
Research Article Vol. 12, No. 9 / September 2025 / Optica 1417

Universal programmable and self-configuring
optical filter
David A. B. Miller,1,* Charles Roques-Carmes,1 Carson G. Valdez,1 Anne R. Kroo,1

Marek Vlk,1,2 Shanhui Fan,1 AND Olav Solgaard1

1Ginzton Laboratory, Stanford University, 348 Via PuebloMall, Stanford, California 94305, USA
2Department of Physics and Technology, UiT The Arctic University of Norway, NO-9037 Tromsø, Norway
*dabm@stanford.edu

Received 21 January 2025; revised 1 July 2025; accepted 31 July 2025; published 27 August 2025

Spectral filters are widely used in sensing and communicating with light, such as for separating wavelength channels
in communications or sensing the specific spectra of some object or material of interest. The filter function is, however,
often fixed, and precise filtering can require precise manufacturing. We propose an approach to integrated optical spec-
tral filtering that allows arbitrary programmability, can compensate automatically for imperfections in filter fabrication,
allows multiple simultaneous and separately programmable filter functions on the same input, and can configure itself
automatically to the problem of interest, for example, to filter or reject multiple arbitrarily chosen frequencies. The
approach exploits splitting the input light into an array of multiple waveguides of different lengths that then feed a pro-
grammable interferometer array that can also self-configure. It can give a spectral response similar to arrayed waveguide
gratings but offers many other filtering functions, as well as supporting other structures based on non-redundant arrays
for precise spectral filtering. Simultaneous filtering also allows an automatic measurement of the temporal coherency
matrix and physical separation into the Karhunen–Loève expansion of temporally partially coherent light fields. With
this approach, a wide range of spectral operations can be controllably, automatically, and precisely performed by an
integrated photonic device with simple programmability. ©2025Optica Publishing Group under the terms of the Optica Open

Access Publishing Agreement

https://doi.org/10.1364/OPTICA.557630

1. INTRODUCTION

Optical frequency or wavelength filters [1] are used in a wide
variety of applications, including wavelength-division multiplex-
ing in telecommunications and spectroscopy for sensing—for
example, of different chemicals or gases. Existing filters and spec-
trometers include those based on gratings or prisms, multilayer
dielectric stacks, resonators, or arrayed waveguide gratings (AWG)
[2–8]. Many such filters have little or no programmability after
manufacture. Some allow tuning by mechanical movement,
e.g., of a grating in a spectrometer. Waveguide array and resonator
approaches can be made in integrated photonic circuits, which can
allow thermal, optoelectronic, micromechanical, or piezoelectric
tuning and other adjustments. Such circuits based on meshes of
interferometers can be very programmable [9,10]; “recirculating”
interferometer mesh architectures show impressive program-
mable filtering based on resonating rings [11]. The other major
category of interferometer meshes—“forward-only” architectures
[9,12–15]—allows simple progressive programming and even
self-configuration [9,12–14,16–20], with many successful exper-
imental demonstrations (e.g., Refs. [16–18,20–23]), including
as many as 16 mesh inputs [23], but so far only for manipulating
spatial fields and modes. Now we show how such forward-only
meshes can perform programmable and self-configuring spectral

filtering as well as novel measurement and separation of partially
coherent light.

Our approach exploits the combination of an array of wave-
guides of different lengths (as in an AWG) feeding a forward-only
interferometer mesh. This opens a wide range of novel and pro-
grammable spectral capabilities, some without precedent in
conventional filters. Our approach can implement arbitrary filters
in a broad set of possibilities; these include multiple-layer filters
that give multiple separate programmable filter functions at the
same time (so also allowing switching of wavelength channels
between outputs). Novel applications include measuring temporal
coherence and separating temporally partially coherent fields
into their mutually incoherent components. Self-configuration
gives automatic tuning to incident wavelengths and allows auto-
matic compensation for some fabrication imperfections, such as
small waveguide phase-delay errors from imperfect waveguide
lengths. Such compensation opens new architectures including
non-redundant array waveguide lengths for precise filtering that
otherwise could be particularly sensitive to phase-delay errors in
long waveguides. In setting the “center” frequency of a filter, self-
configuration can also compensate for imperfection in the power
splitting between waveguides and differences in waveguide loss.
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2. DEVICE CONCEPT

Figure 1(a) illustrates the concept. Light in a single input wave-
guide is power-split—for example, equally—into an array of
multiple waveguides. These waveguides have different lengths
l p —for example, each longer than the preceding one by some
specific amount δlo . The outputs of those waveguides then feed a
programmable “forward-only” interferometer mesh. The power
splitter and waveguide array can be similar to those of an AWG
router, but our approach differs from some previous partially
programmable AWG approaches [8] by using a programmable
interferometer mesh at the output.

Suppose, for illustration, that the light in the input waveguide
is at one specific wavelength or frequency. Because the waveguides
are of different lengths, the amplitudes arriving through these
different input waveguides (WG1 to WG4 here) to the inter-
ferometer mesh will have different phases. (Indeed, if the power
splitting is not equal or the waveguides have different losses, the
arriving magnitudes may also be different.) So, the mesh then
sees a (spatial) mathematical input (column) vector of different
complex amplitudes of light at this frequency, with each different
vector element appearing as an amplitude in a different one of the
mesh input waveguides (WG1 to WG4 here). The phase delays,
and hence the vector, will be different for different wavelengths.
Essentially, the power splitting and the waveguide array turn differ-
ent wavelengths of light into different spatial input vectors to the
mesh. This key argument allows us to transfer physics and concepts
of self-configuring Mach–Zehnder interferometer (MZI) arrays
[9,14] from the spatial to the temporal domain.

