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Abstract

Rapidly increasing demand for higher data bandwidths has motivated explo-
ration of new communication channels based on spatially multiplexed in-fibre
and on-chip coupled light guides. However, the conventionally used periodi-
cally arranged coupled waveguides display complicated light propagation pat-
terns, ranging from quasiperiodic to nearly chaotic. Taking a different approach,
we spectrally engineer interwaveguide coupling to instigate self-imaging of the
input light state at the array output and thus enable construction of novel
high-fidelity interconnects. Simple implementation via modulation of the in-
terwaveguide separations makes these interconnects realizable in all fabrication
platforms. Their competitive advantages are a negligible crosstalk-induced in-
formation loss, high density that exceeds the current standards by an order
of magnitude, and compatibility with both classical and quantum information
encoding schemes. Moreover, the wavelength-dependent self-imaging opens up
new possibilities for wavelength and spatial division demultiplexing. The pro-
posed analytical designs are supported by extensive numerical simulations of

silicon-on-insulator, silicon nitride and silica glass waveguide arrays, and a sta-
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tistical feasibility study.

Keywords: waveguide arrays, crosstalk, interconnects

1. Introduction

Optical transmission links and interconnects serve the modern industrial and
consumer information markets and are seen as platform for future quantum in-
formation transfer [I]. Solutions for long-haul data transfer have pushed the
signal multiplexing in time and wavelength domains to their technological lim-
its [2,13,[4]. The Big Data and Internet of Things put additional requirements on
the short-range data transfer and routing to and from the network end-points.
Finally, fibre-to-chip, intra-chip and on-chip interconnects built into the com-
puter systems and smart phones are facing the input/output (I/O) bottleneck
as the packaging density cannot sustain the demand for data bandwidth [5].
Therefore, the innovative solutions for light signal multiplexing and photonic
device packaging are in high demand [6], [7].

In the last decade, spatial division multiplexing (SDM) has come to promi-
nence as an underexploited highly-promising resource [§]. Development of opti-
cal fibres with multiple single- or multimode cores [9] and multimode waveguides
on semiconductor chips [I0], opened up new possibilities for mode and path di-
vision multiplexing [IT]. Albeit compact and effective, the mode division multi-
plexing is limited by the inter-modal coupling that sets the maximum number of
modes or propagation length along the fibre [I2]. On the other hand, the first-
generation path multiplexing through a bundle of single-core fibres has seen a
wide-spread deployment in submarine cables. Due to the increased demand,
considerable efforts are being invested in development of the second-generation
links based on multicore fibres [I3]. However, coupling between closely spaced
cores, known as optical crosstalk, limits the link length or the number of cores.
Thus the high-throughput transfer can be realized with fibres with large diam-
eters but insufficient mechanical reliability [8]. In the same manner, crosstalk

induces losses and limits the packaging density of waveguides in short and on-
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chip interconnects [14, [I5]. Hence, their usage relies on the crosstalk avoid-
ance and source separation codes [16] [I7) 18] or the strategies for waveguide
isolation [19, 20} 21} 5], which significantly raises the system complexity and
stands in opposition to the low cost per bit requirement. The most successful
on-chip crosstalk reduction has been achieved by strong mode confinement in
semiconductor interconnects with high refractive index (RI) contrast. Whereas
this greatly reduces the footprint with respect to dielectric circuits [22], 23], the
fundamental problem of the circuit size being limited by the crosstalk remains.

Consequently, disruptive SDM strategies that leverage on crosstalk have been
considered [8]. It was suggested that the signal is encoded in eigenmodes of a
coupled system, which propagate undisturbed over large distances [24]. How-
ever, complex I/0O encoders and decoders are required to project the information
to a corresponding eigenbasis. Another solution is provided by multiplexing of
the orbital angular momentum (OAM) through multicore fibres with coupled
cores [25]. Its prospective deployment depends on the development of sources
and couplers for the high-order OAM light. Finally, the recently demonstrated
transoceanic distance real-time transmission via a fibre with 4 coupled cores was
aided by the time offset between signals in different cores to enable decorrelation
at the receiving end [26].

