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Abstract—We propose a robust programmable photonic inte-
grated circuit platform based on a 2D Floquet-Lieb topological
lattice. Reconfigurable topological photonic lattices typically re-
quire creating topologically distinct domains to guide interface
modes, which requires a large number of coupling elements to
be tuned and severely constraints the realizable circuit configu-
rations. Here by taking advantage of the natural hopping sequence
of light in the Floquet-Lieb microring lattice, we show that line
defect modes and flat-band resonance modes can be excited by
tuning only selective coupling elements, thus enabling efficient light
steering and localization in the lattice interior. We show how basic
circuit elements such as waveguide bends, splitters, combiners,
and resonators, can be formed in the lattice, which can be used
to construct general photonic integrated circuits. Compared to
conventional topologically-trivial waveguide meshes, our topologi-
cal photonic lattice requires fewer tuning elements while offering
better tolerance to defects and random variations due to topolog-
ical protection. The proposed topological lattice can thus provide
an efficient and robust platform for implementing classical and
quantum integrated photonic circuits.

Index Terms—Programmable photonic integrated circuit,
robustness, topological photonics.

I. INTRODUCTION

PHOTONIC integrated circuits (PICs) is evolving into a
powerful platform for applications in communication, sig-

nal processing, artificial intelligence, quantum communication
and sensing [1], [2], [3], [4], [5]. While application-specific
PICs are well developed, their fixed functionalities and lack of
flexibilities make them costly and time consuming to design and
manufacture [6], [7]. On the other hand, recent progress in PIC
technology has seen increasing interest in the development of
programmable photonic processors that can implement various
functionalities for rapid prototyping [6], [8], [9], [10], [11],
similar to Field Programmable Gate Arrays (FPGAs) in mi-
croelectronics. For example, a programmable two-dimensional
(2D) network of tunable couplers has been proposed [7], [12],
and a seven-hexagonal cell structure has been fabricated in
silicon to implement up to 20 functionalities [13]. However,
these networks require a large number of couplings to be tuned
to form channels for light guiding. In addition, the conventional
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hexagonal waveguide mesh is sensitive to coupling and phase
perturbations due to fabrication imperfections, which becomes
more pronounced as the mesh size is increased, thus limiting
scalability of the optical FPGA [14], [15].

Topological photonic insulators (TPIs) hosting topologically-
protected edge modes in nontrivial band gaps can potentially
provide a robust platform for realizing photonic devices that are
tolerant to fabrication variations. For example, robust optical
delay lines [16] and entangled photon emitters [17] have been
demonstrated in silicon TPIs. However, these devices occupy
large footprints since they rely on edge modes propagating
along the physical boundaries of the lattice while leaving the
lattice bulk largely unutilized. Recently, light steering through
the lattice interior was demonstrated along an interface between
gain and loss domains in the bulk [18]. A reconfigurable topo-
logical lattice using coupling and phase tuning has also been
reported [19], and beam splitting and routing in a topological
photonic crystal by lattice deformation have been demonstrated
for far-field steering [20]. A common feature of all these works
is that they require topologically distinct regions to be created
in the lattice, which requires a large number of unit cells to be
modified. As a result, very limited device structures can be cre-
ated, making these platforms unsuitable for realizing complex
reconfigurable PICs.