The simplest category of filters uses a single-layer mesh—
i.e., one having just one signal output, as shown in Figs. 1(b) and

1(c), implementing a single, programmable filter function at its sig-
nal output. The other “drop” outputs from the single-layer meshes
of Figs. 1(b) and 1(c) are shown being dumped into detectors
DM1–DM3.

Instead of dumping all the power in the “drop” ports of the
MZI interferometers (or other equivalent 2-input, 2-output
“2× 2” blocks [10]) into photodetectors [as shown in Figs. 1(b)
and 1(c)], we could instead pass most or all of this power into a
second mesh “layer” (Fig. 2). (The “drop-port” detectors of the first
layer—DM1 to DM3 in the example in Fig. 1—could be made
to be mostly transparent [16], we could tap off a small portion of
the power to a separate photodetector [21,22], we could otherwise
deduce the power in given waveguides [24], or we could use pro-
gressive algorithms based on maximizing the power in the signal
output only [12].) This allows the configuration of a second filter
function to appear from the signal output of the second such layer.
We can similarly continue to stack further such layers for additional
such outputs, up to N–1 as in Fig. 2.

Figure 2 shows the device concept with a complete cascade
of layers, in this case for a full set of N programmable output
filter functions forming a full arbitrary unitary mesh. In Fig. 2,
we represent an entire layer as in Figs. 1(b) or 1(c) as a vertical
rectangle. Though we could use any unitary mesh that allows
programming to route an arbitrary input vector to a signal output,
the self-configuring layer architecture [9,12,14] is arguably the
simplest and most economical universal approach for each such
layer; it also allows simple programmability or self-configuration.
Each layer j formally implements a unitary transform U j between
its inputs and its outputs, with the entire mesh matrix M being the
product of these.

Fig. 1. (a) Block diagram with power splitter, waveguide array, and interferometer mesh. (b) Example with a (symmetric) binary tree single-layer interfer-
ometer mesh [12,14] with four waveguides. (c) Alternative diagonal line single-layer mesh [12,14]. Square box elements are controllable phase shifters, with
at least two required, one “φ” and one “θ ,” for each Mach–Zehnder interferometer (MZI). (The phase shift values in the “φ” and “θ” shifters in different
MZIs will generally be different.) Each MZI also requires two beam splitters, BSL and BSR, that ideally have a 50 : 50 split ratio. Detectors DM1–DM3 can
be used to configure the mesh. Optional “tap” detectors DB1–DB3 and DF1–DF3, based on sampling a small amount of the waveguide power, can be used
in calibration [14] or for monitoring. Optical phase shifters in dashed boxes are not formally required for full programmability, but PS2 and PS4 in (b) and
PS4 in (c) could be convenient, e.g., in tuning the “center” frequency of the filter.
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Fig. 2. Device with a mesh M formed from N − 1 successive self-
configuring layers to allow multiple simultaneous filter functions at the
various different signal outputs, all operating on the same input light.

3. DEVICE ANALYSIS

Quite generally, the mesh of Fig. 1(a) multiplies the vector of
amplitudes from the waveguide array by a programmable matrix
M. Multiple-layer interferometer meshes allow the construc-
tion of arbitrary matrices M [9]. Programming this matrix,
either by calculated setting of interferometer parameters or by
self-configuration to the problem of interest, corresponds to
programming the spectral response of the system. Such pro-
grammability allows a wide and reconfigurable range of filtering
behaviors (see Supplement 1, Sections S1 for a detailed analytic
approach, S2 for a detailed analysis of a simple filter, and S3 for an
extended discussion of mesh matrices and filter functions).

For example, we can make each waveguide p of the N wave-
guides in the array have relative lengths δl p that are integer
multiples m p of a length δlo , i.e., δl p =m pδlo . These will have
corresponding relative time delays m pδto , where

δto = ng δlo/c , (1)

for waveguide group velocity ng and free-space velocity of
light c . (This will lead to a filter with a free-spectral range
of ωFSR = 2π/δto in angular frequency or fFSR = 1/δto in
conventional frequency.)

We can consider an input (angular) frequency δω relative to
some center frequency. So, for an input amplitude x (δω) as a
function of frequency in the input waveguide, for each output
waveguide q we can separately program a filter frequency response
Hq (δω) using settings of the mesh matrix M. (We presume M
itself is essentially independent of frequency over some reasonable
frequency range of interest.) The corresponding signal output in
waveguide q as a function of frequency, yq (δω), is then

yq (δω)= Hq (δω) x (δω) . (2)

The relative phase delay in input waveguide p will be m pδωδto ,
leading to a propagation factor exp(−i m pδωδto ) through that
guide. We presume the power splitter leads to relative amplitudes
a p in the array waveguides. (These a p might all be equal, with a
value

√
1/N for the loss-less case.) Then, for programmed mesh

matrix elements Mqp, these filter functions are given by

Hq (δω)=

N∑
p=1

a p Mqp exp
(
−i m pδωδto

)
, (3)

for the signal output waveguide q . Formally, we can view this as an
expansion of each desired function Hq (δω)on the orthogonal basis
(normalized over a free-spectral range),

h p (δω)=

√
δto
2π

exp
(
−im pδωδto

)
, (4)

with the required matrix elements Mqj evaluated by premultiplying
by h∗p(δω) and integrating over a free-spectral range, i.e.,

Mqj ≡
1

a j

√
δto
2π

∫ π/δto

−π/δto

exp
(
im j δωδto

)
Hq (δω) d (δω) . (5)

Equivalently, we are projecting Hq (δω) onto this orthogonal
basis h p(δω), a basis that we choose by the design of the lengths of
the waveguides in the array. With these definitions

N∑
j=1

∣∣a j Mqj

∣∣2 = δto ∫ π/δto

−π/δto

∣∣Hq (δω)
∣∣2d (δω). (6)

Though Eq. (5) is like establishing a Fourier coefficient for
a Fourier-series expansion, in general we call h p(δω) just a
“Fourier-like” basis because the m p in successive waveguides
are not necessarily successive integers, and there is only a finite
number N of such basis functions. If the m p are successive integers
(as in a typical AWG), then Eq. (3) is like a conventional Fourier-
series expansion, except only over a finite basis or set of frequencies.
(In a conventional Fourier series, the summation as in Eq. (3)
would be from p =−∞ to+∞with m p = p .)

