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ABSTRACT Tensor models have been used extensively in signal processing applications to design different
types of communication systems. This paper proposes, for the first time, the use of tensor models for
optical communications. The signals of an optical dual-core coupler network are modeled as a multiway
array (tensor), which satisfies a generalized Tucker train decomposition. This tensor model is then used
to develop an estimation algorithm that enables the network parameters to be estimated from the input and
output signals. The performance of this algorithm was evaluated by means of computer simulations, in terms
of NMSE of the estimated parameters and convergence speed. For the tested configurations, good levels of
NMSE with fast convergence were obtained, demonstrating the effectiveness of the proposed method as a
promising tool for studying and designing optical devices, with a wide range of applications in the context
of lightwave systems.

INDEX TERMS Alternating least squares, multidimensional signal processing, multilinear algebra, optical
arrays, optical directional coupler, optical fiber devices, optical switches, parameter estimation, systems

modeling, tensor analysis.

I. INTRODUCTION

Over the last three decades, communications based on
lightwave systems have developed rapidly. The worldwide
demand for information technology has been increasing con-
stantly and requires a continuous growth in connectivity of
data center networks (DCNs). The scalability of a DCN is
limited by the total capacity of the switching and multiplexing
devices it uses. Since the fourth generation of lightwave sys-
tems, wavelength division multiplexing (WDM) techniques
have been widely used to increase the bit rate [1].

The most common optical devices used in power switch-
ing are optical couplers. These are devices that function
as optical beam splitters, and are used to design interfer-
ometric systems such as Mach-Zehnder (MZI) and Sagnac
interferometers, as considered in several works [2]-[5].
The combination of several optical couplers in an arranged
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network provides the design of devices such as star couplers,
routers, switches, in addition to the interferometers already
mentioned.

Recently, new topologies using (star) couplers have been
presented targeting gains in transmission rates compared to
conventional architectures. The works [6], [7] designed flex-
ible high port count stars for optical circuit switches (OCS).
In [7], the authors presented the design of a flexible optical
star by adding reconfigurable switching elements to the core
of the topology, without significantly increasing the power
consumption. The results showed an increase of 26—-40% in
the transmission rate per node. In [6], a WDM star coupler
architecture was proposed for the construction of high-radius
optical switches to improve DCN scalability.

To study such optical devices, it is necessary to solve
the nonlinear Schroedinger’s equations (NLS), since they
govern the signal propagation in optical fibers and in fiber-
based devices. However, NLS equations only have possible
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analytical solutions in very particular situations; therefore,
simulations based on numerical methods are an essential
tool to study in order to gain improvements in optical
systems. In the literature, there are many works involving
couplers and other fiber-based devices, where it is quite
common to use numerical methods such as the fourth-
order Runge-Kutta (RK4) [2], [3], [8], [9], the split-step
Fourier Method (SSFM) [10]-[12] and the finite-difference-
time-domain (FDTD) [4], [13]-[15]. However, such methods
require extensive simulations and a large amount of data to be
analyzed, which may hinder the interpretation of the obtained
results.

High order tensors (i.e., multiway arrays) and tensor
decompositions [16] have become an important tool for
designing different types of systems and applications that
involve multidimensional data from areas such as chemo-
metrics, psychometrics, numerical analysis, computer vision
and telecommunications. During the last decade, new tensor
decompositions have been proposed with the aim to alleviate
the curse of dimensionality encountered with large-scale
tensors, and also to design new wireless communication sys-
tems. Recently, tensor approaches have gained considerable
space in signal processing [17], communication sys-
tems [18], machine learning [19], [20] and blind source
separation [21].

Furthermore, tensor decompositions have some advantages
over conventional matrix-based methods, like the unique-
ness property of certain tensor models under milder condi-
tions than those required by matrix approaches. However,
to the best authors’ knowledge, tensor models have not been
applied in the context of optical communication systems
until now.

This work proposes a novel tensor-based approach applied
to optical communication systems. The main goal of this
work is to consider tensor analysis as a new tool to study
and model optical devices and to solve problems related to
the design and signal processing of optical communication
systems. The first scenario to be considered consists of an
optical network composed of linear directional couplers that
are interconnected in such a way that the input signals are
switched along the network, providing output signals that
depend on the system parameters. The signals at the end of
the network form a third-order tensor with the dimensions
number of ports in a coupler x number of couplers x time
(bit slot) arranged as rows, columns, and tubes of the tensor,
respectively. The proposed tensor model represents the output
signals as a function of the input signals. The steps of the
transmission throughout the network are represented by a
fourth-order tensor that can be viewed as a generalization of
a tensor train decomposition [22], whose the wagons (tensors
that compose the train) satisfy a known tensor model, namely
a generalized Tucker decomposition [23], [24]. However, the
model that will be exploited in this paper differs from that
introduced in [23] due to the presence of structural tensor
factors, and our proposal exploits these structural constraints
to estimate the system parameters.
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From the proposed model, we derive cost functions to
be minimized using an iterative algorithm to estimate the
network parameters from input and output signals. The
parameter estimation points to the possibility of designing
optical devices/networks in such a way that they take as
their starting point the expected response, like for an inverse
design problem. Examples of devices that can be designed
from the expected outputs include optical logic gates, routers,
multiplexers, and power splitters. In this study, synthetic data
are used to validate the proposed tensor model.

The main contributions of this work can be summarized as
follows:

« this is a novel tensor modeling of optical devices. The
main approach considers an array of optical couplers
performing a 4 x 4 star coupler;

o the output signals of the network proposed here are
described using a tensor train structure, which is com-
posed of blocks that satisfy a generalized Tucker
decomposition;

o the proposed tensor structure is extended to model the
signals of a generic optical coupler network with various
configurations;

o the proposed tensor model is used to develop an iter-
ative estimation algorithm to estimate unknown net-
work parameters from the input and output signals. This
parameter estimation algorithm can be applied to design
optical devices according to the expected outputs for a
given application;

« the effectiveness and accuracy of the proposed algorithm
to estimate the parameters of a generic coupler network
are illustrated by means of computer simulations.

The rest of the paper is organized as follows. In Section II,
we provide a theoretical background on tensor notations,
basic operations involving matrices and tensors and some
tensor decompositions. In Section III, the optical coupler and
some applications are described. The mathematical model
is presented for the low-power continuous wave signal.
In Section IV, we propose the use of tensors for optical
communications as a new tool to model and study opti-
cal devices. Section V introduces an estimation algorithm,
based on the model proposed in Section IV; this algorithm
provides estimates of the main parameters of the coupler
networks under consideration. Numerical simulation results,
perspectives and conclusions are presented respectively in
Sections VI, VII and VIIL

Il. FUNDAMENTALS OF TENSORS

The theory of tensors is a branch of multilinear algebra. High
order tensors can be viewed as a generalization of matrices,
and they are represented as multi-dimensional arrays of order
higher than two. Over the last two decades, tensor models
have been extensively used for designing different types
of communication systems. The main motivation for using
tensor-based approaches is related to their ability to model
multimodal data, with essential uniqueness properties under
mild conditions.
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TABLE 1. Tensor notations.

Symbols Definitions

acC Scalar

acC! Complex column vector of dimension 1

A ccixJ Complex matrix of size [ X J

eglN) n-th canonical basis vector of the Euclidean
space RV

AT Matrix transpose of A

At Moore-Penrose pseudo-inverse of A

A (A) i-th (j-th) row (column) of A € C*J

Ac (C11><I2><---><IN

Aig,ig, - iN

N-order tensor of size [1 X Io X --- X In

(41,42, -+ ,in)-th element of tensor .4

A iy Mode-n tensor slice

Af Iy i xIN Tall mode-n matrix unfolding of A

vec(+) Vectorization operator

diag(-) Diagonal matrix formed from the elements of
the argument vector

bdiag(-) Block-diagonal operator

TA Rank of A

det (A) Determinant of A

® Kronecker product

Xn Mode-n product

* Contraction operation over m-th mode of the
first factor and n-th mode of the second factor

I -1lr Frobenius norm

In this section, we provide a brief overview of the math-
ematical background useful for this work, concerning basic
tensor operations, and some tensor decompositions.

A. NOTATION AND MAIN OPERATIONS

Table 1 summarizes the notation that will be used throughout
this manuscript. Following, we discuss some details of the
main concepts and operations.