In this paper we propose a topological photonic lattice that can
be used to construct robust programmable PICs. Our topological
lattice is a square waveguide mesh, which can also be regarded
as a 2D microring lattice with the couplings designed to emulate
an anomalous Floquet-Lieb insulator (AFLI) with all flat bands.
We have recently experimentally demonstrated non-trivial edge
mode propagation in an AFLI lattice fabricated in silicon-on-
insulator (SOI) [21]. Here we show that by exploiting the natural
hopping sequence of light in the ring lattice, we can form a new
type of line defect modes and flat-band resonance modes by
selectively tuning only certain coupling elements. These defect
modes provide efficient mechanisms to steer and localize light
in the lattice interior without having to create entire topological
distinct domains, as required for interface mode guidance in
previous reconfigurable TPI lattices. We also investigate the
performance of the AFLI in the presence of realistic levels
of fabrication-induced variations, and provide a method for
estimating coupling disorder from experimental measurement of
the edge mode transmission spectrum of the lattice. Compared
to conventional, topologically trivial waveguide meshes [9], our
topological lattice requires fewer tuning elements to realize
the same PIC while offering the advantage of robustness to
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Fig. 1. (a) Schematic diagram of the programmable AFLI lattice. Each unit
cell consists of 4 microrings A, B, C and D with coupling angles θa and θb. Light
hopping sequence is indicated by the red arrows. (b) Projected band diagram of an
AFLI lattice (for θa = π/2, θb = π) withNx = 10 unit cells in the x-direction
and infinite extent along y. (c) Intensity distributions of the edge modes and
flat-band bulk mode at quasienergy ε = 0.

fabrication-induced disorder due to the topological protection
property of the AFLI. We demonstrate how to form basic circuit
elements in the AFLI such as 90◦ bends, splitters/combiners, and
resonators that are used to construct most photonic circuits, and
provide an example implementation of a Mach-Zehnder interfer-
ometer (MZI) circuit with one arm coupled to a ring resonator.
The proposed AFLI lattice can thus provide an efficient and
robust platform for implementing programmable classical and
quantum photonic circuits.

II. PROGRAMMABLE TOPOLOGICAL PHOTONIC LATTICE

Fig. 1(a) shows a schematic of the programmable topological
waveguide mesh in the form of a square microring lattice,
with each unit cell composed of four identical microrings la-
beled A,B, C and D. Each microring is assumed to support
only a clockwise or counterclockwise propagating mode, with
negligible scattering into the reverse direction. We define the
coupling angle between microring A and its neighbors as θa,
and between microring D and its neighbors as θb, such that the
fraction of power transfer between two neighbor rings is given by
sin2 θ(a,b). Nontrivial topological behavior of the lattice can be
obtained for certain values of θa and θb [22]. For our topological
programmable lattice, we want to maximize the nontrivial band
gaps while minimizing the bulk bands to provide the widest edge
mode transmission bandwidth possible. This can be achieved
by setting θa = π/2 and θb = π, which correspond to 100%
power coupling between microring A and its neighbors, and no
coupling between microringD and its neighbors. For this choice
of coupling angles the lattice behaves as an anomalous Floquet
Lieb insulator (AFLI) with three flat bands at quasienergies
ε = 0,±2π/3 L in each microring FSR, where L is the mi-
croring circumference [21]. Fig. 1(b) shows the projected band
diagram over one FSR of an AFLI lattice withNx = 10 unit cells
in the x direction and infinite extent in y (details of band diagram
calculation can be found in the Supplemental Material of [23]).
We observe two linearly-dispersive edge modes spanning the
full FSR, intersecting the three flat bands at discrete points of
degeneracy. The intensity distributions of the edge modes are

Fig. 2. (a) Measured edge mode transmission spectrum of a 10× 10 AFLI
lattice fabricated on SOI. Inset shows the zoomed-in ripples of the spectrum
due to measurement uncertainty. (b) Simulated edge mode transmission spectra
over one FSR with coupling disorder strength of εθ = 0.2%π (upper panel)
and εθ = 1%π (lower panel). (c) Variation of edge mode transmission at the
flat-band mode quasienergy ε = 0 (zero wavelength detune) against coupling
disorder strength. Solid line indicates the transmission mean and shaded area
indicates ±1σ (standard deviation) range.

shown in Fig. 1(c), indicating light propagating along the left
and right lattice boundaries. To visualize the flat-band modes,
we also computed the intensity distribution of the eigenmode at
quasienergy ε = 0 in a 5× 5 unit cell lattice. The result is also
displayed in Fig. 1(c), showing light localized in a loop pattern
which corresponds to the hopping sequence of the Floquet
microring lattice (shown by red arrows in Fig. 1(a)). In general,
these flat-band modes have a two-fold degeneracy with opposite
chirality, corresponding to the clockwise and counterclockwise
directions of propagation around the loop, which can be indepen-
dently excited. The strong spatial localization of the flat-band
modes suggests that they can be exploited to realize high-Q
resonators anywhere in the lattice, as shown in Section II-B
below.