Any filter response Hq (δω) that is formed from linear superpo-
sitions of these Fourier-like basis functions h p(δω) is possible. So, a
design procedure for a desired filter function Hq (δω) is (i) evaluate
the necessary matrix elements Mqj as in Eq. (5), and (ii) deduce the
necessary mesh settings to implement these matrix elements.

Note, of course, that only filter functions that can be written
as a superposition of these basis functions h p(δω) can be exactly
implemented by the device, and those basis functions are set by
the choice of waveguide lengths. Otherwise, this approach still
gives the best approximation (in a “least squares” sense) to the filter
design that the device can implement.

4. SINGLE-LAYER FILTER

One simple and useful mesh is a single self-configuring layer of
MZIs [12,14]. This can be made from a (symmetric) “binary tree”
as in Fig. 1(b) or a “diagonal line” of interferometers as in Fig. 1(c),
or, indeed, hybrids of these two approaches [14]. For coherent
light at a specific frequency, such self-configuring layers can be
automatically and progressively configured to direct all the power
from any given input vector of amplitudes at that wavelength to
their one “signal” output. For example, in the binary tree, we can
automatically configure the first (upper) interferometer MZI1,
by adjusting its φ phase-shifter PS1 to minimize the power in its
output detector DM1, and then subsequently adjusting its θ phase
shifter to further minimize that same power. With 50:50 beam-
splitters in the interferometers, this will result in zero power in the
detector DM1. We can simultaneously perform the same kind of
power minimization in the second (lower) interferometer MZI2,
using detector DM2. Subsequently, we can perform a similar
power minimization in the third interferometer MZI3 (in a second
“column” of interferometers) using detector DM3. The result is
that all the input power is routed to the signal output of the mesh.
For the “diagonal line,” Fig. 1(c), a similar minimization of one
MZI after another also routes all power at this wavelength to its sig-
nal output. This progressive approach is easily generalized to larger

https://doi.org/10.6084/m9.figshare.29831021


Research Article Vol. 12, No. 9 / September 2025 / Optica 1420

binary trees with more input waveguides and “columns” of inter-
ferometers, to larger diagonal lines, or to other self-configuring
layer architectures [14].

This progressive configuration by single-parameter power min-
imizations gives the “self-configuring” name [9,12], but such layers
can also be defined topologically [14,15] through the property that
each input to such a “layer” connects to the layer’s signal output by
only one path through the 2× 2 blocks or interferometers in the
layer.

Hence, this spectrometer or filter will have configured itself
to route all the light at this wavelength to the signal output, mak-
ing a self-configuring filter for this wavelength. It is also possible
to perform self-configuration just by progressively maximizing
the power at the signal output [12–14], so multiple embedded
detectors are not essential. These “single-layer” self-configuring
mesh architectures are equivalent to those of the self-aligning beam
coupler [12] for spatial modes.

Note that no calibration of the device is required for this oper-
ation. Unlike a simple fixed AWG device [6,25], this approach is
tolerant of waveguide lengths not being perfectly correct—small
length errors are automatically compensated by the mesh phase
shifters—and of having possibly different losses; with 50:50 beam-
splitters in the MZIs, all the power at that input wavelength that
arrives at the ends of the waveguides will still be routed to the sig-
nal output. “Perfect” MZI approaches [13,26] allow MZIs with
imperfect fabricated beamsplitter ratios to give the same behavior.
Note, incidentally, that the self-configuration and calibration
algorithms for the mesh do not rely on any specific responsivity in
the photodetectors used as long as they have approximately linear
response to power; only power maximization or minimization is
required for self-configuration and only relative power measure-
ments in a specific signal output are required for phase-shifter
calibration.

Once set up in this way, the precise form of the filter function
for other input wavelengths depends on the actual lengths (and
possibly losses) of the different waveguides in the array, but this
function is easily calculated (see Supplement 1, Section S1). With
equal power splitting, equal loss in all waveguides and equally
spaced waveguide lengths—what we could call a “simple” filter—
the filter function is the same as that of an AWG router from
any one input to any one output, with the additional benefits of
automatic compensation for minor phase errors in waveguide
fabrication through the self-configuration process, and simple
self-configuration to any desired “center” wavelength. Note that,
at least for perfect MZI behavior, the self-configuration process
guarantees that all the power emerging at a given wavelength from
the waveguides into the mesh is routed to the signal output, giving
automatic alignment of the filter to that wavelength, regardless
of the lengths of the various waveguides or of different losses or
powers in them, or of errors in the power splitting into the wave-
guides. In that specific sense, this approach is particularly tolerant
to fabrication variations in the waveguides. Variations in power
splitting and in waveguide loss can also be directly compensated by
using a controllable power splitter (see Supplement 1, Section S5).

Note, too, that, unlike a conventional AWG router, the “center”
frequency of this filter can be tuned simply, e.g., by using the phase
shifters PS1 to PS4 in Fig. 1. All the phase shifters in such meshes
can be calibrated by relatively simple progressive algorithms with
some reference input at one known frequency or wavelength,
especially if the backward sampling detectors, e.g., DB1–DB4 in

Fig. 1, are included [14]. Such calibration means any specific filter
function as in Eq. (3) can also be directly programmed into the
mesh. (See Ref. [14] Supplement 1 for a comprehensive analysis of
MZI blocks and programming a self-configuring layer to collect
a given vector or, equivalently in the present case, set a specific
frequency response H(δω).)

