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We propose a novel formulation of planar-waveguide
Fourier-transform spectrometers (FTS) as a vehicle for
compressive-sensing (CS) spectroscopy. These spec-
trometers consist of a set of independent Mach Zehn-
der interferometers (MZIs) formed from optical waveg-
uides printed on a photonic chip. The signal from
a set of MZIs comprises an undersampled discrete
Fourier interferogram, which may be inverted using l1-
norm minimization to retrieve an input spectrum that
is assumed to be sparse. We use a subwavelength-
engineered spatially-heterodyned Fourier-transform
spectrometer (SHFTS) on a chip consisting of 32 inde-
pendent MZIs to demonstrate this principle. We suc-
cessfully demonstrate the retrieval of three sparse in-
put signals by collecting data from 14 or fewer MZIs
and applying common CS reconstruction techniques to
this data. We demonstrate that this retrieval maintains
the full resolution and bandwidth of the original de-
vice despite a sampling factor as low as 1/4th that of
non-compressive designs. © 2017 Optical Society of America
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1. INTRODUCTION

Miniature spectrometers are an invaluable tool in many appli-
cations including environmental sensing, biology, medical diag-
nostics, geology, security, and planetary science [1, 2]. They are
particularly sought after in space instrumentation and planetary

exploration where it is desirable to minimize the mass and vol-
ume of all instruments—without compromising performance.
In particular, miniature spectrometers are often deployed for
the purposes of Raman spectroscopy, a fundamental technique
for exominerology and exobiology [3]. One promising platform
for the design of miniature spectrometers is planar waveguide
photonic chips [4]. In such a system, light is collected and routed
through either a dispersive element (DE) [5] or a set of interfer-
ometers as in Fourier-transform spectroscopy (FTS) [6].

Of these two architectures, FTS devices are preferred for their
higher optical throughput and resolving power when compared
with DE-type spectrometers [4, 7]. FTS devices may be realized
in planar-waveguides using a set of Mach Zehnder interferome-
ters (MZIs) with linearly increasing path delays [7, 8]. Such a sys-
tem constitutes a spatially heterodyning Fourier-transform spec-
trometer (SHFTS). In an SHFTS each point in the interferogram—
corresponding to the output of a particular MZI—is captured
independently by a linear detector array, allowing for interfer-
ogram acquisition in a single shot. Limits on detector size and
fabrication capabilities place constraints on the number of MZIs
that may be placed on a single photonic chip, ultimately limiting
the bandwidth and/or the resolution of an SHFTS chip. An
SHFTS is unlike a scanning FTS [9], where the interferogram is
heterodyned in the temporal domain and captured by a single
detector running at a high readout rate.

Compressive-sensing (CS) techniques are highly applicable
to FTS devices [10]; providing a compelling path towards re-
ducing the number of MZIs on a planar-waveguide chip. In a
CS scheme, the input signal is assumed to be sparse, and this
assumption is used to leverage a reduction in the number of sam-
pling points—or MZIs—required to correctly retrieve the input
signal. CS schemes translate well to Fourier-transform devices
as the sensing basis (frequency) and the measurement basis (tem-
poral) are maximally incoherent, meaning that a sparse signal
in the frequency domain will produce a non-zero signal level at
all points in the time-domain [11]. Furthermore, CS schemes are
particularly well suited to SHFTS devices as the sampling points
in the interferogram are collected independently. Therefore, re-
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ducing the number of samples in an SHFTS can have a significant
impact on the footprint of the chip. For instance, a discretely sam-
pled interferogram consisting of M data points—corresponding
to M MZIs—may be reduced to a subset of K < M sampling
points with no loss in information. This advantage cannot be
realized in a scanning FTS, which necessarily collects the full set
of sampling points in the time-domain.

In this paper we combine CS reconstruction techniques with
a FTS realized using planar-waveguide technology in order to
demonstrate enhanced bandwidth with a reduced number of
MZIs. CS FTS devices of this type present an enabling technol-
ogy for miniaturized Raman spectrometers, as Raman spectra
exhibit a high degree of sparsity [12].

2. SUBWAVELENGTH GRATING PLANAR WAVEGUIDE
FTS
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Fig. 1. (Colour online) Light from the spectrometer aperture
is directed to an array of interferometers each consisting of a
50:50 splitter a delay arm (A) and reference arm (B). The delay
arm in the i−th interferometer consists of a pair of subwave-
length mode-converters and a SWG region characterized by
length LSWGi. The reference arm consists of an identical set of
mode-converters, and has a fixed length of 1.5 cm.