1) VECTORIZATION AND DIAGONALIZATION

The operator vec(+) transforms a matrix into a column vector
by stacking the columns of its matrix argument. The operator
diag(-) forms a diagonal matrix from its vector argument.
Similarly, the operator bdiag(A1,...,Ax) = bdiag(Ay)
forms a block-diagonal matrix composed of the K matrices
Ay, withk =1, ..., K, on the diagonal.

2) KRONECKER PRODUCT

The Kronecker product of two matrices A € C'*/ and B €
CM*N jg defined as C = AQB € C/M*IN \whose entries are
Cli— DM +m,(—DON+n = @i jby . Givenaset S = {1,...,N}
and the matrices A™ e C/**/», a multiple Kronecker product
is denoted as @ AW £ A @ A® @ ... @ AN ¢

nesS
(Cll"'IN xJ1-JIN

3) FIBERS AND SLICES
Fibers are vectors obtained by fixing the indices of all

modes of a tensor, except one. For example, a third-
order tensor X € C!*/*K hag three kinds of fibers:
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FIGURE 1. Tensor structure: (a) column, row and tube fibers of a
third-order tensor; (b) frontal, lateral and horizontal matrix slices of a
third-order tensor.

(i) columns (x.j; € C!) obtained by fixing the indices j and k;
(ii) rows (x;x € C’) obtained by fixing the indices i and k;
(iii) tubes (x;;. € CKY obtained by fixing the indices i and j.

Analogously, matrix slices are obtained by varying the
indices of two modes and fixing all the others. For a third-
order tensor X, the three kinds of matrix slices are: (i) frontal
slices (X.x € CI*); (ii) lateral slices (X; € CI*Ky;
(iii) horizontal slices (X;.. € C/*K).

Fig. 1 illustrates the fibers and matrix slices for a third-
order tensor. For a given N-th order tensor A € C/1>xIN,
tensor slices of order higher than 2 are obtained by varying
Nj indices, with 3 < Ny < N, while the other N — N; indices
remain fixed, resulting in a N -th order tensor slice. Note that,
if we assume N1 = 1, we get fibers, and if we assume N1 = 2,
we get matrix slices.

4) MATRIX UNFOLDING

Also called matricization, it is a matrix representation of a
high-order tensor. The tall (or flat) mode-n unfolding of A €
Clr<xIN i obtained by mapping its elements into a matrix
Ayl OF Agyxpy oy 1y -1, )» Whose entries are
[Aln+l wINTy Dy Xln]f,i,l’ with

i = (ipp1 = Dlpga - Inly -+ Iy
+ -+ (in—2 - l)ln—l +ip—1. (1)

From the above definition, we can see a mode-n unfolding
as a rearrangement of the elements of A obtained by varying
index i, and keeping the other indices fixed, in such a way
that the fibers of the n-th mode are placed along the rows (tall
unfolding) or columns (flat unfolding). For example, let us
consider a third-order tensor X € C!*/*K_ There are two
flat mode-1 unfoldings, X;xx; and Xk, which consist of
column fibers placed side by side, according to the order
of combination of the last two modes. Here, we consider
that the index that varies the fastest is the one associated
with the last dimension, i.e., [X[XKj]i’(k_l)jJ,_j = [X],"j’k
and [X;xk lij-1)k+k = [X]ij k. Equivalently, an unfolded
matrix can be obtained by stacking the slices of a given mode,
as shown in Fig. 2. Note that, in our notation, the subscript in
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FIGURE 2. Matrix representation of the third-order tensor X e C/*/*K,
The second and third dimensions of X are combined to form the
columns, yielding the matrix unfolding X;, «;.

the unfolded matrix indicates the order in which the modes
are combined and, consequently, the size of the unfolded
matrix.

Unlike the mode-n unfolding, which combines all modes
of a tensor in rows (or columns) except for the n-th mode,
it is possible to define a matrix unfolding where multiple
modes are combined along the rows and columns of the
resulting matrix. For this unfolding, let us define the set
S = {1, ---, N} and the representations s, is and is, which
denote, respectively, short forms for the dimension, product
of dimensions and the set of indices associated to the modes
of the set S. For instance, for N = 3, we have Is = I} x I, x I3,
Is = I11b15 and is = {i1, i3, i3}. Thus, defining S; and S5 as
ordered subsets of the set S, such that S| US, = S, we have
for A € Cls [25]

I

d (In) (In) !
M, =YY iy ( ® el ) ( ® ein) ,

n
i1=1 iv=1 nESl nESz
2

with Is, and Is, being any ordered combination of the dimen-
sions of the tensor A.

5) TENSOR-MATRIX MODE-n PRODUCT

Given a N-th order tensor A € CI>* >IN et us consider a
matrix U € CR*In whose number of columns is equal to
the dimension of the n-th mode of .A. The mode-n product
of A with U yields a N-th order tensor C = A x, U €
(C[' Xoeoo Xy 1 X Ry Xy XX Iy defined as

Ciy,e yin_ 12 nsing 150 S IN

In

= z :ails"'sin—]»insin+ls"'siNurnain' (3)

in=1

6) TENSOR-TENSOR MODE-n PRODUCT

Givenaset S = {1,---, N}, let S; be an ordered subset of
S—{n},with 1 < n < N.Letus consider an N;-th order tensor
T e CRInxIs; with 3 < N; < N + 1. The mode-n product
of the tensors A € CH**IN and T, denoted by A x,, T,
gives a tensor C € C/1X>*la—1XRuxlns1>XIN defined as

Cig, e in— 1 Fnsin 150 S IN

I)l
= E Qi e g s 15N i i, “)

=1
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Note that, by convention, the two above operations assume
that the second mode of U (or 7) is equal to the n-th mode of
A. In both cases, the mode-n product does not change the size
of the resulting tensor, but provides a linear transformation on
the mode-n space of A.

7) CONTRACTION OPERATION

Let us consider the tensors A € CH>**IV and B ¢
CJr¢M gharing a common dimension (I, = J, = K, with
1 <p<Nandl < g < M). The contraction of A with B,
denoted by A *g B, is defined as the following sum over the
common mode (i, = j, = k) [26]

Cit, e i 1j1 Jgm1 g 1o M oip1 o SiN

K
=§ iy ooyt esipt o in Ot g kgsr s (9)
k=1

which results in a (N + M — 2)-th order tensor C €
(C[l XXy 1 XX X g1 X g X Xy XDy X oo Xy . Note that the
contraction operation, unlike the mode-n product, preserves
all the modes of both involved tensors, except the common
mode.

Contraction involving multiple modes of compatible
dimensions is also possible [27]. For instance, a double con-
traction (along two modes) of A and BB is denoted as A *Zi B,
where 1 < p,k < Nand1 < ¢q,1 < M, withl, = J,
and I = J;.

B. TENSOR DECOMPOSITIONS

Factorization (or decomposition) of a tensor is an impor-
tant tool for system modeling and solving problems such
as parameter estimation, information recovering and missing
data estimation for incomplete tensors, i.e. the completion
problem. In some applications, tensor decompositions can
be viewed as generalizations of matrix decompositions such
as the singular value decomposition (SVD) for higher order
tensors. In addition to enabling multidimensional data pro-
cessing, some tensor decompositions are characterized by
uniqueness properties that allow undetermined problems to
be solved under conditions that are more relaxed than the
conventional matrix approaches [16], [18], [28].

Among the most popular tensor decompositions,
Tucker [29] and parallel factors analysis (PARAFAC) [30]
are commonly used in signal processing applications. Sev-
eral variants and generalizations such as PARATUCK [31],
nested PARAFAC [32], coupled PARAFAC [33], generalized
PARATUCK [23], nested Tucker [28] and coupled nested
Tucker [24] have been derived in the context of wireless
communication systems.

PARAFAC models have the important property of being
essentially unique. By essential uniqueness we mean that
the decompositions are unique up to arbitrary scaling and
permutation of the columns of the factor matrices. On the
other hand, Tucker models are not essentially unique, except
under certain conditions like a priori knowledge of the core
tensor. Despite this, Tucker model is one of the most flexible
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tensor decompositions. Below, we recall some decomposi-
tions, focusing on Tucker-type ones.