Figure 3(a) shows calculated results for the frequency response
of a simple filter based on the approach of Fig. 1, but with an array
of 16 waveguides with successive waveguides longer than the
previous one by a length increment of δlo = 16.51 µm (as in an
AWG). These waveguides feed a 16-input self-configuring layer,
such as a 16-input symmetric binary tree. (Such a binary tree would
have 8 MZIs in a first column, 4 in a second, 2 in a third, and 1 in
a fourth.) In this example, the filter is set up to collect all of one
specific frequency, as in the peak of the γ = 0 curve of Fig. 3(a),
showing a frequency response similar to that of one port of an
AWG.

For our example calculations, we presume a silicon strip wave-
guide 500 nm wide by 220 nm tall, for which we estimate a group
index of ng = 4.05647 near a “center” wavelength of 1550 nm.
The chosen length increment δlo = 16.51 µm gives a free-spectral
range of 4.4665 THz, slightly larger than the width of the telecom-
munications C-band. (See Supplement 1, Section S1 for a detailed
discussion.)

Once set up for any given frequency, such a filter can be tuned by
adding phase increments to the phase shifters at each mesh input,
e.g., to the phase shifters PS1–PS4 in Fig. 1. With our presumed
waveguides whose lengths differ by an integer multiple m p of the
increment δlo , we choose a phase “tilt” number γ between 0 and
2π to add a phase delay,

δp =m pγ, (7)

to each of the “input” phase shifters, e.g., PS1–PS4 in Fig. 1. In
this way, we can tune the filter over its complete spectral range.
(In practice, one would subtract any integer multiples of 2π from
the phase δp to get a physical phase shift within a 2π range for an
actual phase shifter.) Figure 3(a) shows this tunability with a set of
example values for γ . One simple way of tuning like this would
be to heat up the entire set of waveguides uniformly, relying on
the temperature dependence of refractive index in the waveguide
material; longer waveguides will acquire proportionately longer
phase additions δp as needed in Eq. (7).

Note that, typically, the design of such interferometer meshes
themselves is such that both path lengths to any points where
pairs of beams interfere inside the mesh are essentially equal, as
are all total path lengths from any input to any output; as a result,
the mesh itself and the corresponding matrix M are nominally
non-dispersive except for dispersion in beamsplitters and in
wavelength-dependence of phase shifts. Hence, at least for moder-
ate bandwidths, the performance of the device can be dominated
by the different lengths of the waveguide elements, allowing a sim-
ple design. So, we neglect any other dispersion of the mesh in our
calculations for simplicity; any such additional known dispersion
could be straightforwardly included in a numerical analysis of the
device operation; equivalently, we presume the matrix M does not
itself depend on wavelength.

This single-layer filter, especially with constant length (or,
equivalently, time delay) increments between the waveguides
in the array, can be viewed as a tapped-delay-line, transversal, or
(non-regressive) moving-average finite-impulse-response filter

https://doi.org/10.6084/m9.figshare.29831021
https://doi.org/10.6084/m9.figshare.29831021
https://doi.org/10.6084/m9.figshare.29831021
https://doi.org/10.6084/m9.figshare.29831021


Research Article Vol. 12, No. 9 / September 2025 / Optica 1421

Fig. 3. (a), (c), and (d) Frequency response graphs for a single-layer filter with N = 16 waveguides in the array, designed to operate usefully over
a frequency range approximately equivalent to the telecommunications C-band (1530 to 1565 nm). Waveguide lengths differ by increments of
δlo = 16.51 µm. The filter can be tuned by adding a phase “tilt” given by the tuning parameter γ times the number m p of incremental length units δlo

for that P th waveguide. Four example values of γ are shown in (a) and (c). (b) shows the additional phase delays for γ = π/2 for the simpler case of N = 4
waveguides [as in the diagonal line mesh of Fig. 1(c) with phase shifters PS1 to PS4]. (a) Response for a simple filter where successive waveguides are longer
by δlo than the preceding one (as in an AWG). (c) Response for a filter based on a non-redundant array of waveguide lengths that are longer by increments
(based on a Golomb ruler) of [0, 1, 4, 11, 26, 32, 56, 68, 76, 115, 117, 134, 150, 163, 168, 177]δlo . (d) The curve for the response of the as in (b) for a
tuning parameter of γ = π/2, plotted over a narrower frequency range to show the detail of the peak response.

(see, e.g., [1] pp.177 et seq.), as may be immediately obvious from
the “diagonal line” architecture; any relative complex amplitudes
of tap weights can be directly programmed into the diagonal line of
MZIs. Hence, various design methods [1], including matched fil-
ters, can be directly applied and programmed. (Such programming
can also be simply remapped for use with (symmetric) binary tree
or other self-configuring layer architectures [14].) Applications of
such filters in telecommunications, for example, include dispersion
compensation and gain equalization [1].

5. NON-REDUNDANT ARRAY SINGLE-LAYER
FILTER

Many applications require narrow filter linewidths while also
having a moderately large free-spectral range—for example, so
that one spectral line can be distinguished or separated from a
large number of others. Generally, narrow linewidths in optical
spectrometers or filters require long path lengths or path length
differences. High finesse resonators provide large effective path
lengths because the light effectively makes many passes through
the resonator, but tuning narrow resonances over large wavelength
ranges can be challenging in integrated devices. Long path lengths
are possible in waveguides, and long AWGs can show narrow

effective linewidths [25]. However, physically defining the dif-
ferent waveguide lengths to high precision can be challenging,
and large numbers of waveguides are required if the free-spectral
range is to be a correspondingly large number of linewidths. Self-
configuration of a simple filter interferometer mesh as discussed
above can avoid the necessity of very precise fabrication of wave-
guide lengths because it automatically compensates for small errors
in phase delay in different guides. However, using a large number
of waveguides so that we could still have a large free-spectral range
would require a correspondingly large number of interferometers,
increasing complexity and physical size.