Here, we take a new crosstalk-assisted approach to design high-density waveg-
uide array (WGA) architectures that support high-fidelity on-chip, short-range
and long-haul transmission. Our solution leverages on the linear coupling be-
tween waveguides to achieve periodic transmission and thus the full restoration
of an input state at the output. The periodicity is realized by reverse spectral en-
gineering of WGAs with commensurable eigenfrequencies, hereinafter commen-
surable waveguide arrays (CWGAs). The purely algebraic commensurability
ansatz renders a generic design procedure for a variety of optical interconnects
realizable with arbitrary waveguide RI profiles and waveguide densities.

The paper is structured as follows: In Section [I} we explain the idea on a
model system composed of discrete nearest-neighbour coupled waveguides. In

Section [3] we give examples of interconnects in low, medium and high RI con-
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trast materials (silica glass (SiO3), silicon nitride (SiN) and silicon-on-insulator
(SOI)). We numerically estimate the gain in channel density and the classical
and quantum link capacity scaling with the number of ports. In Section [d], we
discuss the limitations of the model, present results of the feasibility check and
estimate permissible fabrication tolerances. We summarize results and give a

wider perspective in Section

2. Methods

To demonstrate the commensurability principle and its application in inter-
connects, we model the waveguide coupling under two simplifying assumptions.
The tight-binding approximation (TBA) allows for the representation of the fun-
damental mode of the j!* waveguide by a scalar complex wavefunction 1;(z).
The nearest-neighbour-coupling approximation yields the following tridiagonal

model coupling matrix (Hamiltonian)

01 a2

a2 1 02

Om—1  amM—1,M

an,M—1 O
where M is the number of waveguides in the array. The coupling matrix is
composed of the real coupling coeflicients a;; and the relative phase detunings
0; of waveguide modes. We assume that all waveguides are identical and hence
the modes are phase matched with §; = 0, Vj. The propagation of a light state
P(2) = (V1(2),...,%i(2),...,%a(2))T along the array is calculated by solving

the linear Schrodinger equation and results in

¥(z) = TY(0) = e~ T(0), (2)

where T is the transfer matrix. T describes the functionality of the array and
is calculated from the CWGA eigenspectrum by analytic expressions derived

in [27].
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The state transfer through a WGA interconnect is achieved by selection
of the identity transfer matrix, T(kL) = I, whereby the interconnect length
equals k& multiples of the revival length L. A trivial analysis of the transfer
matrix diagonalised in the form (D~!TD); (2 = L) = e "AL§; ., where A;
are the eigenfrequencies of the coupling matrix H, shows that the equivalence
condition is fulfilled for eigenfrequencies A; = n;2m/L, where n; are integers.
This is nothing else but the eigenfrequency commensurability condition which
ensures that the ratio of any two eigenfrequencies is a rational number.

CWGAs with equal coupling coefficients. In the case of uniform planar ar-

rays, coupling matrix becomes a tridiagonal Toeplitz matrix with the eigenvalues

mm
M+1°

n; = 2cos m=1,2,..., M. The arrays with M < 4 are periodic. Arrays
with M > 4 have incommensurable eigenspectra and support quasi-periodic
light propagation during which the input state is never restored, Fig. [I| ). As
a consequence, a uniform WGA is suitable as an SDM interconnect only if the
coupling between waveguides can be neglected along the whole array length,
which requires large spacing between waveguides and thus limits the intercon-
nect density. Interestingly, the analysis of a circular WGA geometry modelled
by a Toeplitz matrix with apr 1 = a1, p 7# 0, showed that the arrays with M =4
and M = 6 waveguides can be stabilized by coupling the first to the end waveg-
uide, while for other values of M also circular systems remain quasiperiodic [28].