A striking feature of our AFLI lattice is that the edge modes
can coexist with the flat-band modes at the degenerate frequen-
cies and these modes are orthogonal so they do not couple to each
other [21]. As a result, we can obtain a broad and continuous
spectrum of edge modes spanning multiple microring FSRs
without exciting the flat-band resonances, which is necessary
for broadband applications of the programmable lattice. We have
experimentally verified the existence of this broad edge mode
continuum in AFLI microring lattices fabricated on SOI using
the AMF foundry [21]. A sample measured TE transmission
spectrum of an edge mode propagating along the bottom lattice
boundary is shown in Fig. 2(a). The fabricated lattice has10× 10
unit cells, with each ring having circumference L = 103.4μm
and FSR of 6 nm (see Appendix A for detailed lattice design).
A wide region of high and flat edge mode transmission can be
seen between 1535 nm and 1553 nm in the measured spectrum,
corresponding to 3 microring FSRs. Direct evidence of an edge
mode propagating along the lattice boundary in this wavelength
range could also be obtained from Near Infrared imaging of
the scattered light from the lattice [21]. The absence of sharp
dips in this spectral range indicates that the flat-band resonance
modes were not excited. However, if there is sufficiently large
disorder in the coupling angles in the lattice, such as due to
fabrication variations, the orthogonality between the edge modes
and flat-band modes can be destroyed, causing transmission dips
to appear in the edge mode spectrum (the lattice is immune to
disorder in microring phase detunes, as illustrated in Fig. 4(c)).
Fig. 2(b) shows the simulated edge mode transmission spectra
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of the AFLI lattice in the presence of uniformly-distributed
coupling error |δθi| ≤ εθ, where δθi is the deviation of the
coupling angle θi from the nominal value and εθ is the error
bound (see Appendix B for simulation method). The upper
panel is for disorder level εθ = 0.2%π while the lower panel
is for εθ = 1%π. A nominal propagation loss of 3 dB/cm was
also assumed in the microring waveguides, which accounts for
material absorption, surface roughness scattering and bending
loss. We observe transmission dips appearing at the flat-band
frequencies, which increase with increasing disorder level. The
variation of the edge mode transmission at a flat-band frequency
as a function of the coupling error strength εθ is plotted in
Fig. 2(c). We note that coupling disorder also causes similar dips
to appear in the transmission spectra of conventional waveguide
lattices and this is a common issue with recirculating meshes [9].
The level of fabrication-induced disorder that can be tolerated
by these waveguide lattices is determined by the magnitudes of
the dips that can be tolerated in broadband PIC applications.

It is possible to estimate the level of coupling disorder in
the fabricated AFLI lattice from the size of the transmission
dips. Given that the ripples in the measured edge mode spectrum
are about 0.2 dB, we estimate a maximum coupling disorder of
εθ ∼ ±0.2%π in the lattice. If we assume that this coupling angle
variation is due to variation in the microring waveguide widthw,
which is accompanied by a corresponding change in the coupling
gap, we can estimate the width variation to be δw ∼ w(εθ/θa) ∼
±2 nm. This estimate is reasonable for state-of-the-art silicon
photonics fabrication technology [24].