1) TUCKER DECOMPOSITION

In 1966, L. Tucker [29] introduced the Tucker decomposition
that consists of the factorization of a tensor into a core tensor
of the same order that interacts with factor matrices. For a
N-th order tensor X € C/1*"*IV  the Tucker decomposition
is defined as

X=Cx; AD x; A® ... xy AW, (6)

where C € CR1**R¥ ig the core tensor and A® e Cln>Rn
withn = 1, ..., N, are the factor matrices. The scalar form
is written as

N

R Ry
(1)
Xif, iy = E E Criveury | ] G @)

ri=l1 rv=1 n=1

Note that each factor A® interacts with the core C by chang-
ing the dimension associated with the mode-n product.
Special cases where a N-th order tensor has only N factor
matrices, with N > Nj, are called Tucker—(N, N) mod-
els [25] and correspond to X = C Xgl=1 A®™ _Forthe case X €

Ch*bx13_ with the core tensor C € CR1*R2%R3 g the factors
AWM e Cl R A@ ¢ ChxR2 and A®) e CB*Rs, the third-
order Tucker decomposition X = C x AD x5 AD x5 AG)
is illustrated in Fig. 3.

Some authors use the nomenclature Tucker-3 for the third-
order Tucker decomposition. When one of the matrix factors
of this decomposition is equal to the identity matrix, for
example AV = 1;,, we say that we have a Tucker-2 model
given by X = C x A® x3 A®, which is equivalent
to a Tucker-(2, 3) decomposition. Similarly, when two of
the matrix factors are equal to identity matrices, for exam-
ple AL = I;, and AD = I;,, we have a Tucker-1, or
Tucker-(1, 3) decomposition, and X becomes X = C x3A0),

The matrix representation of a decomposition can be
deduced from (2). The Tucker decomposition defined in (6)
has the following tall mode-n matrix unfolding

Xy = Xy Iyl <1,
— (A(n+1)®_ . -®A(N)®A(l)®- L ® A(”_l))CnA(”)T,
3

where C, € CRur1RVvRiRu-13Ry jg the corresponding tall
mode-n unfolding of C. The flat mode-n unfolding is obtained
by transposing (8).

As previously mentioned, the Tucker model is not essen-
tially unique. That means, the factors can be replaced by
A® = AMWA, with A, € CRvxRn nonsingular, and the
core tensor C replaced by C = C xﬁy:l (A,)~", without
changing the tensor X'. However, uniqueness of this model is
satisfied when the core tensor C is known. For more details,
consult [34].
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FIGURE 3. Block-diagram of a Tucker decomposition for a third-order
tensor.

Ry -' Ry-1
— o 1 o @) | p(N-2
X = < qw | < €0 °‘ OO = pon
Ry Rs Ry-1

I

FIGURE 4. Tensor-train decomposition of an N-th order tensor.

Some recent works have extended the Tucker model to
represent high order tensors [23], [25], [28], [35]. The so-
called nested Tucker decomposition can be viewed as a spe-
cial case of a tensor-train (TT) decomposition defined in [22].
TT decomposition consists of a concatenation of third-order
tensors that form a train of tensors as shown in Fig. 4. Two
adjacent wagons (tensor factors) share an auxiliary mode.

The interaction between two neighbor factors relies on the
contraction over their common mode. The N-th order TT of
Fig. 4 is defined in scalar notation as

Rl R Rn—1
o R 1 (D )
Xirsig,in = Z Z Z iy Crisingra Crasizyrs
ri=1rmn=1 ry—1=1
(N=2) a(N—l) )

IN—2,IN—1.FN—1"IN.IN—1"

2) GENERALIZED TUCKER DECOMPOSITION

Tucker models, as previously defined, are characterized by
matrix factors. A generalized Tucker decomposition corre-
sponds to a Tucker decomposition where some (or all) matrix
factors are replaced by tensors, i.e., A® in (6) is replaced by
A®™ | resulting in tensor-tensor mode-n products. Similarly to
the Tucker model, a special case of the generalized Tucker
model was introduced in [23] with some factors equal to iden-
tity matrices. For a given N-th order tensor X € C/1>*<Iv,
the generalized Tucker—(Ny, N) model, with I < N; < N,
is written as

X=Cx; AV x, A? ... XN, AND, (10)

with core tensor C € CRU¢xRvyxInj+1xxIv and tensor
factors A" e Cl*RuxIsy where S, is an ordered subset of
thesetS = {N;+1, ..., N}. The tensor factor A® iga N,-th
order tensor, with3 < N, <N — N; + 2.

The generalized Tucker decomposition, like the Tucker
one, is also not essentially unique when the core tensor
is unknown, since its factors are unique up to nonsingular
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transformations. Nevertheless, under the condition of a priori
knowledge of the core tensor, the uniqueness can be satisfied.
For more details on uniqueness of generalized Tucker decom-
positions, see [24], [34].

The matrix representation of a generalized Tucker model
depends on the number of matrix and tensor factors, as well as
on the set S,,. Therefore, it is not possible to define a generic
formulation for its matrix unfoldings, as defined in (8) for
a Tucker model. However, these unfolding matrices can be
derived for some particular cases of generalized Tucker mod-
els. Below, we describe a generalized Tucker-(2, 4) model,
which will be useful in this paper. Let us take as an example
a fourth-order tensor X € Ch>2xBxli the core tensor
C e CRixhxI3ixRi gnq the tensor factors A e ChxRixh
and B € Cl>Raxli A possible generalized Tucker-(2, 4)
decomposition of X is given by

X=Cx1 Ax4B (11
or in scalar form
Rl Ry
Xy inisis = ) D Criininradivrisbig ey (12)
ri=1ry=1

Let us define two useful unfoldings of this tensor model.
The first one gives a matrix of dimension />/314 x I} obtained
by combining the second, third and fourth modes of X" as the
rows of the tall mode-1 unfolding given by

X1213I4><11 = [IIZ ® bdltlg (Bl3)] C1213R4><12R1A12R1 x1ys
(13)

where Apgp,x7, is a tall mode-1 unfolding of A,
bdiag (B..i3) results in a matrix of size I3l4 x I3R4 and
Cr 1R, xR, 1s obtained from the transpose of the matrix
bdiag (C.,'21. C.,'2[3.) S (C12R1X1213R4, with C.;. €
CRi<Rs The second useful unfolding corresponds to a vec-
torization of X’ with dimension />/1/314, which is obtained by
stacking its fibers as follows

Xphil, = [bdiag (A~i2) ® bdiag (B“i})] CLR 3Ry (14)

where bdiag (Ai.iz) results in a matrix of size IrI; x [>bR; and
LR 1R, denotes vec(C) € CPRRIBR: For details on the
demonstration of these unfoldings, see references [24], [34].

Ill. OPTICAL COUPLERS CHARACTERISTICS

Optical couplers, also called directional couplers, are devices
that have a wide range of applications in optical systems, due
to their ability to provide switching, routing and modulation
of optical signals, coherently splitting the pulse incident on
one of the input ports, and directing the split signals towards
the output ports [1], [9]. Fig. 5 shows a schematic of a dual-
core fiber coupler. Such device consists of making the cores
of two fibers close enough to allow a partial overlapping of
the fundamental propagation modes in the region between
the two cores. Thus, the coupling between the propagating
fields can lead to the transfer of optical energy from one core
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FIGURE 5. Schematic of a dual-core optical coupler, representing the
division of the energy.

to another one. In this case, the spacing between the cores
should be comparable to their diameters [1].

An optical coupler can be seen as a device that plays the
role of a beam splitter, where the splitting ratio depends on the
coupler length L. (coupling region between two cores). When
the optical power is equally divided between two output ports,
these devices are referred to as 50:50 or 3dB couplers.

The propagating pulses in optical fibers are affected by var-
ious linear and nonlinear effects, which depend on the system
characteristics such as peak power, propagating distances or
even the material with which the fiber is made of or doped
with. In general, linear effects are negligible for short prop-
agation distances, whereas nonlinear effects become quite
significant when higher power levels are applied [1], [9].
Although nonlinearity has been widely exploited in the design
of lightwave systems, in this first study on tensor-based opti-
cal systems, we have only considered configurations in which
these effects are negligible, for the sake of simplicity.