CWGAs with unequal coupling coefficients. By allowing for different cou-
pling strengths between the neighbouring waveguides the system coupling ma-
trix becomes a type of Jacobi matrix and acquires new degrees of freedom. The
eigenvalues of such a matrix are not readily available analytically [29], which
significantly complicates the inverse engineering of CWGA. Particular solutions
with Wannier-Stark eigenspectra are found in atoms, molecules or condensed
matter systems with spin coupling [30] and their photonic simulators [3T, [32].
Due to the unrestricted choice of integers n;, our model allows for the general
solutions beyond the arrays with equidistant eigenfrequencies [33, 34, [31], thus
unlocking the potential for design of interconnects and other components, such

as couplers and interferometers [35]. Here, we analyse applications of these
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Figure 1: Light propagation through a mirror symmetric CWGA with 9 waveguides and
the coupling coefficients a12 = ag9 = 1, a23 = ars = 3.9965, a3 4 = ae,r = 6.5000,
a4,5 = as,6 = 6.8516. Shown are the phase plots of Im{(z)} vs. Re{t(z)} over 100 revival
lengths in different waveguides as follows: a) 1 and 9 (end waveguides) b) 2 and 8, ¢) 3 and
7, d) 4 and 6, and e) 5 (middle waveguide). The input state is (0,0,0,1,1,0,0,0,0). f) The

corresponding phase plot in waveguide 4 of a WGA with equal coupling coefficients.

solutions in interconnects as SDM systems.

The essential consequence of commensurable spectrum is the highly-ordered
periodic light propagation [27, B6]. Its main signatures are the revivals of
photon number and relative phases between waveguide modes. The photon
number is revived with the maximum fidelity, F = 1, defined as F(z) =
(ijvil 19 (2)]]¥;(0)])?. The analogous result is obtained for the relative phases.
Both types of revivals are evidenced in the periodic evolution of the mode wave-
function vectors in the complex plane, Fig. |1| a)-e). In a CWGA, all vectors
repeat their paths within each revival length. In a non-commensurable WGA,
at least one vector sweeps ever larger part of the complex plane and never re-
peats its path, Fig. [1| f). Importantly, the revivals are maintained upon any
intervention on the input signal, thus allowing for application of different am-
plitude and phase modulation formats.

The proposed analytical model is ubiquitous and applies to any CWGA
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Table 1: Properties of waveguides in different materials.

Material | Wavelength [nm]| shape width [pm] | height [pm] | RI substrate | RI core | RI contrast [%)]
SIO 1550 rectangular 0.4 0.3 1.444 3.673 42.3
SiN 800 rectangular 0.5 0.4 1.453 2.020 4.1
SiO, 800 circular 3.5 3.5 1.453 1.460 0.5

SiOs fibre 1550 circular 8.2 8.2 1.445 1.450 0.5

embodiment in terms of RI profiles and nominal interwaveguide separations.
The simplest way to realise the array experimentally is to control the coupling
coefficients a; by adjusting the waveguide separations d;j [37]. They are
related by expression

Q= Ae~o, 3)

where the coupling strength A and decrease rate a depend on the waveguide
properties. Here, we support our claims derived from the analytical model by
the full three-dimensional simulation of thus designed CWGAs. The waveguides
finite width and height along the respective x and y axis was simulated by the
finite difference model and the light propagation along z was simulated by the

beam propagation method using the RSoft, Synopsis software.

3. Results

Based on the transmission length, optical interconnects can be broadly di-
vided into the long-range interconnects with lengths spanning kilometers, short-
range interconnects with lengths ranging from meters to centimeters, and on-
chip interconnects of centimeter length and shorter. The minimum length of
a CWGA interconnect is set by the revival length. Longer interconnects can
be trivially realized by using multiple revival lengths. The shorter the revival
length, the finer the control of the interconnect length.