We propose a different approach to narrow linewidth and large
free-spectral range, one that requires only relatively small numbers
of waveguides, and that is well suited to our architecture. A key to
this approach is that the waveguide lengths are no longer uniformly
spaced. With careful choices of lengths, the filter can have both
narrow linewidths and a broad free-spectral range; the filter peak
can even be continuously tunable. The price to pay is only that the
rejection of other wavelengths is not perfect.

One strategy for choosing the waveguide lengths, a so-called
non-redundant array (NRA) [27–31], is already well known for
spatial arrays, such as microwave antenna arrays for measuring
arrival direction in radar signals [30], in spatial interferometric



Research Article Vol. 12, No. 9 / September 2025 / Optica 1422

approaches in astronomy [29], or in optical phased arrays [28]. The
idea of an NRA in spatial applications is that the spacing between
any pair of elements (such as antennas) is different from the spacing
between any other pair of elements. As a result, the interference
pattern formed from any two elements has a different spatial fre-
quency (or, in two dimensions, k vector) from that from any other
pair. Hence, generally, these interference patterns tend mostly not
to add constructively. However, we can choose the phase of all the
antennas so that, in one chosen direction, the result is constructive.
The result is a strong (angular) peak whose width tends to be given
essentially by the largest antenna separation, even though we are
using only a sparse array of actual antenna elements. The price
for this is that there is some generated or detected signal in the
other directions, though this may be much weaker, especially as the
number of antennas (or, in our case, waveguides) is increased.

In one dimension, one approach for generating NRA separa-
tions is a so-called Golomb ruler [27,32–34]. An example Golomb
ruler with four markings, at positions 0, 1, 4, and 6, has different
separations between any different pairs of markings. For example,
0 and 1 are obviously separated by 1 unit, 4 and 6 by 2 units, 1 and
4 by 3 units, and so on. (In this, “perfect” Golomb ruler case, all
integer separations from 1 to 6 exist.)

Here, we exploit this idea in the spectral domain for optical
filters. (Incidentally, the first proposal of the NRA concept was in
the spectral domain for avoiding intermodulation at radio frequen-
cies [27].) Our waveguides now have lengths set by such an NRA
principle, but the architecture is otherwise the same as in Fig. 1.
This approach allows a strong and narrow spectral peak, albeit
accompanied by some finite transmission at other wavelengths.

Figure 3(c) shows example behaviors for a device with a set of 16
waveguides of relative lengths m pδlo with the m p values for suc-
cessive waveguides being the successive elements of the (Golomb
ruler) set of integers {0, 1, 4, 11, 26, 32, 56, 68, 76, 115, 117, 134,
150, 163, 168, 177}, where we use the same δlo = 16.51 µm as
for Fig. 3(a). Figure 3(d) shows the curve for γ = π/2 at finer
frequency resolution to show the character of the peak response
more clearly.

The frequency when all waveguide outputs are added in phase
by the mesh corresponds to the peak of the spectral response. In
an ideal loss-less case, all the power at that frequency is coupled
to the signal output waveguide, and this response can also be self-
configured as before when shining in the frequency of interest.
Though we have chosen explicitly non-redundant sets of integers
to define waveguide lengths, one could also likely get a similar
response with other, and possibly non-integer, lengths provided
those lengths spanned a similar set of waveguide lengths, possibly
even in a somewhat random fashion.

We see that this approach would allow very narrow bandwidths
and wide free-spectral range even with limited numbers of wave-
guides, at the expense of limited rejection of other wavelengths.
It is well suited to our approach that can compensate automati-
cally for minor fabrication errors in phase delay (especially in long
waveguides) and allows simple tunability.

6. MULTILAYER FILTERS

A. Unitary Multilayer Filters

By adding more interferometer mesh layers, as in Fig. 2, we can
program up to N orthogonal filter functions to give correspond-
ing outputs in the signal output of the corresponding layer. All

filter functions, one from each layer, are available simultane-
ously, without any loss beyond the basic background losses of the
system—that is, with no additional “splitting” loss. Even with
unequally spaced waveguide lengths, as in the non-redundant
array filter above, we can still losslessly and simultaneously form
filter functions up to any N orthogonal linear combinations of the
corresponding Fourier-like basis functions h p(δω) as in Eq. (4).

Because of the construction of the multilayer unitary filter, the
multiple filter functions it implements are physically guaranteed
to be orthogonal to one another (at least if the mesh is “perfect”—
that is, with 50:50 beam beamsplitters and the same loss on all
paths through the mesh, a condition that can be arranged even
with imperfect fabricated devices [13,26]); each such filter func-
tion corresponds to a different row of a unitary matrix, and such
rows are necessarily orthogonal (see Supplement 1, Section S1 for
discussion of orthogonality). See Supplement 1, Section S3 for
an extended discussion and self-configuring and programming
approaches.

For example, with an N = 16 waveguide design as in the single-
layer simple filter above [Fig. 3(a)], but extended to a 15-layer
mesh, we could have 16 filter responses, each like the filter response
of, say, the γ = 0 design in Fig. 3(a), but shifted to be equally
spaced throughout the spectral range of the filter. Each such filter
peak would line up spectrally with the various zeros of every other
filter response. This kind of filter would correspond to the usual
outputs of a corresponding AWG filter. Note though, that we could
arbitrarily choose which such filter response appeared out of which
output. So, in general, unlike an AWG, we could also perform
an arbitrary permutation of the channels among the outputs,
allowing the device also to function as a switch. Quite generally,
any set of up to N orthogonal filters formed from the Fourier-like
basis set h p(δω) as in Eq. (4) is possible, opening a wide range of
simultaneous filter functions.