Thus, for a case where low-power continuous wave (CW)
beams are launched at the input ports of a dual-core coupler
with amplitudes x1(#) and x»(¢) (the subscript identifies a
specific core and ¢ denotes the time), the outputs of the two
ports at the coupler end are defined as [1], [36], [37]

[yﬂﬂ]__[ P jvl——p}[xmﬂ
wt | iVT=0p NG x2(1)
where p € [0, 1] denotes the coupling constant of the cou-
pler (splitting ratio). For instance, the 50:50 couplers have
a coupling constant of p = 0.5. One can note that the
2 x 2 transfer matrix on the right-side of (15) satisfies the
energy conservation and its determinant is equal to 1. Further-
more, a directional coupler introduces a phase shift between
the signals arriving at the two output ports, as evidenced by
the complex factor in the off-diagonal elements.

Studies and applications for optical systems composed of
one or more directional couplers can be found in the literature.
Interferometric systems, such as Mach-Zehnder and Sagnac
interferometers [3], [5], [9], [11], [36], [37], are common
examples of devices with cascade couplers used to implement
Boolean functions and/or logic gates. In particular, the works
in [38]-[40] provide some applications under a linear regime.

In addition to the interferometric devices, the use of a
network of suitably arranged couplers is often employed to
implement new optical components in communication sys-
tems, such as WDM links [1]. Among them, we can quote the

], 15)
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star couplers [6], [41], which have the function of combining
the signals coming from the transmitter and forwarding the
mixed signals towards multiple receivers. Originally, the role
of a star coupler is to divide the input signals equally between
its output ports. However, it is also possible to design a
suitable combination of couplers with different splitting ratios
to obtain specific signal intensities at each output port. This
can eventually be used to implement Boolean functions. The
simplest case is a 2 x 2 star coupler (two-input-two-output
ports) and it has the same functionality as a 50:50 direc-
tional coupler. Higher-order star couplers can be obtained by
combining several couplers. The complexity of such devices
increases hugely with the number of ports. In [6], [7], there
are some examples of star couplers applied to OCS-based
systems.

In some examples above mentioned, the presence of multi-
ple couplers can lead to signals with a multivariate nature.
Therefore, multiple influences of the network parameters
should be taken into account. In the next section, we intro-
duce a tensor-based modeling of a network of couplers,
by exploiting the multidimensional aspects of the involved
signals. As an example of coupler network, a 4 x 4 star
coupler yielding multidimensional signals is taken as a simple
scenario to motivate and describe the proposed modeling.

IV. TENSOR BASED OPTICAL COMMUNICATIONS:
LINEAR COUPLER NETWORK MODELING

In this section, we present all the aspects related to the coupler
network in question and propose a tensor model to represent
the signals at the output ports. We introduce the details of the
system parameters and the modeling adopted for the signal
transmission step by step.

The main idea is to represent the signals of an optical
couplers network, in a linear regime, as a multiway array
by considering the multidimensional nature of the signals,
i.e., using multiple modes, each one being associated with a
dimension of the array.

The following key assumptions are made throughout this
manuscript: (i) for all cases, linear dual-core couplers are
used; (ii) propagation distances are assumed to be very short;
(iii) propagation effects such as attenuation, dispersion and
nonlinearity are negligible. These assumptions are made for
the sake of simplicity and are reasonable since most couplers
are only a few centimeters long. Furthermore, our approach
is in accordance with the performance of star couplers in
a reduced optical power regime. The modeling of networks
under the presence of linear and non-linear effects based on
a tensor approach will be addressed in a future work.

A. PARAMETER DEFINITIONS

Fig. 6(a) illustrates the architecture of an optical network
composed of four couplers arranged in a two-by-two array,
which corresponds to a 4 x 4 star coupler. The signals trans-
mitted through the input ports are combined by the couplers
of the first layer of the network and then are directed to the
couplers of the second layer. Thus, the transmission scheme is
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composed of two “hops”, corresponding to the two physical
layers of the network. In addition, due to the cross connection
between the couplers of the two hops, any input signal is
divided among all output ports with intensities that depend
on the combination of the coupling constants.

The presented scheme corresponds to the scenario used
to define the parameters and describe the signals. For more
complex cases (N x N star couplers with multiple layers
of N /2 couplers in each layer), the parameters must be cor-
rectly designed. The parameters characterizing the network
presented in Fig. 6(a) are defined below.

The number of hops is denoted by I and the number of cou-
plers at each hop is V;, with i € {1, ..., I}. Although we con-
sider the same number of couplers at each hop (N| = --- =
N; = N/2, where N is the total number of network inputs
and outputs), the subscript i is used to identify the couplers
of a specific hop. Each dual-core coupler n; € {1,...,N;}
has two input and two output ports. All the couplers have the
same number of ports, and we used the indices p; € {1, 2} and
Ji € {1, 2} to identify the input and output ports, respectively.
In order to follow a consistent notation, P; = J; = 2 was
defined as the total number of input and output ports of each
coupler.

In the first hop (i = 1), the pi-th input port of the n;-th
coupler is activated by the input signals xl(,l?nl(t), with t =
1,...,T,whereT is the time dimension, denoting the size of
the bit stream. The input signals form the third-order tensor
X(l) e CPllexT.

Each coupler splits the incident power according to (15).
Considering that the n;-th coupler has a coupling constant
Pn;,i» we define the transfer tensor KO e ¢lixPixNi cor-
responding to the i-th hop, whose mode-3 matrix slices are
given by

0 _ |: A/ Pn;i Jv 1= :On,-,ii| (16)
A N i
Fig. 6(b) illustrates the notation used for representing the
input and output ports and the transfer matrix for each
coupler.
The interconnection between the two layers of the network
is represented by means of a fourth-order binary tensor W
€ CP2xNaxNixJi - which assigns each output (ny, ;) of the
first hop to an input (p2, np) of the second hop. This tensor is
composed of 0’s and 1’s in such a way that the elements equal
to 1 determine the pairs (p2, n2) — (n1, j1) that are connected.
That means, for a given pair of couplers (n, n), the element
Wps.na,my,j; 18 €qual to 1 if the ports ji of ny and p; of ny are
connected. Otherwise, Wy, n, n, j; 18 €qual to 0. Furthermore,
the value 1 for the connection can be replaced by attenuation
factors to represent propagation losses in fiber when large
distances are considered. However, as previously mentioned,
we assumed negligible propagation effects in this paper.
One can note that, for each value of (n,j;), the binary
slice W..,;, € CP2*N2 is composed of 0’s, except for a
single element. Since each port has only one connection, the
positions of the elements equal to 1 in each slice must be
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FIGURE 6. Optical coupler network: (a) 4 x 4 star coupler architecture, composed of four couplers
arranged in a two-by-two array (configuration parameters: I =N; =J; =P; =2 andi =1, 2);
(b) transfer matrix dimensions for an individual dual-core coupler.

Legend:

=1
P2
=0

W.q

W..,
ny

FIGURE 7. Didactic representation of the connection tensor W for the
case P =Ny =Ny =J; =2.

different. For the 4 x 4 star coupler in Fig. 6(a), the topology
of the connections yields a binary tensor VV with the elements
in the positions (p2, n2, ny1,j1) = (1,1,1,1), (1,2, 1,2),
(2,1,2,1) and (2,2,2,2) equal to 1. Fig. 7 illustrates this
tensor structure in a didactic way. For networks with multiple
hops, new tensors should be defined in order to represent the
link between two consecutive layers. Thus, analogous to the
previously defined tensor VW, we can define, in a general way,
a connection tensor W e CPi+1-Nivt:Ni-Ji a550ciated to the
interconnection between the hops i and i + 1.

Finally, the signals coming out of a given hop have the
same structure as the input signals X1, Thus, the signals at
the j;-th port of the n;-th coupler are given by y](:?ni(t) that
compose the third-order tensor Y@ e C/*NixT = All the
parameters associated to the tensors defined in this section
and their dimensions are summarized in Tables 2 and 3.

B. TENSOR MODELING OF THE COUPLER NETWORK
In this subsection, we describe the power transmis-
sion throughout the coupler network under consideration,
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TABLE 2. Parameters used in the model.