Figure [2| compares revival lengths of CWGAs with different RI contrasts
given in Table RI contrast is here defined as %, where ncore is the
RI of the waveguide core and ng,, RI of the substrate. As there are infinitely

many realizations of M-channel CWGA interconnects, all with different coupling
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coefficients, we find that a waveguide pair (M = 2) described by a single coupling
coefficient yields the fairest comparison. The revival length for the pair is given
by L = mw/a, where the coupling coefficient a exponentially decreases with the
waveguide separation. Fine tuning of the waveguide separations allows for the
continuous adjustment of the revival length over several orders of magnitude,
from 10 um to over 1 cm in SOI and SiN, from 1 mm to 10 cm on silica chip,
and from 1 mm to 1 m in silica fibre.

The revival length further depends on the number of the constituent waveg-
uides M. Here, we circumvent the problem of infinite number of CWGA real-
izations by providing an estimate for the well-known CWGAs with equidistant
eigenfrequencies and spin-inspired coupling coeflicients a; ;11 = m /2.
A simple calculation renders that the period scales as v/M, which we confirmed
numerically. For example, the ratio of the revival length of the interconnect
with M = 13, Fig. |3| ¢), and the corresponding 2-waveguide interconnect is
3.5~ \/m

To demonstrate applicability of the proposed analytical model to various
fabrication platforms and substrates with different waveguide RI profiles and
contrasts, we performed extensive simulations of waveguides with realistic pa-
rameters and show results in Fig.[3] Simulated are the interconnects on SOI, SiN
and silica glass chips with the waveguide properties given in Table [I| We also
show an interconnect composed of the cores of a typical single-mode step-index
fibre, which is of relevance to multicore fibre transmission lines. The fibre and
integrated interconnects in glass are represented by typical circular waveguide
cross sections and low RI contrast achievable by fibre doping and direct laser
writing. The semiconductor interconnects in SOI and SiN are composed of rect-
angular waveguides with high and medium index contrasts, respectively. They
are simulated at separations by an order of magnitude smaller (few hundreds of
nm) than in the conventional crosstalk-avoiding interconnects (few microns) [38].

The separations are not necessarily symmetric around the centre of the ar-
ray. An asymmetric CWGA is fully described by M — 1 parameters, whereas its
eigenspectrum provides M /2 restrictions for even M and (M —1)/2 for odd M.
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Figure 2: Scaling of the revival length with the interwaveguide separation for a pair of waveg-
uides in different material platforms. A base-10 log scale is used for the Y axis. The waveguide

properties are specified in Table

The additional model parameters needed for array definition can be tuned to
optimize the interconnect properties, such as bandwidth or I/O port geometry.
On the other hand, a CWGA with the mirror symmetry is fully defined by its
eigenfrequencies and no additional optimization of the array geometry is possi-
ble. As the small differences between interwaveguide separations and thus the
waveguide asymmetry cannot be fully appreciated from the figure, we illustrate
them by coupling symmetric states into asymmetric arrays in Fig. [3| (a) and
(d). In the former, the power transfer occurs between equally excited waveg-
uides and in the latter, the central excitation evolves into an asymmetric light
pattern, both due to the inequality of coupling coefficients. Finally, to prove the
capacity of an interconnect to faithfully transfer different input states, we excite

the SiN interconnect with three arbitrarily chosen input states and obtain their
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Figure 3: The light propagation through CWGA-based interconnects viewed from above. The
light propagates from left to right. a) An array of 7 SMF-28e optical fibre cores at the minimum
separation of 18 um coupled with the coefficients a12 = a7 = 1, a2,3 = as,6 = 1.588,
a3,4 = as5 = 3.111 (color codes WG1-WGT), b) SiO2 WGA with M = 13 waveguides at
the minimum separation of 7um and spin-inspired coupling coefficients a; ;11 = aj11,; =
V(M = 5)3/2 (color codes WG1-WG13), ¢) SOl WGA with 4 waveguides with the minimum
separation of 300 nm and coupling coefficients a12 = 1, az;3 = 1.213, a3 4 = 2.220 (color
codes WG1-WG4), d-f) SIN WGA with 5 waveguides at the minimum separation of 300 nm
and coupling coefficients a1 2 = 1, az;3 = 0.989, a3z 4 = 1.025, as5 = 0.667 (color codes
WG1-WG5) with different input states: d) (0,0,1,0,0), e) (1, 0, 1, 0, 0)/+/2, f) (0, 1, 0.5, 0,
2)/4/5.25. The properties of waveguides are specified in Table

replicas at the output, Fig. [3| (d)-(f).

