provides a reasonable estimate. Two examples of spectral retrieval obtained from
N = 64 consecutive optical power measurements are shown in Fig. 4. The LSQR solution has
clearly more artifacts in the retrieved spectrum than LASSO, however the peak wavelength is close
to the actual wavelength for both methods when limited to the operational bandwidth of 130 nm
centered near 2.3 um. When the input spectrum is located near the edge of such bandwidth as in
Fig. 4(b), aliasing is introduced leading to erroneous wavelength readings. The device bandwidth
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Fig. 4. Reconstructed spectra for an unknown laser input in the calibration span. The global maximum
is used to assert the unknown laser wavelength. (a) Both LSQR and LASSO can recover the peak
wavelength accurately. (b) Wavelengths at the edges of the operation bandwidth are reconstructed
nearly 130 nm away in a consistent manner limiting the actual operation bandwidth. The normalized
spectra are shifted vertically for clarity.

can be evaluated as [11]:

)\'2
Alpy = — 4
oW = st )

which provides a value of 65 nm when evaluated at & = 2.3 um. However, due to the LASSO sparse
algorithm and constraint conditions, only 1 peak is reconstructed (see Fig. 4(b)) at a distance from
the actual wavelength matching twice the calculated Axgy. For the LSQR algorithm, it is possible
to distinguish 3 peaks in Fig. 4(b) located at the reference wavelength and at one and two Axgy
away from it.

To estimate the accuracy of the device, 40 random wavelengths were selected for the laser
input, spanning from 2220 nm to 2380 nm. A single interferogram was collected in each case
and the calibration matrix was used to compute the LSQR and LASSO solutions. The global
maximum of the normalized solution is then compared to the reading of the OSA, see Fig. 5(a). The
parameter t controls the maximum allowed L {-norm of the reconstructed spectrum and influences
the spectral ripples of the reconstructed spectrum. It was found empirically that - = 3.8 was optimal
to simultaneously track a single laser line and to resolve two lines for all conducted measurements.
Alternatively, machine learning techniques could be used to search for the optimal parameter
for each measurement separately without a priori knowledge of the examined spectrum at the
cost of computational time [17]. The aliasing-free region for LASSO solutions is 130 nm and the
wavelength accuracy of the method is about 100 pm. The zero-offset in Fig. 5(b) is due to the fact
that the calibration was performed at different ambient temperature from the actual interferogram
measurements. The temperature dependence of the spectrometer was measured to be 110 pm/°C
by monitoring the device response shift with temperature using a temperature-controlled stage.
The sources of incertitude in our apparatus consist of temperature fluctuations of the controlled
environment, which are estimated to account for +/—55 pm (+/—0.5 °C), and of the OSA resolution,
which was set to 50 pm. These values of incertitude are consistent with the +/—100 pm retrieval
accuracy reported.

Itis believed that further improvement in accuracy can be readily achieved with active temperature
stabilization of the chip and by fixing the optical input/output. The latter is obviously self-fulfilled for
the case of a wavelength monitor for an integrated laser fabricated on the same chip. Besides, by
using athermal MZIs configurations, the required power for active stabilization (if still necessary)
can be further reduced.
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Fig. 5. Spectrometer performance in terms of tracking accuracy. (a) The wavelength is recovered without
aliasing over a bandwidth of 130 nm. The incertitude due to temperature fluctuations was estimated
as +/—55 pm (0.5 °C difference), and the OSA resolution was set to 50 pm. (b) The LSQR algorithm
produces outliers more frequently than LASSO. The accuracy is within 100 pm for 40 measurements
within the bandwidth. The sparseness parameter is set to T = 3.8 for all measurements. The average
error is not zero as the measurements were performed at a different ambient temperature with respect
to the calibration. (c) Wavelength tracking of OPO laser module for a fine-tuning of the wavelength.
The spectrometer can follow a 100 pm step sweep of the wavelength (calibration on a 500 pm grid).
(d) The RMSE is calculated for all the measurements (40) within a 130 nm bandwidth. The compressive
sensing (LASSO) algorithm makes it possible to reach optimal accuracy even when less than 64 states
are used for the reconstruction, i.e. certain states are omitted randomly. The LSQR algorithm is less
reliable due to a higher outlier count.