B. Rejection Filter

One interesting multilayer filter would be a rejection filter designed
to eliminate one or more wavelengths from a spectrum; for
example, one might want to eliminate a laser line in Raman
spectroscopy. We could, for example, self-configure the first row of
the mesh by shining in the frequency to be eliminated. In an ideal
mesh, all that light would then be coupled out of the first signal
output of the mesh. Non-idealities would limit the rejection pos-
sible this way, but the use of “perfect” MZIs [13,26,35] and related
techniques is promising for high rejection ratios (e.g., >80 dB
in first experiments in meshes for spatial applications [35]). The
remaining light would then pass into subsequent layers for further
spectral analysis. Of course, that first layer, because its spectral
response cannot be infinitely sharp, would also remove some light
at other frequencies, which would somewhat distort the remaining
spectra. The use of a non-redundant array, as in Fig. 3(b), could
allow spectrally sharp filtering of light to be rejected, at the cost
of some loss and a significant and “rough” nonuniformity in the
remaining spectral response.

One could use the multiple layers in the mesh to filter out multi-
ple different frequencies. With the first layer configured to remove
essentially all of some frequency f1, incident light at some other
frequency f2 would then presumably mostly pass through into the
second layer. That second layer could then be configured to remove
essentially all the remaining power at frequency f2. Note that these
two layers, taken together, can remove all the power of any two such
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frequencies. (They do not necessarily separate all of frequency f2 to
the second output—some of that frequency may also emerge from
the output of the first layer—but all the power at both frequencies
will be removed.)

We could proceed similarly through other layers of the mesh.
A full mesh, with N − 1 layers and N input waveguides, could
remove any N − 1 frequencies from the spectrum; the remaining
spectrum would emerge from the Nth waveguide. Note this tech-
nique can be used for any N − 1 frequencies in the free-spectral
range, at the cost of some spectral nonuniformity and loss in the
remaining transmitted light in the Nth waveguide.

Such programmable filters could be used to block or separate
out specific wavelengths. For example, in astronomy, we may
want to block light-polluting sodium or mercury lines from street
lights, and block or separate various specific atomic lines, such as
hydrogen alpha or beta. Importantly, the filter could be tuned for
different such rejections or separations—the filter function need
not be fixed. Note, the light filtered this way is still available for
analysis; it is not absorbed but rather separated out. By calibrating
the device, specific spectral line positions or red shifts could also be
measured.

C. Non-Unitary Multilayer Filter

We can implement fully programmable non–unitary matrices
M–for example, using the singular-value decomposition (SVD)
architecture [9] of two unitary meshes with a line of modulators
between them (see Supplement 1, Section S3 for an extended
discussion). Then we can implement multiple non-orthogonal
filtering functions simultaneously on the same incoming light.

Such an architecture obviously cannot violate the basic laws of
physics. Unless we incorporate gain in the mesh (e.g., adding that
to the modulation mechanism), we cannot, for example, have two
different filter functions that transmit 100% of the input light at
the same frequency to two different outputs at the same time. In
matrix terms, without gain no singular value in the decomposition
can exceed unity in magnitude. We can, however, simply rescale
any desired matrix by dividing it by its largest singular value; in
that rescaled case, arbitrary sets of non-orthogonal filter functions
are possible, at least to the extent they can be represented on the
Fourier-like basis as in Eq. (3). We should, however, expect some
overall loss in such non-orthogonal filters—power is formally
“dumped” in the modulators that represent singular values of
magnitude less than unity. See Supplement 1, Section S3 for an
extended discussion.

7. MEASUREMENT OF THE TEMPORAL
COHERENCY MATRIX

Light that contains a range of frequencies—such as continuous
spectra from a thermal light source, a light-emitting diode, or some
kinds of laser pulses—can usefully be described as (temporally)
partially coherent. Such partial coherence is well understood
theoretically (e.g., Ref. [36]). The mode amplitude x (t) in a single-
mode waveguide, such as the input waveguide in Fig. 1(a), can then
be described in terms of its (temporal) mutual coherence function
0(t1, t2) for any two times t1 and t2. For stationary processes, this
function depends only on the time difference τ = t1 − t2, and for
ergodic processes, what would formally be an ensemble average of
over a statistical ensemble of possible functions x (t) can instead
be evaluated as a time average. Such stationarity and ergodicity

are typically assumed for partially coherent light [36]. Then,
formally,

0(τ)=
〈
x ∗(t)x (t + τ)

〉
t , (8)

where 〈 · 〉t denotes averaging over time t . With relative waveguide
time delays that can be written as pδto for waveguide p in an AWG-
like waveguide array of N waveguides, we then have access to τ val-
ues of the form (s − p)δto for the relative time delay between wave-
guide s and waveguide p . So, we can also write 0 in the form of a
“coherency matrix” with matrix elements:

0ps ≡ 0 ((s − p) δto ) . (9)

If we can establish these matrix elements for the field, then we
have evaluated the (temporal) mutual coherence function, at least
at the discrete set of points in time delay allowed as the integers s
and p range from 1 to N.

Just as for other filter functions, the waveguide array has essen-
tially mapped from a vector of amplitudes separated in time
to a vector of amplitudes in space, in the different mesh input
waveguides. Some of us previously showed how to measure the
(spatial) coherency matrix of a light field using a multiple-layer
self-configuring mesh [19] as in Fig. 2, sequentially optimizing
the output powers in successive layers. We can now take a simi-
lar approach to measuring this temporal coherency matrix and
hence the mutual coherence function. Effectively, we map tem-
poral coherence, which can loosely be described as the degree to
which light amplitudes at different times could interfere with one
another, to spatial coherence, which equivalently asks how light
amplitudes at different points in space or in different waveguides
could interfere with one another.