3.1. Classical link capacity

The capacity C of an SDM communication link can be estimated as C' ~
M x B, where M is the number of I/O ports, here simply the number of waveg-
uides, and B is the data transfer rate per I/O port. The data transfer rate
depends on multiplexing schemes and the signal-to-noise ratio [1I]. In a typi-
cal application in which WDM is applied along SDM, B is proportional to the
number of wavelength channels. The main bandwidth limiting factor in CWGA-
based interconnects is the dependence of the interconnect length on wavelength.
To quantify the extent of this limitation, we estimate the bandwidth of an SiN
interconnect from Fig. d) and give results in Fig. |4l To simulate the ‘worst-

case’ scenario, only one waveguide is excited (please see sectionfor explanation

10
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Figure 4: (a) Spectra of the average loss per channel and fidelity calculated for the SiN
interconnect from Fig. d).

of the ‘worst case’). Assuming the maximum permissible loss of -12 dB and the
minimum fidelity of 0.9, we obtain 2.8 THz bandwidth at 800 nm, a respectable
bandwidth given that the primary design goal was SDM. As the revival length
exponentially extends with increase in waveguide separation, dispersion effect
is alleviated resulting in larger bandwidths for larger interconnects. For exam-
ple, we simulated bandwidth of the same SiN interconnect with the separation
increased to 700 nm and obtained 7 THz at 800 nm.

On the other hand, the revival-length dispersion can be used to our advan-
tage. The fact that the optimal interconnect length is different for each wave-
length channel can be used to construct a built-in wavelength demultiplexer,
Fig. The revival dispersion of the SiN interconnect with 300 nm waveg-
uide separation is numerically estimated to be -2.4 pm/nm. Assuming the size
of an add-drop filter of 20 pm [39], we obtain the impractical WDM channel
spacing of 8.4 nm. However, exponential scaling of interconnect length with
waveguide separation, makes the situation more favourable for larger intercon-

nects. For example, increase in the waveguide separation to 700 nm increases

11
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Figure 5: An example WDM-SDM system with a CWGA interconnect with built-in demulti-
plexer. MUX - multiplexer, IQM - IQ modulator , CR - coherent receiver.

the dispersion to -65.8um/nm and thus brings the WDM channel spacing into
the subnanometer regime. Moreover, due to the increase in interconnect length
with the number of channels, demultiplexers with larger number of channels
can support finer channel spacing. On a downside, the proposed demultiplexer

requires out-of-plane filter design, which is yet to be demonstrated.

3.2. Quantum link capacity

To assess the suitability of CWGA interconnects for quantum information
transfer, we evaluated the revivals of photon-coincidences. Namely, while self-
imaging of a single photon corresponds to that of the coherent light, it is the
transfer of multiple correlated photons that may yield the quantum advantage.
We demonstrate the revivals of photon correlations on a path-entangled pho-
ton pair and its separable counterpart. The correlation of the former is repre-
sented by a coincidence matrix T} (2) = | T, (2) Trp(2)+€ T (2) Tr o (2) |,

and of the latter by T7%(2) = [T ,(2)Tk,q(2) + Tj4(2)Trp(2)[?, where T(2)

12
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Figure 6: Similarity of the coincidence matrices of a separable (solid line) and correlated

(dashed line) photon pairs inserted into waveguides 4 and 5 of the CWGA from Fig.

is the CWGA transfer matrix [32]. The revivals are found as occurrences
of the perfect overlap of a propagated coincidence matrix with its value at

the input to the CWGA, whereby the overlap metric is the matrix similarity
enf/s‘ep Z O)I‘ev;ct/sep( ))

Sent/sep — \/(ZJk gk
E] R Fewf/sep(o) Z],k P;:r;ct/eep( )
dence matrices experience periodic revivals, hence that the path entanglement