The planar-waveguide spectrometer used in this work con-
sists of 32 unbalanced MZIs with linearly increasing optical path
delays (OPDs), as illustrated in figure 1. The OPDs are produced
via engineering a change in the optical propagation constant β
between the two arms of the MZI, rather than by introducing
a geometrical path difference. One arm of each MZI consists
of standard Si-wire waveguides, while the other arm is formed
from a subwavelength grating (SWG), that is, a periodic array
of Si slabs with spacing less than the optical wavelengths of
interest. SWG may be considered as an optical metamaterial
with a propagation constant that is controlled by the periodicity
and the duty-cycle of the grating [13].

The MZIs are fabricated on a wafer consisting of a Si sub-
strate, buried oxide layer, a 260 nm thick Si layer from which
waveguides are formed, and an SU-8 upper cladding. The Si-
wire waveguide width is 450 nm, while the SWG grating has
width 300 nm, grating periodicity 400 nm, and a 50% grating
fill-factor. This results in a group index of the subwavelength
region of nSWG = 1.51, and a group index for the waveguide
region of nWG = 4.38. The mismatch in group index between
the two MZI arms generates the desired phase imbalance, con-

trolled along the array by increasing or decreasing the length of
the subwavelength region in the delay arm.

The first OPD in the set of MZIs is LSWG1 = 470¯m, the
second OPD is 2LSWG1 = 940¯m, the third 3LSWG1, and so on,
up to a maximum OPD of Lmax = 1.5 cm. The wavenumber-
dependent output of each MZI is a cosine transform of the input
spectra; the full complement of these MZIs thus constituting a
discretely-sampled inverse Fourier-transform of the input spec-
tra. The theoretical resolution, δλ, and bandwidth, ∆λ, of the
device are given by

δλ =
λ2

0
Lmax

(nWG − nSWG) (1)

∆λ = δλ M
2 . (2)

Where λ0 is the central wavelength of the device (1550.5 nm),
and M is the total number of MZIs in the device [8]. Experimen-
tally, the resolution and bandwidth of the device are found to
be δλ = 48 pm, and ∆λ = 0.78 nm [13], in good agreement with
the theoretical values.

A key advantage of defining the OPD of each MZI through a
change in index rather than a change in the physical path length
is that the fringe visibility of the MZIs, and hence overall device
sensitivity, is greatly enhanced. Fringe visibility is a product
of the overall optical efficiency of the device, as well as the
imbalance in optical efficiency between MZI arms. The fringe
visibility ν is defined by the contrast in modulation between the
maximum and minimum output signals of each MZI Imax, and
Imin:

ν =
Imax − Imin
Imax + Imin

. (3)

The observed fringe maxima and minima in a particular MZI
will be defined by the propagation losses α, as well as the physi-
cal path lengths of the two arms, z. In the subwavelength device,
there is no physical path difference between the arms, therefore
the fringe visibility is controlled entirely by the difference in
propagation loss between the SWG and wire waveguides. In
this device the losses are well balanced: loss in the SWG region
is αSWG = −3.0 dB/cm, while the loss in the waveguide region
is given by αWG = −3.1 dB/cm. Experimentally, we find a mean
visibility factor ν̄ = 0.96.

3. EXPERIMENTAL SPECTRAL RETRIEVAL

A high-resolution tuneable laser source was used to characterize
the response of the subwavelength waveguide spectrometer.
The excitation wavelength was steadily incremented in 5 pm
steps over the FSR of the device, while the input power was
held constant at 1mW. The input light was restricted to the
transverse magnetic polarization state (TM), and coupled to
the spectrometer via a lensed fiber. The input power was split
equally and routed to the individual MZIs using cascaded Y-
splitters. The output signal from each output was collimated
using a high numerical aperture (NA) microscope objective, and
captured using a calibrated InGaAs camera. Throughout this
procedure, the chip temperature was stabilized through the use
of a Peltier stage. The product of this characterization procedure
is an M× N transformation matrix, Φ, in which M is the number
of waveguide outputs, and N is the number of measured discrete
wavelength points. The matrix obtained from the particular
SWG instrument under analysis is displayed in figure 2. Each
row in this matrix, also called a spectral or calibration map,
contains the phase and frequency modulation information for a
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Fig. 2. (Colour online) Transpose of experimentally-
obtained characterization matrix of SWG FTS displaying the
wavelength-dependent output power of each of the 32 MZIs
as obtained in a high-resolution wavelength scan across 1 nm
centered at 1550.5 nm.

single MZI in the spectrometer. The matrix in its entirety can be
used to retrieve an input spectrum via its pseudoinverse [8].