A. Line Defect Modes in AFLI Microring Lattice

The main drawback of steering light by the edge modes is that
they can only guide light along the lattice boundaries, leaving the
large area of the bulk unused. While there have been proposals
to guide edge modes through the bulk by creating domain walls
between topologically distinct regions in the lattice [18], [19],
[20], these approaches are inefficient since they require altering
every unit cell in the new topological region. Here we show how
a line defect mode can be created in the AFLI for light guidance
through the lattice interior by tuning only the coupling elements
along the line mode. In particular, to create a line defect mode
propagating along the y-direction through the lattice interior, we
simply turn off the coupling between rings A and B (i.e., tune
θa to π) in each unit cell along the line mode, as indicated by
the red crosses in Fig. 3(a). Effectively, the lattice is “cut” into
two separate domains, so that an edge mode can be supported
on either side of this interior domain wall. Fig. 3(c) shows the
projected band diagram of an AFLI lattice with Nx = 5 unit
cells and infinite extent along y with theA−B couplings of the
unit cells at position nx = 3 turned off. In addition to the two
edge modes at the left and right boundaries of the lattice (green
lines), we observe two additional modes (orange and black lines)
existing in each band gap. The intensity distributions of these
modes are shown in Fig. 3(a) and (b), confirming that they are
edge modes propagating along the interior domain wall in op-
posite directions. For light steering applications, it is preferable
to employ the forward-travelling line mode in Fig. 3(a) since it

Fig. 3. (a) and (b) Creation of line defect modes propagating along the positive
and negative y-directions, respectively, through the AFLI lattice interior by
turning off the A−B couplings in unit cells at nx = 3 (indicated by red
crosses). The simulated intensity distributions of the line modes are also shown.
(c) Projected band diagram of a lattice with Nx = 5 unit cells and infinite extent
along y, with theA−B coupling angle of unit cells atnx = 3 tuned toπ. Green
lines correspond to edge modes along the left and right lattice boundaries; black
and orange lines are the forward and backward propagating line defect modes,
respectively. (d) Intensity distribution of a line mode going around a defect
created by removal of a microring C (dashed black square) in its path.

is more localized than the backward mode. In general, we can
create light channels along the x or y direction by turning off the
A−B orA− C coupling, respectively, in each unit cell through
which the line mode propagates. Note that we need to tune only
one coupling per unit cell along the line defect mode, instead
of altering an entire region of the lattice to create an interface
between topologically distinct domains. Fig. 3(d) demonstrates
the topological protection of the line mode by showing that it
goes around a defect caused by the removal of a site microring
in its path. It should be noted that unlike the external lattice
boundaries, the interior domain wall created by turning off the
couplings along the interface is a “soft” boundary since light can
leak to the other side in the presence of coupling disorder. We
will investigate the robustness of the line defect mode to random
disorder below.

It is also of interest to compare the light steering performance
in our topological lattice to conventional programmable 2D
waveguide meshes that have previously been proposed [9], [12].
We focus on two types of networks, “All Bar” (AB) and “All
Cross” (AC), shown in Fig. 4(a) and (b), which are similar
to the hexagonal meshes proposed in [9] except that here we
use a square mesh configuration for direct comparison with our
topological lattice. The AB lattice has all coupling junctions in
the bar state by default (coupling angles θa = θb = π) while the
AC lattice has all coupling junctions in the cross state by de-
fault (θa = θb = π/2). Both lattices are topologically trivial. To
create light channel in each mesh, selective coupling junctions
are turned on or off as indicated by the crosses in Fig. 4(a)
and (b) for a line mode propagating along the y direction.
We observe that the line mode patterns are the same as in the
topological lattice (Fig. 3(a)) but for the same waveguide length,
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Fig. 4. Intensity distributions of line modes in (a) “All Bar” (AB) lattice and (b)
“All Cross” (AC) lattice. The red (blue) crosses indicate the coupling junctions
being turned on (off). (c) Transmission of line modes over 1 FSR in the AFLI, AB
and AC lattices in the presence of random variations in the microring roundtrip
phases (|δφi| < 2π). (d)–(f) Transmission of line modes in the (d) AFLI, (e)
AB and (f) AC lattices in the presence of random variations in the coupling
angles (|δθi| < 0.2%π). The insets show the variation in the transmission at
wavelength λ1 in the middle of a band gap as a function of the coupling error
strength.

both the AB and AC meshes require twice as many couplers to be
tuned compared to the AFLI lattice. Thus in general we expect
the topological lattice to require fewer coupler tunings as the
conventional meshes to realize the same PIC.