[40]. Results show that both coinci-

is fully transferred, Fig. [6]

Quantum states can be encoded into different light properties, notably by
the single-rail encoding into photon number and by d-rail encoding into differ-
ent modes of the system (polarization, orbital angular momentum or waveguide
modes) [41], 42, 43]. CWGA interconnects support all these encodings. Specif-
ically, absence of bend-induced losses makes an M-waveguide CWGA suitable
for transfer of M single-rail qubits encoded into M photons. The same array
can carry M/2 dual-rail encoded qubits, each encoded into a single photon and
2 waveguides, or M/d d-iary qudits, each encoded into a single photon dis-
tributed over d waveguides. Alternatively, in the spirit of Cerf-Adami-Kwiat
protocol [44], an M-waveguide CWGA can transmit log, M qubits or log, M

d-iary qudits encoded in a single photon distributed over the entire array.

13
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4. Discussion

The main benefits of the crosstalk-friendly interconnects with respect to the
conventional ones are the elimination of the crosstalk-induced information loss
and increase in interconnect density. In the current model, the crosstalk-induced
loss should not be present at all. This is, for example, evidenced in results
of analytical calculations of power evolution through different interconnects in
Fig. In numerical simulations, the loss comes about due to the beyond-
the-nearest-neighbour coupling and incomplete mode confinement. Namely, we
integrate the intensity contained in the waveguide core only, while even its
fundamental mode has evanescent field that extends beyond it. Figure (a)
shows dependence of the average insertion loss per channel as a function of
waveguide separation for the SiN interconnect with the waveguide separation
of 300 nm. As the loss depends on the input state, we give results for two
different input states from Fig. B[d) and (f). The loss remains below -10 dB
for all waveguide separations and both states. We note that the state that
excites only one waveguide experiences higher loss than the state that excites
more waveguides. Namely, for the single-port excitation, all losses from the
non-zero output ports are registered as loss. For the multi-port excitation,
the crosstalk between waveguides may lead to the power increase in non-zero
output ports with respect to the input ports, which is not registered as loss. To
complete the assessment in relevance to quantum computation, we evaluated
fidelity as a function of the waveguide separation. The results shown in Fig. b)
confirm smaller robustness of the single-waveguide excitation and consistently
high values of fidelity for multi-port excitation. Indeed, an order of magnitude
reduction in the channel separation is possible without loss in performance.

The above numerical simulations were within the limits of validity of the
nearest-neighbour coupling assumed in our model. However, the commensu-
rability principle can be applied also to the arrays with significant long-range
coupling by adding further side diagonals to the coupling matrix. In the asymp-

totic case of zero interwaveguide separation, arrayed waveguides merge into a

14
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Figure 7: (a) Average loss per interconnect channel as a function of waveguide separation.
(b) Fidelity as a function of waveguide separation. Simulated are SiN interconnects with
properties from Table [1| with the input state (0, 0, 1, 0, 0) shown in blue and (0, 1, 0.5, 0,
2)/+/5.25 shown in black.

large bulk multimode waveguide and lose the advantage of singlemodedness.
This advantage is important as it can provide automatic mode matching with
the in- and out-coupling waveguides. Hence, the minimum interwaveguide sep-
arations are limited from below by the efficiency of light coupling in and out
of CWGA. In the conventional circuits, such as multimode interference mul-
tiports, this is resolved by fanning the waveguides out, whereby the footprint
of the coupling region dominates the interconnect. On the other hand, the
efforts invested in investigation of WGA-based circuit components[35], [45], [46],
along with the existing classical and quantum on-chip sources[47, [48] and detec-

tors [49) [50], indicate the possibility of achieving all-WGA bend-free photonic
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integrated circuits. Having the fabrication technology in place, a challenge be-
fore their realization are the demanding procedures for design of WGA-based
components. The commensurability approach presented here is a stepping stone
to this vision.