This calibration matrix may also be used to define a CS
scheme, wherein an unknown, sparse input spectrum, x, pro-
duces an output signal, y, via the sensing scheme

y = Ax. (4)

In this formulation, A is a K × N matrix with K < M that satis-
fies the restricted isometry property (RIP); i.e. the columns in A
must be approximately orthogonal. Randomly selected rows of
a Fourier-transform matrix are known to satisfy the RIP, hence a
set of K randomly selected MZIs will suffice to define A while
satisfying the RIP [14]. Selecting a subset of K rows from the
calibration matrix is equivalent to measuring the outputs of only
those same MZIs, while ignoring the remaining MZIs. Once the
output signals of the K-selected MZIs have been collected, equa-
tion 4 may be solved via l1-norm minimization, basis-pursuit,
or any other CS reconstruction technique to return the original
input spectrum x. In this work the full set of M MZIs is present
on the chip for the purposes of establishing a baseline compari-
son. However, an actual CS spectrometer consisting of only the
K-selected subset of MZIs could also be fabricated.

First we consider the case of a monochromatic input spectrum
defined by a narrow-band laser source centered at λ0 = 1550.5
nm with 1 mW input power. 8 MZIs are selected randomly from
the instrument set, their output values are recorded, and the
input spectrum is retrieved through l1-norm minimization via
basis-pursuit denoising [10]. This spectrum is shown in figure 3
alongside a retrieval obtained using the pseudoinverse of the
calibration map, Φ, as well as the pseudoinverse of A. The re-
trieval obtained via l1-norm minimization lacks the hyperbolic
sinusoid associated with the instrumental lineshape of a FTS
device, but is otherwise in agreement with the result obtained
via the pseudoinverse of the full-complement of MZIs. The lack
of an instrument lineshape in a CS FTS is to be expected, as CS
schemes assume a-priori that the input spectra is sparse. We find
that the spectra retrieved via l1-norm minimization of A suc-
cessfully reconstructs the laser line despite undersampling the
interferogram by an undersampling factor c = 0.25. By contrast,
it is not possible to retrieve a meaningful spectra from the same
8 MZIs using the pseudoinverse of A since the interferogram is
too heavily undersampled for non-CS methods. We note that the
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Fig. 3. (Colour online) Spectra from narrow-band laser source
with 1 mW input power retrieved using un-apodized interfer-
ometric measurements obtained from the MZIs. A subset of
8 MZIs is randomly selected and their output intensities are
used to retrieve the laser spectrum via l1-norm minimization
(blue). The spectrum is also reconstructed via pseudoinverse
methods using the full complement of 32 MZIs (orange), as
well as the same subset of 8 MZIs as in the CS retrieval (yel-
low).

total power retrieved in all three methods is consistent with 1
mW when integrated across wavelength, i.e. the optical power is
not lost in the pseudoinverse retrieval, it is merely redistributed
to the line widening and sidelobes.
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Fig. 4. (Colour online) Spectra from two doublets, with peak-
to-peak separation of 0.045 nm and 0.76 nm, retrieved using
un-apodized interferometric measurements obtained from the
MZIs. A subset of 14 MZIs is randomly selected and their out-
put intensities are used to retrieve the spectra via l1-norm min-
imization (blue, yellow). The spectra are also reconstructed via
pseudoinverse methods using the full complement of 32 MZIs
(orange, purple).

We also consider retrieval of two polychromatic spectra each
consisting of two 1 mW monochromatic sources, one separated
by 0.045 nm, and the other by 0.76 nm. The narrow appear-
ances of the spectral features retrieved in figure 3 do not imply
that the CS FTS retrieval produces higher spectral resolution
than the pseudoinverse retrieval. On the contrary, narrow spec-
tral features are a straightforward consequence of the initial
sparsity assumption of the CS methods. The resolution limit,
defined by the minimum peak-to-peak separation of a doublet
that can be resolved by the device is still well described by the
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Shannon-Nyquist theorem [15]. Retrieval of a polychromatic
doublet is shown in figure 4. The first doublet separation is 0.045
nm, which is consistent with the expected Nyquist resolution
of the device, 0.048 nm. A second doublet retrieval with sep-
aration equal to the bandwidth of the device, 0.76 nm, is also
shown in order to demonstrate preservation of bandwidth. As
in the case of the monochromatic case, it was not possible to
retrieve the spectra of either doublet using the pseudoinverse of
A, as the interferogram produced by the 14 MZIs is too heavily
undersampled for non-CS methods.