Symbols Description Values
1 Number of hops -
N Number of input/output ports of the network -
N; Number of couplers in the i-th hop N/2
P; Number of coupler inputs 2
Ji Number of coupler outputs 2
T Number of bit streams (time-slots) -
TABLE 3. Dimension of tensors used in the model.
Description Symbols Dimension
Input signals tensor x@ Pr x Ny xT
Transfer tensor of the i-th hop K@ Ji X P; X N;
Connection tensor W Py x Nyy1 X N x J;
Output signals tensor of the i-th Y@ Ji X N; xT

hop

detailing each step in order to obtain a model of the output
signals tensor. Although the tensors in the previous subsec-
tion were defined based on the 4 x 4 star coupler as shown
in Fig. 6(a), the signal model proposed here is valid for any
N x N two-hop coupler network. Furthermore, later on in this
subsection, we provide an extension of the proposed tensor
model for an arbitrary value of 7, which could be applied to
networks composed of multiple layers of couplers. Initially
we use a scalar notation to define the signals and, in the
following subsection, we introduce the tensor notation.

The global transmission can be viewed as a (21 — 1)-step
process. In the first step, corresponding to the first hop
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(i = 1), T symbols are transmitted by using the P; ports
(1 = 1,...,Py) of the Ny couplers (n; = 1,...,Ny),
composing the input signals tensor X1, For a given coupler
ny, the entries of XM are defined as the time-dependent

T
vector x(,if(t) = [xil,)”(t) x,&‘fm(t)] . These signals
are combined by the couplers in the first hop and then, by

applying the transfer tensor (), we write the signals at the
output of the first hop as

Yo ) =K xPD@) e, (17)

which can be rewritten in scalar notation as a summation
over p|

(1 (1) 1)
yll ”l(t) 11 P11 1(71 ny (). (18)

ri=l1

In the second step of the transmission, the signals coming
out of the first layer are directed to the input ports of the
second layer according to the connection tensor W, As the
role of this step is to allocate the outputs j; to the appropriate
inputs po, we get a simple change of indices by applying the
connection tensor YW1, Thus, the signals arriving at the 1-th
coupler are given by

Nt i
e _ (1) (1)
Xpa. "z(t) - Z Z pz 12,11 ,j1 1Jl1(t)

ni=1j=1
N 1 Py

(1) (1) O]
Z Z Z PZ nz,ny Jl ]1 sP1,11 Pl;"l(t)

m=1j1=1p;=1

19)

Analogous to the first step, we consider the transfer tensor
K@, which leads to a summation over p2. Then, the tensor
V@ of the output signals in the second hop, is defined as
follows

P
(2) _ (2) e
Vi, nz(t) - Z ka P2 p. nz(t)
p2=1
Py N1 U

Py
Z Z Z Z k](22)pZ n2 1(712)’12 ni.Jji

p2=lnm=1j=1p =1

M@
Kt o ¥prn (1 (20)

The above equation shows that the output signals tensor
V@ results from the successive transformations of the input
signals X1 performed by the tensor train {IC(D, W K2},
which represents the three-step transmission of a two-hop
(I = 2) network.

Based on (20), let us define a fourth-order tensor g? ¢
CJ2xXN2ax Ny xPy given by

Py
2 (2) (1) ()
8jp.na,n1,pi Z Z fo.p2.m2 Wpana.ny ]lkjl pr.ni’ 2D
p2=1ji=1
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which represents the whole transformation performed by the
system over X'). Thus, the signals in (20) can be rewritten
in the following compact way

Ny Py
(2) _ 2) e
Vi, nz(t) - Z Z 8jp.na,ny pr¥prm ). (22)

nm=1p;=1

Equations (21)-(22) define in a scalar notation the model
proposed for the signals of a N x N two-hop coupler network.

In order to extend this modeling to the multi-hop
case (I > 2), we can exploit a standard structure for all trans-
mission steps. For instance, to describe a third hop (and so
on), a new tensor W@ ¢ CP3>xN3xNax2 gg50ciated to the
connection topology between the couplers of the second and
third layers, and a new transfer tensor X e C/3*FP3xN3
are used. A straightforward reasoning from (20) leads to
the following output signals tensor Y at the third layer of
couplers

3 Py Ny o Py N J1 Py 3
UNHOEDIDIDIDID I I DL A
p3=lm=1jr=1pr=1ni=1j1=1p;=1

2 @ (1

“Wosn3no.joKja pa,na Wpana i i
(1) +
Ky 1 pram (- (23)

An extension to the general case with I hops is straightfor-
ward since any hop to be added after the first one follows the

same structure. In this way, fori = 1, ..., I — 1, let us define
the following tensor H? € C/i1 XNkt xNixJi
Piti
(1) _ @+1) (&)
hji-%—lﬁi+l»”ivji - Z ]C./i+lapi+1»”i+lwl7i+l,"i+l’ni,./'i' (24)
pir1=1

Then, the whole transformation performed by the system over
XD can be represented as the tensor G g CIrxNixNixPy
defined as

Ni—1 Ji—

gl(ll?nl ny,pr Z Z

nj—1=Ljr-1=1

2 2 l
DIDIP I
I’ll,nl 1’]1 1
m=1j=1j=1

(2) (1) (D
’ .i3,'13,n2,jzhjz,n2,n1,jlkjl,pl,nl' (25)

Thus, the signals at the output of the 7-th hop are given by
N Py
UICED D DY A G RN)
ni=1p=1
In the case I = 3, using the definitions (24)—(26), the output
signals (23) can be rewritten in the following compact form

N1 P
(3) (3) 1
yJS ”3( ) = Z Z gj3 n3,ni,pi 1(71)’110) (27)

n=1p;=1
Below, we present this model in a tensor notation, which
will be used later for developing the parameter estimation
algorithm.
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C. TENSOR NOTATION

The tensors in the previous subsection are defined by oper-
ations already discussed in Subsection II-A. In (22), as well
as in (26) and (27), the operation between G and XV is a
double-contraction over the common modes n; and pi. The
tensor notation can also be used to define the output signals
tensor Y of a multi-hop network as follows

y(]) — g([) *}‘,% X(l) c C][XN[XT’ (28)

where *. 43 2 denotes a double-contraction carried out over the
fourth mode of GY) and first mode of X1, and the third mode
of G and second mode of XV,

Thus, the tensor G0 accumulates all the steps of the trans-
mission scheme. The interaction between W and ¢+ D can
be interpreted as a mode-1 product using (24). Then, H®
satisfies a generalized Tucker-(1, 4) decomposition given by

HO — W X1 JCAHD o @it XNip1 xNixJi | (29)

Similarly, (25) shows that the successive hops are denoted by
the interactions between 1 and #® which are described
by double contractions over their common modes. Thus, ¢
can be defined in a tensor notation as

g = 9UI-b *127{(1 2)
x yH? ”me /c<‘> (30)

The tensor K" e CP1>*/1xN i defined from K1 e
C/rPrxN1 by transposing its mode-3 slices, i.e. K(l)f,,, =

1
K(l,l)1 T, with n; = 1, ..., Nj. The above definition is made
to satisfy the convention of a mode-n product, in which the
second mode of a factor is equal to the n-th mode of the core.

The generic tensor G" . defined in (30), can be viewed
as a generalization of a TT decomposition, as defined
in Subsection II-B, whose wagons H satisfy generalized
Tucker decompositions, in addition to sharing two common
modes between two consecutive wagons. Fig. 8 shows a
block-diagram of the tensor model of the output signals Y
for a multi-hop coupler network, which can be viewed as a
TT structure similar to the one shown in Fig. 4. Since there
is no representation for arrays of order higher than three, the
fourth-order tensor W is roughly represented as a bigger
block. The structure of YW has already been presented in
Fig. 7.