We repeat the essence of the previous approach [19]. We first
adjust the elements in the first mesh layer to maximize the power
in its signal output. This will have established and measured the
first eigenfunction of the coherency matrix; the signal output
power will be the first (largest) eigenvalue, and the settings of the
interferometers in the layer give the corresponding eigenvector.
We proceed similarly through the successive mesh layers, estab-
lishing all the eigenvectors and eigenvalues in decreasing order.
By this means, we have effectively measured the entire coherency
matrix as in Eq. (9). (In addition, the use of a non-redundant
array of waveguide lengths would allow us to measure the mutual
coherence for a larger number of different time delays with the
same number of physical measurements.) We have also physically
separated the partially coherent field into its mutually incoher-
ent and orthogonal components, presenting these as the signal
output powers. (This formally corresponds to separating the
field into its Karhunen–Loève expansion.) We are not aware of
another approach that both measures the mutual coherence and
separates it physically into these components. This separation is
also non-destructive; once set up, all the subsequent light passes
through from the input to the outputs. A detailed derivation of
this approach and the non-redundant extension can be found in
Supplement 1, Section S4.

8. OTHER FILTER MODALITIES AND EXTENSIONS

Because of the flexible programmability of this filter approach
and the further possibilities allowed by self-configuration, there
are many additional possible operating modes. There are also
some extensions we can make to the physical architecture. Here
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we mention some of these briefly, with an extended discussion in
Supplement 1, Section S5.

(a) The device can be run backwards for (i) wavelength multiplex-
ing, (ii) as a tunable mirror—e.g., as a laser tuner, or (iii) as a
pulse shaper or generator.

(b) When operated for separating partially coherent fields, the
device can (i) automatically separate high-coherence sources
(such as light from different lasers), sharp spectral lines, or dif-
ferent wavelength channels, without prior knowledge of their
wavelengths, and (ii) can look for and measure absorption
lines or spectra against a uniform background light.

(c) The architecture of the device can be extended or modified
in several ways. (i) Though we have mostly discussed either
single-layer devices or complete unitary meshes with N mesh
input waveguides, the device can operate with fewer—say,
Q—layers, allowing a less complicated photonic circuit while
still usefully separating Q wavelengths at high resolution, for
example. (ii) Though we have discussed self-configuration
based on power optimization, optimization on other measur-
able parameters is possible, with one interesting example being
to optimize based on “eye-opening” or minimum bit-error
rate in telecommunication systems, which could effectively
construct or self-configure optimum matched filters. (iii)
Though we show a fixed power splitter in Figs. 1 and 2, a
controllable power splitter could be substituted, which could
be useful when operating with waveguides of very different
lengths (and hence different losses). (iv) Components in the
meshes will not generally be perfect; such imperfections can
be compensated and/or rejection improved by using “per-
fect” MZI approaches or the use of multiple layers for a given
rejection [13,26,35]. (v) By dithering waveguide phase shifts
with small modulations, the device can perform derivative
spectra, which is often a useful mode for weak signals or for
rejecting background. Finally, (vi) by using multiple input
waveguides, each with its own waveguide array, all feeding into
one or more larger mesh(es), combined spatial and spectral
operation is possible simultaneously, as might be interesting
for compensating modal dispersion, for example.

9. DISCUSSION

In a fair comparison to conventional AWG filters, when our
approach is configured as a simple filter, as in the results of Fig. 3(a),
the filtering performance is essentially the same as that of an AWG
with similar waveguides. Also, some previous AWG approaches
[8] have already proposed some degree of programmability and
tunability based on a set of phase shifters in the waveguides.
Furthermore, our approach requires significant added complexity
in the many MZIs in the photonic circuit. Though the electronics
required to drive MZI phase shifters and handle photodetec-
tor relative power measurements is relatively standard, and the
algorithms for calibration and control are relatively simple and
progressive, such driving, detecting, and control circuitry obvi-
ously adds complexity to the system. (See Ref. [37] for discussion
of scaling the electronic circuitry and Ref. [38] for integrated
approaches.) The use of thermal phase shifters in most current
foundry-fabricated MZI mesh circuits involves power dissipa-
tion of tens of milliwatts, e.g., ∼22 mW for π phase shift [39].
With one phase shifter requiring π range and the other 2π , the
average power dissipation per MZI would be (at half range in

each case) ∼33 mW. A simple filter with 16 waveguides (so 15
MZIs) would therefore have∼ 0.5 W of power dissipation. A full
16 input triangular mesh (for 15 separate filter functions) would
have 120 MZIs, so a power dissipation of ∼4 W. Generally, that
dissipation is of course significant, but is not likely a sufficiently
large number that it prevents reasonable implementations, at least
for moderate numbers of waveguides (e.g., 16) and filter layers.
The ideas presented here should continue to work if we can move
to other phase-shifter implementations, such as micromechanical
approaches or electro-optical or piezoelectric implementations, all
of which avoid such power dissipation. Because of that additional
control circuitry complexity and phase-shifter power dissipation,
the use of large numbers of AWG waveguides, as used in high-
performance AWG circuits, could be technologically challenging
or limiting in our approach.

Use of thermal phase shifters can result in thermal crosstalk in
setting MZIs. Use of thermally isolating trenches and algorithmic
approaches, such as eigenfunction techniques [40], and/or rerun-
ning the setup algorithms a few times to obtain convergence in the
presence of moderate thermal crosstalk can mitigate such effects.