To compare the robustness of the three lattices to random
disorder, we performed Monte-Carlo simulations of light prop-
agation along a line mode through each lattice with 10× 10 unit
cells subject to uniformly-distributed coupling and microring
roundtrip phase errors (see Appendix B for simulation method).
A nominal propagation loss of 3 dB/cm was assumed in the
microring waveguides. For all three lattices, we found that the
power transmission of the line mode is immune to microring
phase errors, as shown in Fig. 4(c) for uniformly-distributed
phase errors in the range |δφi| < 2π. This is expected since
in the absence of coupling errors, light in each ring does not
recirculate so the rings do not act as resonators. As a result,
the power transmission of the line mode does not depend on
the ring roundtrip phases. For the case of coupling disorder,
we assumed the coupling error bound to be |δθi| < 0.2%π as
estimated from the measured edge mode transmission spectrum
in Fig. 2(a). The simulated line mode transmission spectra
for the three lattices are shown in Fig. 4(d)–(f). We observe
spurious dips appearing in all three transmission spectra, which
are caused by the interference of recirculating light or excitation
of resonant bulk modes. However, the dips remain less than
0.25 dB, which is tolerable for most applications and can be
reduced with better fabrication control. For the AFLI lattice, the
transmission of the line mode shows remarkable robustness to
disorder at frequencies in the topological band gaps. The insets
of Fig. 4(d)–(f) show the variations in the transmission of the line
modes at wavelength λ1 in the middle of a band gap as a function
of the coupling disorder strength. We observe that the line mode
in the AFLI lattice exhibits less variation than both the AB and
AC meshes, with the AC lattice performing the worst. Thus
the AFLI lattice is more robust than the conventional meshes
at frequencies in the topological band gaps, although it suffers
from larger transmission dips at the flat-band frequencies.

Fig. 5. (a) Intensity distribution of a flat-band resonance mode at zero
quasienergy coupled to an edge mode. The resonance is excited by tuning
coupling angle θc (blue cross) to 0.35π. (b) Power transmission spectra of the
flat-band mode resonator for various values of coupling angle θc. (c) Projected
band diagrams of flat band-modes for various phase detune values Δφ applied
to the microring segment marked by the green box in (a). (d) Resonance spectra
corresponding to applied phase detune values in (c).

B. Flat-Band Mode Resonance

As shown in Fig. 1(b), a distinctive feature of the AFLI lattice
is that it hosts three flat bands within each FSR. These flat-band
modes form localized spatial loop patterns in the bulk, which
can be exploited to form compact, high-Q resonators anywhere
in the lattice interior by tuning only one coupling junction. In
particular, these resonant modes can be excited and coupled
to an edge mode or a line defect mode by tuning the coupler
shared by the two modes to break the mode orthogonality. As
an example, Fig. 5(a) shows a flat-band resonance excited by an
edge mode by tuning the A−B coupling angle (θc) indicated
by the blue cross. This loop is excited whenever the frequency
of the edge mode coincides with the quasienergy of a flat-band
mode (0,±2π/3 L). As a result, the spectral response of the
transmitted light at the output port has three resonance dips
over each FSR, as shown in Fig. 5(b). Effectively the resonator
behaves as an all-pass ring filter. The Q factor of the resonator
can be varied by tuning the coupling angle θc, as demonstrated
in the inset of Fig. 5(b). Specifically, the Q factor decreases for
larger deviation of the coupling angle θc from the initial value
θa = π/2, indicating stronger coupling between the edge mode
and the flat-band mode.