Finally, we report results of a comprehensive statistical feasibility check of
CWGA fabrication. Dependence of the coupling coefficients and mode detun-
ings (propagation constants) on the waveguide separations and RI profiles makes
CWGA susceptible to the fabrication errors. We first used the analytical model
of disordered coupling matrix in which the disorder is represented by the normal
distribution of coupling coefficients and detunings around their design values
with the relative standard deviations ocoupr and oget, respectively. Thus ob-
tained results are valid for any waveguide embodiment. They can be linked to a
CWGA implementation of interest, by relating the relative standard deviations
to those of the waveguide array parameters. In particular, from relation [2| we
derive the relative deviation of the coupling coefficient ocoupr = —adog, where
o4 is the relative deviation of waveguide separations. Parameters « and d make
this relation dependent on a concrete waveguide array embodiment. Similarly,
the relative deviation of the detunings can be expressed as 0ger = 0y, Iy where
On.;, is the deviation of the effective-mode index and stems from the errors in
waveguide refractive index and geometry.

We analyzed the disturbed system by calculating fidelity for 1000 randomly
induced variations per each (0coupi, 0det) point and finding the mean fidelity.
Since the mean fidelity converged to dramatically different values for different
input states and CWGA architectures, we ensured the ‘worst-case’ scenario by
calculating the minimum mean fidelity across all input states. We performed
the statistical analysis of both quenched (z-invariant) and non-quenched (ran-
dom changes along z) disorder and found that these disorders lead to the same
deterioration of fidelity.

Results for three different interconnect configurations given in Fig. |8 show
that the variation in coupling coefficients consistently reduces the transfer fi-

delity by two orders of magnitude faster than the variation in detunings. In

16
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particular, to reach fidelity F' > 0.95, the coupling-coefficient tolerance should
not exceed 0.35%, while the margin for detuning remains above 10%. The dom-
inance of the coupling disorder, further amplified by the exponential depen-
dence of coupling coefficient on waveguide separation, unambiguously defines
the waveguide separation as the critical fabrication parameter. For example,
using the expression given above, we estimate that an optimised SIN CWGA
interconnect may tolerate 20 nm error in waveguide separations and 0.2 error
in the waveguide RI, whereby we assumed that the waveguide dimensions were
kept constant. Experimental demonstrations of the spin-simulating CWGAs
show that the proposed interconnects can be accessed by the existing fabrica-
tion techniques, such as direct laser writing in glass [31], 32 B7] and lithography

and reactive ion etching of semiconductors [40].
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Figure 8: Fidelity in the presence of disorder in the coupling coefficients with the relative
standard deviation 0.y and detunings with the relative standard deviation oge;. Shown is
the minimum fidelity across all possible initial states for the first revival in 5-waveguide CWGA
interconnects with the coupling coeflicients a1,2 = a4,5 = 1 and a) az3 = azs = 1.543, b)

a2,3 = az,4 = 0.624 and ¢) az,3 = az4 = 2.739.

5. Conclusion

We have addressed the challenge of constructing high density SDM links with
interchannel crosstalk. The solution is based on CWGAs which support the full
revival of any input state at the output. It is implemented by deriving the

CWGA coupling matrix from a chosen commensurable eigenspectrum and ad-

17



325

330

335

340

345

justing the interwaveguide separations to attain the design coupling coefficients.
The proposed approach enables construction of high-density interconnects with
negligible crosstalk-induced losses and the length tunable over several orders of
magnitude. They are accessible to the existing fabrication methods. Numerical
simulations have shown a 10-fold increase in channel density. Relaxation of the
tight-binding and nearest-neighbour approximations enables further increase up
to the limits set by the specific output coupler size and efficiency. Even greater
gains in footprint are expected in multiport WGA components without a preset
length, such as couplers and interferometers. We see the proposed intercon-
nects as a component of the future photonic integrated circuits composed solely
of WGAs. The findings of this paper and the recent works of others show that
such circuits are capable of handling both classical and quantum information,
thus paving the way to the realization of ultimately small energy-efficient optical

communication, computation and sensing hardware.
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