Generally, for ideal performance of MZI meshes, 50:50 split-
ting in the fabricated MZI beamsplitters is required; without that,
perfect “cross” state behavior is not possible (see, e.g., [14]), which
would in principle limit the performance of our filtering approach.
First, however, we note that “double” or “perfect” MZIs [13,26]
can guarantee effective 50:50 behavior at a given wavelength. Also,
recent work [41] has shown fabricated splitters with similar split
ratios over wide wavelength ranges. Second, our approach has
approximately equal power splitting among all the mesh input
waveguides. As a result, even in a worst case with a 16 waveguide
system using the “diagonal line” MZI mesh architecture, the
“last” MZI in the line has to combine a power of 15 units in one
waveguide with 1 unit of power from another waveguide, which is
equivalent to asking the MZI to have at least a 1:15 rejection ratio,
the equivalent of ∼12 dB rejection. Fabricated MZIs in silicon
photonics can typically have much greater than 20 dB rejection
ratio, so such a∼12 dB ratio is easily accessible. So, our approach is
relatively tolerant to fabrication variations in MZI beamsplitters.

The use of the MZI mesh will also introduce additional loss
compared to an AWG, though these need not be large for moderate
sizes of circuits. Losses in silicon photonics directional couplers
can be as low as ∼0.03 dB per coupler [41]. Propagation loss in
silicon photonics foundry-fabricated waveguides can be below
0.1 dB/cm [42]. For a total waveguide length of∼800 microns in
an MZI (so a propagation loss of 0.008 dB), the total loss could
therefore be as low as 0.07 dB per MZI. Even in an architecture
with a diagonal line of 15 MZIs (for 16 waveguides), the loss could
therefore be ∼1 dB. Even in a full 16-input triangular mesh, no
path is longer than 15 MZIs, so this also represents the scale of loss
in such a full mesh. In a single (symmetric) binary tree of MZIs for
16 waveguides, which would have four successive MZIs in each
path, the loss could therefore be∼0.28 dB.

We believe, however, that our approach offers many potential
benefits for filtering and spectroscopy more broadly, justifying the
additional complexity beyond conventional AWGs. The benefits
of our approach lie in several areas.

First, it offers a broad range of different filter functions. Even
the simple single-layer filter can implement any finite-impulse
response filter (e.g., transversal, tapped-delay-line, or matched fil-
ters) that is based on the set of time delays of the waveguides. (Such
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flexibility contrasts with resonator filters, which tend to have fixed
and limited Q-factors and linewidths.) Design can be as simple as
the Fourier decomposition of the desired filter function. Multilayer
meshes allow multiple simultaneous filtering functions, each of
which can be arbitrarily set across the range of possible filters, with
no additional fundamental or “splitting” loss introduced for simul-
taneous orthogonal filters. (Only non-orthogonal filters necessarily
require some additional loss.) All the filters are fully tunable over
an entire free-spectral range, requiring only the same phase shifters
used for the basic programmability of the mesh.

Second, filter functions can be automatically discovered by
self-configuring to the input light. For a single input wavelength,
simple progressive algorithms can set a mesh layer to filter exactly
that wavelength, without any prior knowledge of the wavelength.
By leaving the configuration algorithm running, the filter can
automatically track that wavelength if it changes for any reason.
Equivalently, periodically recalibrating with a reference wave-
length can hold or reset the device behavior even in the presence of
environmental changes (e.g., temperature) or component aging.
Such a single wavelength input also allows simple calibration of the
set of waveguides and the entire set of mesh layers by completely
progressive algorithms based only on power minimization or maxi-
mization in a detector or detectors [14,43]. Such calibration also
allows automatic compensation for fabrication errors in the precise
phase delays or lengths of waveguides and any other static phase
shifts, allowing possibly very long waveguide lengths for precise
spectral filtering. Operating using self-configuration algorithms
[9,12–14,43] also automatically compensates for such phase-delay
errors. Variations in loss in different waveguide paths can also be
automatically compensated by the mesh layers. Pre-compensation
with a programmable power splitter allows simple filter analysis
and programming even with substantially different losses in differ-
ent waveguides. (In this case, the spectral resolution of the filter is
not limited by losses in the waveguides.)

Third, this can be a universal filter approach that is software-
defined and is completely programmable and reprogrammable in
the field with simple progressive algorithms.

Fourth, this approach offers novel operation modalities. In an
N waveguide device, up to N − 1 wavelengths lying anywhere
in the filter’s free-spectral range can be completely and automati-
cally rejected from the remaining output. Our additional novel
concept of a non-redundant array filter allows very narrow and
programmable spectral response even with only moderate num-
bers of waveguides and circuit complexity, at the expense only of
finite rejection at other wavelengths. The use of multilayer meshes
together with algorithms that maximize (or minimize) power over
an entire mesh layer at once allows powerful functions operating
on partially coherent light, including separation into its mutually
temporally incoherent components (a physical Karhunen–Loève
decomposition). This approach allows measurement of the tempo-
ral coherence function; we are not aware of any other approach that
accomplishes either this physical separation or this non-destructive
measurement of temporal coherence. It also enables functional-
ities such as absorption spectroscopy in the presence of a broad
background spectrum.

10. CONCLUSION

In conclusion, the approach to spectral filtering presented here, by
exploiting the programmability of interferometer meshes together
with waveguide arrays, offers a wide range of filters and operational

modalities. Multiple simultaneous filters are possible. All these
filter functions can be programmed and re-programmed after
fabrication and can exploit the self-configuring possibilities of
forward-only meshes formed from self-configuring layers to set
themselves up optimally based on the input light. Some of the
resulting capabilities, such as measurement and separation of par-
tially coherent light fields, are apparently beyond previous optical
systems. The approach also offers tolerance to fabrication varia-
tions, self-calibration, and self-stabilization. Taken together, these
features and capabilities are very promising for future integrated
photonic filters and spectrometers.
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