It is also possible to vary the resonance frequencies of the
flat-band modes by introducing a phase detune in the resonant
loop. For example, for the resonator in Fig. 5(a), we can tune
its resonance frequency by varying the phase of a microring
waveguide segment in the loop, as indicated by the green box.
The phase detune Δφ can be achieved, for example, using
the thermo-optic effect by heating up the indicated waveguide
segment. Fig. 5(c) shows the projected band diagrams of a 5× 5
unit cell lattice for several values of phase detune Δφ applied
to the microring segment. We observe that the effect of the
phase detune is simply to shift the quasienergies of the flat-band
modes while maintaining their flatness. Fig. 5(d) shows the
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Fig. 6. Implementation of PIC in the AFLI circuit: (a) an MZI and (b) an
MZI with left arm coupled to a flat-band mode resonance. Red crosses indicate
coupling junctions to be turned off to form the circuits. The simulated light
intensity distribution in each circuit is also shown. (c) Power transmission
spectra at output ports p4 and p5 of the MZI (black and green lines) and
the ring-coupled MZI (red and blue lines) with θ3 = π/4 and phase detune
Δφ = π. (d) Transmission spectra of the ring-coupled MZI in the presence of
0.2%π coupling disorder and 3%π phase detune disorder. (e) Plot of the peak
transmission variation (1σ) vs. phase detune disorder level.

transmission spectrum obtained for each phase detune. The
resonance spectrum is increasingly red shifted for larger phase
detune value while its shape remains unaffected. The flat-band
modes thus provide an efficient mechanism for forming res-
onators with tunable wavelength and Q factor anywhere in the
AFLI lattice by varying only one coupling and one phase shift
element. We note that a similar type of resonance called Flo-
quet Defect Mode Resonance (FDMR) has been experimentally
demonstrated in a general 2D Floquet microring lattice [25],
except that the bulk bands of those lattices were not flat. The main
advantage of the AFLI proposed here is that all the bulk bands
always remain flat in the presence of frequency detunes. As a
result, the resonance spectrum of the flat-band mode maintains
its shape and linewidth as it is tuned across the band gap, which
is not the case for the FDMR.

III. EXAMPLE OF A TOPOLOGICAL PROGRAMMABLE CIRCUIT

As an application example of the programmable topological
platform, we demonstrate a PIC consisting of an MZI with one
arm coupled to a resonator, which may be used as a tunable
filter. To implement the MZI, we realize a 3 dB beam splitter by
tuning coupling angle θ1 indicated in Fig. 6(a) to π/4 to split
the input signal from port s1 into two equal parts propagating
at 90◦ to each other. The two beams are then steered toward
each other by two 90◦ bends, then combined through a beam
combiner by tuning coupling angle θ2 to π/4. The coupling
junctions that need to be turned off to form the MZI are marked
by the red crosses in Fig. 6(a). Fig. 6(c) shows the transmission
spectra over one microring FSR at the two output ports p4 and
p5 of the MZI (black and green lines). For this balanced MZI,
the transmission spectra have negligible frequency dependence,
with all input power transmitted to output port p5. The simulated

intensity distribution of light propagating through the MZI at a
microring resonance wavelength λ0 is also shown in Fig. 6(a).

To excite a flat-band resonance mode coupled to the left arm
of the MZI, we vary the coupling angle θ3 shown in Fig. 6(b)
to achieve the desired Q-factor. We also tune the resonance
wavelength to the middle of the band gap by applying a phase
detune Δφ = π to a microring segment in the resonance loop
indicated by the green box in the figure. The transmission spectra
at the two MZI output ports for θ3 = π/4 are shown by the red
and blue traces in Fig. 6(c). Over one microring FSR, we observe
three resonance peaks appearing at output port p4 corresponding
to a flat-band resonance in each band gap. The light intensity
distribution in the circuit at a peak transmission wavelength λ1