To assess the wavelength tracking of a fine wavelength sweep of a laser, the emission wavelength
of an optical parametric oscillator (OPO) from Aculight was tuned piezo-electrically to successfully
track the wavelength over a 600 pm window with the same 100 pm accuracy, see also Fig. 5(c). It is
worth noting that without interpolation of the calibration matrix, the accuracy goes back to 500 pm
(the measurement grid).

To estimate the resolution of the spectrometer, the Cr-ZnS/Se solid state laser was multiplexed
with a custom GaSb-based external cavity laser from Brolis Semiconductors and tuned to a certain
line separation, see Fig. 6. Clearly, the LASSO solution is superior to the LSQR solution for evaluat-
ing sparse multimode spectra. The spectrometer can resolve multiple laser lines with a separation
down to 1.5 nm in a single iteration and down to 0.5 nm in a two step algorithm. In the first step,
the reconstruction algorithm runs over the entire wavelength window (130 nm). Within this range, it
locates the central wavelength, which is obtained as a weighted average over the power spectrum.
In the second step, the reconstruction algorithm runs over a smaller wavelength window of 20 nm
centered at the central wavelength determined in the first step. This novel approach of using a two-
window reconstruction algorithm in dFT spectrometers allows to go in resolution beyond what was
previously shown for such spectrometers using sparse spectra. In fact, compared to the channel
resolution of 2 nm, a factor of 4 improvement is obtained in such a way. This improvement factor is
twice higher than what reported in previous work for resolving 2 laser lines [17]. Such improvement
comes from the sparse nature of the spectrum and from the LASSO algorithm utilized as pointed
out in previous work in the two-fold improvement case [17].
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Fig. 6. The spectrometer can resolve multiple laser lines with a separation down to 1.5 nm in one
iteration (a) and down to 0.5 nm in two steps (b). In the second step, the reconstruction algorithm is
limited to a bandwidth window of 20 nm centered at the peak wavelength determined in the first step.

In the context of single mode wavelength monitoring, the presented dFT spectrometer can be
made more efficient by leaving out a number of used OPD states. In this way, it is possible to
reduce the required measurement time (dissipated power), computational resources and footprint
without suffering any penalty on the accuracy. Due to the compressive sensing nature of LASSO,
about 12 randomly selected states (12 rows, roughly 20% of all the states) can be omitted from
the calibration matrix A, whilst retaining the same accuracy as shown in Fig. 5(d). This benefit is
shown to apply also in the case of dFT spectrometers, similarly to other types of spectrometers
[11]. The root-mean square error (RMSE) on the recovered wavelength is calculated for different
total number of states (randomly selected) of the matrix A.

5. Conclusion

In conclusion, we have demonstrated a dFT spectrometer used as a wavelength monitor around
2.3 um with a broad bandwidth of 130 nm. Although the spectrometer is fabricated with e-
beam lithography, its design allows to use deep-UV lithography therefore supporting its CMOS-
compatibility. The results demonstrate its potential to retrieve a given laser line with an accuracy
of 100 pm. The low insertion loss and the large scalability showcase its potential as a wavelength
monitor for broadband applications. Furthermore, we have demonstrated that balancing out the
switching stages is not required to achieve correct operation and high performance over broad
bandwidths thanks to the robustness of the dFT approach for wavelength monitoring applications.
This approach can be extended to other platforms and wavelength ranges provided that they offer
low propagation losses to allow high channel number scalability in terms of insertion loss. In fact,
standard sub-um thick SOI platforms would allow to extend this approach up to near 4 um be-
cause of the limitation in Silicon dioxide absorption above 4 m. Other platforms based on Ge-rich
SiGe can be used to extend the operation range up to ~8 um and potentially throughout the Ge
transparency window up to ~15 um [29]. Compared to previous work on dFT spectrometers, we
experimentally provided new insight in pathways to improve device performance and to reduce foot-
print and computational costs. Future work will be devoted to investigate other degrees of freedom
available such as the possibility of using mix states instead of only a binary choice for the switches
and to integrate it with state-of-the-art photodetectors.
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