The results presented in figure 3 and figure 4 demonstrate
that the bandwidth and resolution of the compressive sensing
spectrometer are identical to the original spectrometer. The CS
FTS, however, requires only 14 MZIs to the original 32 in the
case of a doublet (undersampling factor c = 0.44), and only 8
MZIs to retrieve a monochromatic source (undersampling factor
c = 0.25). The reduction in the number of sampling points
comes at a cost: the CS spectrometer cannot retrieve a white-
light or broadband spectrum as the signal is no longer sparse.
There are, however, a large number of naturally occurring sparse
spectra of interest to scientists. Both Raman and laser-induced
breakdown spectroscopy (LIBS) are techniques that produce
sparse input signals. Strong spectral emission or absorption lines
of interest to atmospheric scientists and astronomers may also
be considered sparse if a suitable background removal scheme is
applied. Optical characterization devices used in high-precision
metrology, such as wavemeters, may analyze only one or two
laser lines at a time—a very high degree of sparsity.

The results presented in figure 3 and figure 4 demonstrate
that the bandwidth and resolution of the compressive sensing
spectrometer are identical to the original spectrometer. The CS
FTS, however, requires only 14 MZIs to the original 32 in the
case of a doublet (undersampling factor c = 0.44), and only 8
MZIs to retrieve a monochromatic source (undersampling factor
c = 0.25). The reduction in the number of sampling points
comes at a cost: the CS spectrometer cannot retrieve a white-
light or broadband spectrum as the signal is no longer sparse.
There are, however, a large number of naturally occurring sparse
spectra of interest to scientists. Both Raman and laser-induced
breakdown spectroscopy (LIBS) are techniques that produce
sparse input signals. Strong spectral emission or absorption lines
of interest to atmospheric scientists and astronomers may also
be considered sparse if a suitable background removal scheme is
applied. Optical characterization devices used in high-precision
metrology, such as wavemeters, may analyze only one or two
laser lines at a time—a very high degree of sparsity.

4. CONCLUSIONS

In this paper we propose a novel formulation of on-chip FTS
devices as a vehicle for CS spectroscopy. We contend that the spa-
tial heterodyne configuration of on-chip FTS devices, consisting
of a set of independent interferometers, is uniquely well-suited
to CS spectroscopy. We use a subwavelength-engineered SHFTS
on a photonic chip consisting of 32 independent MZIs to demon-
strate this principle experimentally. We use subwavelength-
engineering in the interferometer arms to balance the propaga-
tion losses and enhance the fringe visibility of the device. We
take advantage of the spatial-heterodyne configuration to inde-
pendently sample the MZIs, and selectively downsample the
interferogram. Using 8 out of the original 32 MZIs, we success-
fully demonstrate the retrieval of a singlet; using 14 MZIs we
successfully retrieve two doublets, maintaining the full resolu-

tion and bandwidth of the original device.
These results validate our underlying thesis: that CS schemes

may be deployed on SHFTS chips in order to enable a substantial
reduction in the number of MZIs required to produce a func-
tional spectrometer. This result may have future application
in the pursuit of smaller and more capable chip spectrometers.
For instance, a CS spectrometer of this type may be designed to
achieve the same bandwidth and resolution as a fully-sampled
device with a much smaller footprint on-chip. Miniaturized
CS FTS devices, such as the devices described herein, would
be suitable for characterization of optical equipment and for
measuring naturally occurring sparse signals, such as Raman
and LIBS emission spectra, and atmospheric absorption and
emission spectra.
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jańczyk, J. Lapointe, D.-X. Xu, M. Vachon, S. Janz, and M. L. Calvo,
Laser & Photonics Reviews 7, L67 (2013).

14. M. Fornasier, Theoretical foundations and numerical methods for
sparse recovery, vol. 9 (Walter de Gruyter, 2010).

15. H. Nyquist, Transactions of the American Institute of Electrical Engi-
neers 47, 617 (1928).


	Introduction
	Subwavelength grating planar waveguide FTS
	Experimental spectral retrieval
	Conclusions
	Funding information