is also shown in Fig. 6(b).
We also investigated the robustness of the PIC by perform-

ing Monte-Carlo simulations of the lattice in the presence of
random disorder. We assumed a fixed coupling disorder of
|δθi| < 0.2%π obtained from measurement and investigated the
effect of random microring phase detune δφj . Fig. 6(d) shows the
variations in the transmission spectra for phase detune disorder
|δφj | < 6%π (or 3% of microring FSR). It can be seen that the
main effects of the disorder are to cause a decrease in the peak
transmission and a slight broadening of the resonance spectra.
In Fig. 6(e) we plotted the variation in the peak transmission (at
wavelength λ1) as a function of the microring phase disorder
strength, with the coupling disorder fixed at 0.2%π. The plot
shows that to keep the peak transmission variation to less than
±5% of the nominal value, the lattice can tolerate microring
phase disorder up to ±10%π (or 5% of microring FSR), which
is achievable with current SOI fabrication technology [24].

IV. CONCLUSION

We proposed a robust and efficient programmable PIC plat-
form based on a 2D topological photonic lattice. By taking
advantage of the natural hopping sequence of the AFLI lattice,
we showed that line defect modes and flat-band resonance
modes can be efficiently excited for light steering by tuning
only certain coupling elements, without having to create entirely
new topological domains. Compared to conventional waveguide
meshes, the topological lattice requires fewer coupling elements
to be tuned while offering better tolerance to random fabrication-
induced variations. While we focused on the square lattice in this
work, hexagonal topological ring lattices [20] can also be used
for robust light steering and localization by creating similar line
defect modes and flat-band modes.

In the practical implementation of the programmable topo-
logical lattice on SOI, the coupler and phase tunings can be
achieved using a phase change material (PCM) such as GST or
GSST [26], [27]. By depositing a layer of PCM on top of the
lattice, the effective index of the SOI waveguides can be tuned by
altering the phase of the PCM between amorphous to crystalline
using a pulsed laser [28]. The change in the effective index can
be used to tune the coupling between adjacent microrings, for
example, by using a three-waveguide directional coupler with a
PCM layer deposited on the middle waveguide as demonstrated
in [26]. The proposed topological waveguide mesh can provide
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Fig. 7. (a) Optical image of an AFLI lattice with 10× 10 unit cells fabricated
on SOI. (b) Scanning electron microscopy image showing a close-up view of a
unit cell.

an efficient and robust platform for implementing programmable
classical and quantum photonic circuits.

APPENDIX A
DESIGN AND FABRICATION OF AFLI LATTICES ON SOI

We fabricated AFLI lattices on SOI using the AMF foundry
service [29]. The lattices had 10× 10 unit cells, each unit cell
consisting of 3 squared-shaped ring resonators A, B, C, with ring
D omitted to emulate the zero coupling condition (θb = 0). Each
square-shaped resonator has straight side lengthL = 18μm and
rounded corners with R = 5μm radius, as shown in Fig. 7(b).
The microring rib waveguides were designed for TE polarization
operation, with W = 500 nm core width, 130 nm rib height,
and 90 nm slab thickness with SiO2 overcladding. The coupling
gaps between ring A and its neighbors (B and C) were g =
250 nm to achieve 100% coupling (θa = π/2) around 1550 nm
wavelength. An optical image of the fabricated lattice is shown in
Fig. 7(a), with zoomed-in SEM image of a unit cell in Fig. 7(b).
To excite an edge mode along the bottom boundary of the lattice,
an input waveguide is coupled to the ring at the lower-left corner
of the lattice, as shown in Fig. 7(a). TE-polarized light from a
tunable laser is coupled to the input waveguide using a lensed
fiber. An output waveguide is coupled to the ring at the lower-
right corner to measure the power transmission of the edge mode.
The transmitted power in the output waveguide was coupled to
a lensed fiber and measured with an InGaAs photodetector.