The present study aims to propose a method to estimate the
parameters of the model such as the tensors KD and WO,
which are strongly linked to the network design. Estimation
of such parameters can be a very useful tool for some appli-
cations. Depending on the kind of device (switcher, router,
star coupler, logic gate, etc.) to be implemented, the unknown
parameters must be correctly designed using the input and
output signals. In the next section, the proposed tensor model
is exploited to develop an algorithm to estimate the design
parameters.
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V. PARAMETER ESTIMATION ALGORITHM

In the previous section, a TT decomposition was highlighted
to model the output signals of an N x N coupler network com-
posed of multiple layers of optical couplers. By exploiting the
proposed model, an iterative algorithm can be developed to
estimate the tensor factors that contain the design parameters
of the network using the tensors X’ M and YD of the input and
output signals. Although we have developed a tensor model
for a generic /-hop coupler network, in this section, we will
consider a two-hop coupler network, as illustrated in Fig. 6.
Thus, for I = 2, (29) and (30) become

GO = HD «, K’
= wh X1 K@ X4 K’ € CJ2xNaxNixPy (31)

where the connection tensor W) e CP2xN2xNixJi gnd the
transfer tensors K2 e C/2%P2xN2 and KD e CH>PixNi gre
to be estimated. The tensor (31) satisfies a structured general-
ized Tucker-(2, 4) decomposition, as introduced in (11), with
the following correspondences

(X,C, A, B) > (g(z),w(l),,C(Z),,CuY)
(I1, 1, 13,14, R1, Ry) <— (Jo, N2, N1, P1, P2, J1). (32)

The decomposition (31) can be viewed as a special case
of (11), due to the constraints on the structure of the core
tensor W and the factors K@ and K, as discussed in
Subsection IV-A. These constraints play an important role for
the parameter estimation and they will be taken into account
in the estimation algorithm. For the sake of simplicity, we will
denote W, g@ x Y@y =W, G, x,)).

A. ALS ESTIMATION
The proposed estimation algorithm has two stages. The first
one consists of estimating the tensor G by using an LS
estimator derived from the input-output relationship (28).
The second stage estimates the parameters W, K and XV
from the estimated tensor G by using a three-step alternating
leas-squares (tri-ALS) method, derived from the generalized
Tucker model (31). The ALS estimation method [16], [30] is
based on an alternating minimization of LS cost functions,
in an iterative way. That means, starting from the initial
values, the estimates of unknown parameters are refined at
each iteration, until a convergence criterion is reached. The
steps of the proposed ALS algorithm are defined below.

A contracted form of the double contraction in (28) can be
obtained by combining the first two modes of X" and the last
two modes of G, yielding the following mode-3 product

Y =GrxNyxPiN; X3 XTxP N - (33)

Note that this rewriting of ) highlights a Tucker-(1, 3)
decomposition. The following matrix unfolding can be
deduced from (8)

Y1,8,xT = GroNy P Ny XPy Ny T (34)

which leads to the LS estimator
GJZNZ wPiNy = Ynxr (Xpow, xT)T . (35)
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FIGURE 8. Block-diagram of the tensor train structure of the signal model. Each wagon 1), composed of the tensors
W) and xci+1), is associated to a hop in the transmission scheme.

After obtaining the estimate § under the matrix form
G JoN,x PNy » other unfolded versions of G can be obtained
by means of a reshaping operation (which corresponds to
other combinations of modes). As G satisfies a general-
ized Tucker-(2,4) decomposition similar to (11), one can
exploit the unfoldings (13)—(14) to derive estimators for
W, K@ and K.

Thus, from the unfolding (14) and the correspon-
dences (32), a vectorized form of G is given by

gN2J2N1P1
. . T
= [bdzag (K(zn)z) ® bdiag (K,(,ln)1 )] WN, PyNyJj -

A tall mode-1 unfolding of G can be derived from (13) as

(36)

GNyN Py x
Iy, ® bdiag (K ") | W K2
) NoN1JixN2 Py N, Py
(37
In a similar way, from a simple permutation of modes, a tall
mode-4 unfolding of G is given by
GN1N2.]2 XP]
. 2 (1)
= [INI ® bdiag (K(,,)z)] WPy xvii Ky g sep, - (38)
The unfoldings (36)—(38) are used to define the following
LS cost functions to be alternately minimized with respect

to W, K@ and KO, respectively, while the other factors are
fixed with their previous estimated values

arg min [y, s, p, — [bdiag(Kf?n)z) ,
W (it—1)

® bdiag ( (ln)l >(”—1>i| WN, PN Ty ||%, (39
. o~ . v T
arg min [|Gn,yN, Py sy — |:IN2 ® bdiag (K(]n)l ) i|
0 (it=1)
W K 12 (40)
NoNJ1xN2P2 (it) BN, Py x T ||F7
arg min ”aN}NZJZXPl - |:IN1 ® bdiag ([’{(2n)2> i :|
() (it)
W K(l) 2 41
T YWNIN2Pa XN (it) TN Jy x Py 7 (41)

where it denotes the iteration number. The estimates of WV,
K® and K are obtained by alternately minimizing the cost
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functions (39)-(41). The three-step ALS algorithm is then
given by

R . (=02
WN, PN (i) = <bd’ag (Kf"lz)(izfl)

T
. > T i~
® bdiag (K(ln)I )(itl)) Ny LN Py s

. = T
= <|:IN2 ® bdiag (K(ln)I >(itl)i|

. (PN
“WNoN L1 xN2 P (,-,)) GN,N Pixys  (43)

— ([INl ® bdiag (f(?f‘;,)z)(it)}

~ T~
“WNiNo Py N1y (it)) GN NyJy %Py -

(42)

@
N2Py x> (ir)

M
N1J1 %Py (ir)

(44)

In this way, the unknown factors WV, K@ and KO are esti-

mated under their unfolded forms wy,p,n, Kﬁz)l’z «J, and

5\}1) JixPy respectively. At the end of each iteration, a stop

criterion is tested, allowing a refinement of the estimates
until reaching convergence. The stop criterion to decide the
convergence of the iterative estimation algorithm is based on
the reconstruction of the tensor G using the estimates W K
and IC(Z), and the difference of the Frobenius norm of the
estimation error between two successive iterations, i.€.

(1g-312) - (1G-3013).

where a and G denote respectively the tensor estimated from
X and Y using (35) and the reconstructed tensor using (21)
with the estimates W, KD and K@ . The threshold value in
(45) is chosen according to the desired refinement.

The proposed algorithm, derived from a generalized
Tucker decomposition, allows to estimate the unknown
parameters, which can be affected by scaling ambiguities.
Indeed, no elements of KV and K@, nor the core tensor W,
are a priori known. On the other hand, these tensor factors
have a strong constraint on their structure as discussed in
Subsection IV-A. These constraints are exploited in order to
eliminate the ambiguities.

Thus, we propose that, at each iteration, the estimate W
has a structure similar to that of Fig. 7 and therefore its
elements are projected onto the binary set {0, 1}. To eliminate

< threshold, (45)
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the ambiguities on the estimates KD and 16(2), the structural
conditions of their slices are ensured by keeping the energy
conservation in the transfer matrices, i.e. the determinant of
each slice ﬁ(',)ll must be equal to 1. The operations used to
ensure the tensor structures as well as all steps of the proposed
ALS-based estimation algorithm are summarized in Table 4.

B. IDENTIFIABILITY CONDITIONS AND COMPLEXITY
ANALYSIS
The system parameter identifiability with the proposed algo-
rithm depends on the uniqueness of the LS solutions. Indeed,
for computing the pseudo-inverses in (42)-(44), as well as for
the computing G in (35), some conditions must be satisfied to
ensure the uniqueness of the left- or right-inverses. Necessary
conditions are directly linked to the rank of the matrices.
In (35), the argument of the pseudo-inverse operator has
dimensions P1Nj x T and must be right-invertible, i.e. it must
be full row rank. In (42)-(44), the arguments have dimensions
Ny JoN1Py X NoPyN1Ji, NyNi Py x NPy and Ny NaJy x N1 Jq,
respectively, and must be left-invertible, i.e. they must be full
column rank. This implies the following necessary (but not
sufficient) conditions

T > PNy, al > Q N1 > Q Ny > J—l (46)

Ji T~ Py J2

These conditions lead to some constraints on the values of
the network parameters. The last three conditions are directly
satisfied for the values of P; and J; defined in Table 2 and
by considering at least one coupler at each hop. The first
condition gives a constraint on the number of time-slots. For
example, a 4 x 4 star coupler leads to N; = 2 and therefore a
minimum sequence of 4 bits must be considered.