APPENDIX B
METHOD FOR SIMULATING POWER TRANSMISSION AND FIELD

DISTRIBUTION IN AFLI LATTICE

We used the power coupling method for 2D coupled ring
resonators [30] to simulate the field distribution in the AFLI
lattice. We consider a finite network consisting of N ×N unit
cells with an input waveguide coupled to microring A of the
(nc, 1) unit cell at the bottom and an output waveguide coupled
to microring C of the (nc, N) unit cell at the top of the net-
work, as shown in Fig. 8. We number the unit cells as (m,n),
(m,n = 1. . .N), with cell (1,1) at the bottom left corner and
cell (N,N) at the top right corner. For unit cell (m,n) in the
lattice, we denote the fields at position z in microring waveguides
A, B, C and D as [ψA

m,n(z), ψ
B
m,n(z), ψ

C
m,n(z), ψ

D
m,n(z)]

T =

[ak(z), ak+1(z), ak+2(z), ak+3(z)]
T, where k(m,n) = 4[(n−

1)N+m− 1]+1. Letting a(0)=[a1(0), a2(0), . . ., a4 N2(0)]T

be the vector containing the fields in all the microrings at the ini-
tial position z = 0 (indicated by the red bars in Fig. 8), the fields

Fig. 8. Schematic of a AFLI microring lattice with N ×N unit cells. The
small red bars on each microring indicate the initial position z = 0 for light
propagation around the microring. To excite a line defect mode along nx = nc

column, an input field sin is applied to an input waveguide coupled to microring
A of cell (nc, 1) at the bottom. The transmitted light sout is detected through
an output waveguide coupled to microring C of cell (nc,N) at the top of the
lattice.

after propagating one roundtrip are given by a(L) = Ma(0),
where

M = M4P
−1/4M3P

−1/4M2P
−1/4M1P

−1/4 (1)

with Mj , j ∈ {1, 2, 3, 4} being the coupling matrix for step j
and P = e−αL/2diag[eiφ1 , . . ., eiφ4 N2 ] the propagation matrix,
where φk is the roundtrip phase of microring k and α the wave-
guide loss coefficient. The coupling matricesMj are constructed
as follows. Starting with Mj = I being a 4 N2 × 4 N2 identity
matrix, if there is coupling between microring waveguides k and
l in step j, then Mj(k, k) = Mj(l, l) = cos θ and Mj(k, l) =
Mj(l, k) = i sin θ, where θ ∈ {θa, θb} is the coupling angle of
the AFI lattice. Additionally, to realize the line defect mode
along column nx = nc, the coupling between microrings A and
B are turned off for each unit cell along the very column as
indicated by the red crosses in Fig. 8.

For a field sin applied to the input port, the fields a(0) in the
microrings satisfy the equation [30]

(I− LM)a(0) = s (2)

where s = [0, . . ., 0, iκosin, 0, . . ., 0]
T andL is a diagonal matrix

with diagonal elements

L(k, k) =

{
τ0, k ∈ {k(nc, 1), k(nc, N) + 2}
1, otherwise

(3)

Here κo = sin θ and τo = cos θ are the coupling and transmis-
sion coefficients, respectively, of the coupling junction between
the input/output waveguides and the microring. Solving the
above equation for a we obtain the power transmission at the
output port of the lattice as

Tout = |sout/sin|2 = κ2o|ψC
nc,N

(0)|2/τ2o (4)
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To simulate the transmission of the AFI network in the pres-
ence of randomly distributed microring roundtrip phases, we
set the roundtrip phase in microring k to be φk = φnom

k + δφk,
where φnom

k is the nominal roundtrip phase without perturbation
and δφk is a random phase error under uniform distribution.
Similarly, for random variations in the coupling angles, we
add a random term δθk to the nominal value of each coupling
angle to obtain θl = θnom

l + δθl. The transmission of the lattice
is then calculated with the perturbed couplings and round-trip
phases.
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