The computational complexity of the proposed ALS algo-
rithm is essentially linked to the computation of pseudo-
inverses in (42)—(44). Since the terms within parentheses
are block-diagonals, the individual complexities are greatly
reduced, leading to non-dominant costs. Thus, we estab-
lish the computational complexity of the proposed algo-
rithm from the cost of matrix multiplications, which yields
OWNIN;P P2\ J2) + ONZN\P1P2J2)+ O(NEN,PLILDY).
Assuming Ny = Ny = Nand Py =P, = J; = J, = P,
it becomes O(N*P*).

VI. NUMERICAL SIMULATION RESULTS

In this section, we present some numerical experimental
results to validate the proposed tensor model for coupler
networks, and to evaluate the effectiveness of the proposed
estimation algorithm. Signals from nonreturn-to-zero (NRZ)
CW beams with an on-off keying (OOK) modulation were
generated. The power Pp = 10 mW was used to trans-
mit each bit 1 in the data stream. In the next subsec-
tions, several configurations, defined in terms of bit stream
size, coupling constant and topology connection, are dis-
cussed. Details of each experiment are presented. As previ-
ously mentioned, linear and nonlinear propagation effects are
ignored.
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A. TRANSMISSION EXPERIMENT FOR A 4 x 4 STAR
COUPLER

Firstly, we present a transmission experiment for the pur-
pose of model validation. We plotted the output signals of a
4 x 4 star coupler (see Fig. 6(a)) using two different methods.
In the first one, the signals are modeled with the proposed
tensor model in the scalar form (20). In the second one, for
comparison, we used an integrated optical circuit simulator
(OptiSystem from Optiwave Systems Inc.) to simulate the
same star coupler. The simulation setup used in the OptiSys-
tem software is shown in Fig. 9.

Fig. 10(a) shows the bit sequences transmitted from each
input port of the star coupler. A size T = 4 was used for the
streams, sending a single bit 1 from each port during each
time slot. The goal is to illustrate the power division at the
output ports. As mentioned earlier, a star coupler should split
any input power between all the output ports equally.

The signals intensity at each output depends on the combi-
nation of the splitting ratio of the couplers. Several configu-
rations were tested. Just for illustration, here are two different
configurations. Configuration 1: all the four couplers have
the same coupling constant and are 3dB couplers, i.e. p1,1 =
P21 = p12 = p22 = 0.5. This configuration results in a
balanced distribution (same intensity) of the incoming power
to all outputs. Configuration 2: each coupler has a different
coupling constant (unbalanced distribution). The values of
the coupling constants applied were {p1.1, 02.1, 1,2, 2.2} =
{0.2,0.4,0.7,0.9}.

Fig. 10(b) and 10(c) show the normalized transmission
power |yj2,,,2(t)/)cl,,1,n1(z‘)|2 for the two configurations. The
balanced star coupler (configuration 1) (Fig. 10(b)) shows
that the output powers correspond to 25% of the input
power, regardless of the port to which the signal was
transmitted. With an unbalanced star coupler (configura-
tion 2, Fig. 10(c)), a different power fraction is directed
to each output port and depends on where the signal is
sent from.

In Fig. 10(b) and 10(c), the output signals simulated using
the proposed tensor model were similar to the signals pro-
vided by the OptiSystem software, thus validating the pro-
posed model.

B. PERFORMANCE EVALUATION OF THE ESTIMATION
ALGORITHM

The proposed ALS-based estimation algorithm was also eval-
uated. The tensors W, K and K@ were estimated using
the input and output tensors X and ). To show the effec-
tiveness and applicability of the proposed algorithm to design
optical networks, several configuration schemes were tested
by means of Monte Carlo simulations. The performance of
the estimations was evaluated using the normalized mean
squared error (NMSE) of the estimated parameters, defined
as

MmcC F 2
1 Tine —
NMSE = 10logjo [ —— ) [Time = Toelli T’;’””F . @4
mc I Tonell 7

me=1
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TABLE 4. ALS-based estimation algorithm.

Stage 1: from the measurements of the input and output tensors X and )

1. Calculate the estimate QA from (35):

- T
GoNyx PNy = Y o NoxT (Xpy Ny xT)

and then determine the other unfoldings of the tensor G by means of reshaping operations

BNoJo N1 Prs GNoNy Py x Jas G Ny Ny o x P, < Teshape (GJ2N2><P1N1)~

Stage 2: from the estimate G obtained in the first stage

2. Randomly initialize p,,; € [0, 1] to construct the tensors Kt

Update the iteration number: it = it + 1.
4. Calculate the estimate W from (42):

~ . (2
WNy Py NLL (38) = <bdmg<K,(4722>(it

5. Project the elements of W onto the set {0,1}.
6. Calculate the estimate (2 from (43):

L) and 16(2)

(11=0) (11=0) from (16).

t
) =) T =
® bdiag (| Ky, BN2J2 N1 Pr-
) (it—1)

N
(2 . 1) T < A
KEV;PQXJQ it = <[IN2 ® bdiag <K(,21 )(itl)] W N,y Ny Jy xNo Py (i”) GNyNy Py xJsp-

7. Calculate the estimate (1) from (44):

K1) - ; (2
KNyoxp () ([INl ® bdiag (K“2>

8. Reconstruct the tensor G using W n, py Ny J; (it)’ K

— T
} W N Ny Py x Ny Iy (it)) G Ny NyJox Py -

and IA((U

N1T Py (i) 1 @D

2
N2 Py X J2 (it)

9. Return to the Step 3 until the convergence in (45) is reached.

10. Recover the tensor structure — forcing equal diagonal elements and energy conservation:

B s By (B + 680 ) /21
k§l,)27ni’ kgy)l’ni < <k§l,)27nz + kg:)lyni)/l

~ (i s —1/2 .
RO, (s RYE,)IR,

0101...

Mach- — |
NRZ pulse Zehnder
generator R
modulator

CW Laser

Bit sequences

Py = 10 mW
A= 1550 nm

Transmitter

Y
Coupler Coupler
P11 P12
Optical
time
domain
visualizer
Coupler Coupler
P21 P22
N
4 X 4 star coupler

FIGURE 9. Simulation setup for a 4 x 4 star coupler.

with MC = 5 x 103 denoting the number of Monte Carlo
runs. 7, and T, represent, respectively, the simulated and
estimated tensors at the mc-th Monte Carlo run. The speed
of convergence was also evaluated. The convergence is con-
firmed when the criterion defined in (45) is less than or equal
to 1.0 x 107>,

First, we applied the ALS-based algorithm to estimate
the transfer tensors KV and K® in the two configura-
tions described in Subsection VI-A. The cross connection
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between the layers of the 4 x 4 star coupler in both cases
are the same. Hence, in this first test, the tensor V was
considered known by the algorithm and the Steps 4 and 5
in Table 4 were suppressed. The NMSE results are plot-
ted as a function of 7' in order to analyze the impact of
the size of the transmitted bit sequences on the estimation.
Moreover, T must take values greater than or equal to 4 for
the 4 x 4 star coupler in order to fulfill the identifiability
condition (46).
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FIGURE 10. Transmission experiment result. (a) Input bit sequence; (b) output signals for the balanced star
coupler—configuration 1; and (c) output signals for an unbalanced star coupler—configuration 2.
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FIGURE 11. NMSE of the transfer tensors versus T for (a) the balanced
and (b) unbalanced 4 x 4 star coupler.

Fig. 11 shows the NMSE of KD, K@ and G versus T,
for T € {4,8,12,16}. At each Monte Carlo run, new bit
sequences are randomly generated. Generally speaking, the
NMSE levels obtained were quite low for the configurations
used here, indicating a good approximation of the estimated
parameters. Furthermore, there is a decrease in NMSE when
larger bit stream sizes were used, pointing to a better approx-
imation of the unknown parameters for greater values of 7.
Although the estimation of the tensors K1 and X with (44)
and (43) do not depend directly on 7, the estimation of
G depends on T and, as demonstrated by the blue curve
in Fig. 11, this improves when more input-output signals
measurements are used in (35).

Fig. 12 shows the number of iterations needed to achieve
the convergence versus T averaged along all the Monte Carlo
samples. As expected, since X!) and K® are independent
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FIGURE 12. Number of iterations versus T for 4 x 4 star coupler.

of T, the results show that the size of the bit sequence
does not impact the convergence speed of the algorithm, i.e.
the required number of iterations remains constant with an
increase of 7'. This can be seen as an advantage, since better
performances are obtained with a higher value of 7', without
degrading the convergence rate.

C. PERFORMANCE COMPARISON FOR N x N COUPLER
NETWORKS

In the following results, we evaluate the performance of the
algorithm for more complex cases, by estimating the param-
eters of larger coupler networks. Fig. 13 illustrates a generic
structure for N x N coupler networks composed of two layers,
with N = 2N;, where N; > 2 denotes the number of couplers
in the i-th layer. Configurations with N; = 2, 3, 4 and
5 couplers in each layer are considered, leading to the analysis
of 4 x 4,6 x 6,8 x 8§and 10 x 10 networks. The proposed
tensor model, initially described for a 4 x 4 star coupler, was
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FIGURE 14. NMSE of the transfer tensors versus N for an N x N coupler
network.

extended to the coupler networks under consideration. With a
greater number of couplers in each layer, the possibilities of
connections between the couplers increase. Each output port
of a given coupler n in the first layer can connect to any input
of any coupler n; in the second layer. Remembering that the
output signals depend on the connection between the couplers
and it is impossible to obtain star coupler configurations for
cases where N; > 2 when only two layers are used.

The connection topology was randomly drawn at each
Monte Carlo run of the simulations and the coupling con-
stants p,, ; were also randomly chosen within the range [0, 1],
thus allowing several configurations to be analyzed. Since
KD K@ and W have random entries, we estimate these
three tensors without knowledge of the connection topology
(W), unlike the experiments carried out in Subsection VI-B.
We used random bit sequences with 7 = 16, in order to
satisfy the condition (46) for all the cases.

Fig. 14 shows the NMSE of KV and K@ versus N
(number of input and output ports). First of all, the NMSE,
averaged throughout the random configurations, is notice-
ably degraded comparatively to the one in Fig. 11, where
fixed configurations were used in all Monte Carlo runs.
This increase of NMSE can be explained by the fact that
local minima can be reached, since some combinations of
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FIGURE 15. Error rate of topology connection versus N foran N x N
coupler network.

network parameters can lead to similar output signals. How-
ever, an improvement in the estimation performance is seen
when the number of ports (and couplers) is increased. A larger
and more complex network reduces the possibilities of con-
figurations with similar outputs, leading to estimates with
greater accuracy.

Still in Fig. 14, the estimation performance for the case
where the random tensor VY is known is plotted in comparison
with the case of joint estimation of the three tensors. Notably,
the lack of knowledge of the topology )V does not impact the
performance of the algorithm.

Ateach MC run, the estimate VV is compared to the original
tensor VY. Furthermore, each frontal matrix slice of VV has
only one entry equal to 1. Thus, connections incorrectly
estimated are counted and then the error rate is defined as

1 Mc 10)
error rate = — _— (48)
MC s PoN>N1Jq

where w,,. denotes the number of incorrect estimations at
each MC run, i.e. Wy, ny.n.j1 7 Wpanauny i » Y02, 12, 11, j1).
Fig. 15 shows the error rate of VV versus N. As expected, the
results follow the same trend of improvement as observed in
Fig. 14 when N is increased, illustrating the effectiveness of
the estimation algorithm.

The proposed iterative algorithm was also evaluated in
terms of convergence speed. Fig. 16 shows the NMSE of X1
and K@ versus the number of iterations. The results show
that, for all values of N, the convergence is achieved in a few
iterations. One can also note that with an increase of N, the
NMSE decreases, corroborating the results shown in Fig. 14.
On the other hand, it is possible to notice that the slope of
the curve increases more slowly for greater values of NV, indi-
cating the need for more iterations to achieve convergence in
more complex networks. On average, the number of iterations
increases when N is increased, with a faster convergence for
less complex networks. However, the variation between con-
vergence speeds is small (few iterations) when N increases,
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FIGURE 16. Speed convergence for different configurations with respect to the NMSE of the transfer tensors.

NMSE of K"

0 5 10 15 20 25 30
OSNR [dB]

NMSE of K@

0 5 10 15 20 25 30
OSNR [dB]

FIGURE 17. NMSE of the transfer tensors versus OSNR for an N x N coupler network.

demonstrating the robustness of the proposed algorithm when
considering the complexity of the network.

D. PERFORMANCE EVALUATION IN THE PRESENCE OF
ADDITIVE NOISE

In this subsection, we evaluate the accuracy and convergence
of the ALS algorithm in the presence of additive noise. The
purpose of this experiment is to analyze the behavior of the
estimation algorithm in a noisy environment corresponding
to a modification of (28) as

V=03 X+N, (49)

where ) denotes the noisy version of ) and N € C/2>*N2xT jg
a Gaussian noise tensor added at the end node of the network
with a noise power of Ny. At each run, Ny was fixed according
to the desired value of optical signal-to-noise ratio (OSNR),
ie. No = Pop/OSNR, where OSNR levels from 0 dB to
30 dB were used. The results in Fig. 17, 18 and 19 show,
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respectively, the NMSE of (1) and K®), the error rate of W
and the number of iterations versus OSNR for the different
networks discussed in the previous subsection.

As expected, Fig. 17 and 18 show a degradation in the accu-
racy of the estimates of KD K and W for low values of
OSNR, which corresponds to noisier situations. Fig. 19 indi-
cates that there is a fast convergence for these levels of OSNR.
This leads us to conclude that in adverse situations, the con-
vergence criterion adopted is quickly reached due to the exis-
tence of local minima as mentioned in Subsection VI-C. In
addition, the estimation of the unknown parameters improves
significantly when the OSNR level increases, at the cost
of an increase in the number of iterations. Higher OSNR
values show a trend of improvement in estimates and speed
of convergence for all tested cases. Regarding the perfor-
mance comparison between the different tested networks,
the results in Fig. 17, 18 and 19 show a better perfor-
mance when N is increased, as discussed in the previous
subsection.
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FIGURE 18. Error rate of VW versus OSNR for N x N coupler network.
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FIGURE 19. Number of iterations versus OSNR for N x N coupler network.

VII. PERSPECTIVES

The present work is as an original approach for the study
and modeling of optical devices. In this section, we briefly
point out some perspectives for future works exploiting tensor
modeling in the field of optical communications.

Although we proposed a tensor model for a generic cou-
pler network in Section IV, numerical experiments were
performed only for two-hop coupler networks. We aim to
extend the applications of tensor models to more complex
optical networks in order to address higher-order star couplers
and/or interferometric devices by associating several couplers
in cascade.

The application of tensor methods for modeling multi-core
couplers is also a possible future work. With a multi-core
coupler, the interactions between adjacent cores can occur in
different ways depending on the number of cores and their
arrangement.

In signal processing for optical communications such as
WDM and DWDM systems, tensor decompositions promise
to be an interesting tool to develop receiver algorithms that

9922

yield good performances for channel estimation and trans-
mitted symbols recovery, surpassing the results obtained by
conventional methods. As can be seen in the works [17],
[18], [24], among others, tensor-based approaches are already
widely applied to solve signal processing tasks in the context
of wireless communications.

The study of the mentioned devices and networks with
nonlinear effects is also considered as a perspective. For this,
tensor models must be appropriate to represent nonlinear
systems. Tensor models have already been applied to model
non-linear systems, such as the references [42]-[44], which
exploit Volterra models to model nonlinear channels in com-
munication systems. These works can be considered as a way
for future studies.

VIIl. CONCLUSION

In this paper, we have proposed the use of tensor tools as
a new method to study and design optical networks. The
scenario considered for this first study is based on a 4 x 4 star
coupler, which can be extended to more complex networks
composed of cascaded optical couplers. A tensor model was
developed to describe the signals transmitted throughout the
network under a linear regime. After modeling the signals for
a4 x 4 star coupler, the proposed model was extended to
a generic coupler network. The signals were modeled as a
third-order tensor that follows a tensor train structure com-
posed of wagons that satisfy a structured generalized Tucker
decomposition. With the knowledge of the input and output
data, the proposed tensor model of a two-hop coupler network
was applied to develop an iterative estimation algorithm to
estimate the unknown parameters of the network. A study
of the estimation performance in the presence of an additive
Gaussian noise was also carried out. Tensor models appear to
be a promising approach to study and design optical network
structures. As a perspective, real data will be processed for
validating our approach.
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