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Optical waveguide structures can make the state-of-the-art micro- and nanofabricated devices faster and
less energy consuming. However, on-chip optical components must be placed at relatively large distances
from each other, on the order of the wavelength λ, to eliminate the crosstalk between them. This makes
on-chip optical structures too large to compete with their electronic counterparts. In this work, we explore
the possibility of suppressing the crosstalk between closely spaced dielectric waveguides by making use
of higher-order modes. We show that the crosstalk between two waveguides can be essentially eliminated,
even if the waveguides are separated by a distance of λ/10 only. We also study arrays of more than two
waveguides and find the conditions for the efficient crosstalk reduction in them. Our results can lead to
further miniaturization of photonic integrated circuits.
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I. INTRODUCTION

Silicon micro- and nanostructures are the most promis-
ing candidates for future photonic integrated circuits [1–3].
They offer the advantage of fabrication with already exist-
ing CMOS technologies along with negligible losses at
telecom wavelengths [4–6]. The high refractive index of
silicon enables miniaturization of on-chip optical compo-
nents due to strong light confinement. However, even with
silicon, the miniaturization of photonic circuits is limited
by the crosstalk between neighboring optical components
on photonic chips.

Plasmonic structures offer light confinement at scales
much smaller than their dielectric counterparts. However,
due to inherent losses associated with absorption in the
metals, plasmonic waveguides have been considered less
practical [7]. Hybrid plasmonic-photonic platforms pro-
pose a compromise between strong confinement of light
by plasmonic structures and long propagation distances in
dielectric waveguides. However, they often require com-
plicated geometries to obtain competitive results [8–10].
Another approach to reduce the coupling between optical
waveguides is based on the supercell design [11,12], in
which several waveguides of slightly different geometrical
parameters form a supercell that is repeated periodically.
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The crosstalk reduction allows the waveguide separation
to be reduced down to λ/2 while retaining reasonably
long crosstalk-free propagation distances. Structuring the
cladding to obtain nanophotonic cloaking [13] or the use of
extremely anisotropic claddings [14–17] are other strate-
gies, setting the current state of the art in crosstalk reduc-
tion. However, these approaches rely on high-aspect-ratio
structures and require complicated fabrication methods.

In this work, we show that, by using higher-order modes
of standard silicon waveguides with rectangular cross sec-
tions, the crosstalk between two waveguides, separated by
less than λ/10, can be fully suppressed, rendering the cou-
pling length infinite. This results from an effective mode
index degeneracy of the symmetric and antisymmetric
eigenmodes of the two-waveguide system. Under this con-
dition, the optical signal in one waveguide never couples
to the other waveguide. The degeneracy is not achievable
with the fundamental (zeroth-order) TE and TM modes.
Using higher-order modes, the crosstalk can be suppressed
for two or more waveguides in the system. We show that
an array of waveguides separated by a distance on the order
of λ/10 can be constructed to exhibit essentially elimi-
nated crosstalk between the waveguides for propagation
distances exceeding 100 μm.

II. CROSSTALK REDUCTION

We start by considering a silicon waveguide of a rect-
angular cross-section embedded in glass [see Fig. 1(a)].
The refractive index of glass is taken to be 1.5 and that
of silicon (Si) is assumed to be 3.572 + 0.00051i at a
wavelength of 1000 nm [18]. Our choice of wavelength
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FIG. 1. Schematic illustration of an isolated waveguide (a) and
a waveguide array (b). The width w, height h, and separation
distance s are the parameters to be optimized. (c)–(f) Normalized
transverse distribution of the electric field amplitude for the TE
(c), TM (d), RA (e), and AZ (f) modes. The arrows show the
orientation of the electric field vector in the transverse plane. In
the presented example, the width (w) of the waveguide is 220 nm
and the height (h) is 300 nm.

is arbitrary, since the approach demonstrated in our cal-
culations is very general and could be implemented using
different waveguide materials and different wavelengths.
The fundamental TE and TM modes are always present in
such a waveguide, but for higher-order modes to appear,
the waveguide’s cross section must be large enough [19].
We use COMSOL Multiphysics (mode-analysis eigenvalue
solver of the wave-optics module) to find the eigenmodes
of the considered waveguides and their effective mode
indices. Figures 1(c)–1(f) show the electric field profiles
of the fundamental (TE, TM) and the two higher-order
modes. These higher-order modes are found to be radi-
ally (RA) and azimuthally (AZ) polarized [see Figs. 1(e)
and 1(f), respectively]. In the provided example, the cross-
section dimensions of the waveguide are w = 220 nm and
h = 300 nm. From the point of view of practical real-
izations, such a higher-order mode could be obtained by
converting a fundamental mode (either TE or TM) using
a phase-shifting element, such as a gap that partially cuts
the waveguide (see Ref. [20]). Other solutions are also
possible [19–21].

In general, when two waveguides are positioned close
to each other, light can couple from one waveguide to the
other and back [22,23]. In terms of the coupled mode the-
ory (CMT), any propagating field in the waveguides can
be expanded into the eigenmodes of the system [22,24].
Mathematically, any electric field E(x, y, z) propagating in
an assembly of N waveguides can be written as

E(x, y, z) = �N
i=1AiEi(x, y) exp(−iβiz), (1)

where Ei(x, y) is the normalized electric field distribu-
tion at z = 0 for the ith eigenmode, and Ai and βi are
the eigenmode expansion coefficient and propagation con-
stant of the mode, respectively. In terms of the effective
mode index neff, the propagation constant is given by βi =
2πneff,i/λ, where λ is the free-space wavelength.

We refer to the eigenmodes of a system of waveguides
as supermodes. Two single-mode waveguides support two
supermodes. For one supermode (symmetric), the electro-
magnetic fields are in phase in the waveguides and for
the other mode (antisymmetric), the fields oscillate out of
phase (see Fig. 2). The mode excitation in a single waveg-
uide can then be considered as a sum of the symmetric
and antisymmetric supermodes with equal coefficients Ai.
The beating period of the two supermodes is the coupling
length (Lc), which is the propagation distance needed for
the power to be entirely transferred to the other waveg-
uide. It depends on the effective refractive indices of the
symmetric and antisymmetric supermodes, ns and na in
accordance with

Lc = λ

2|ns − na| . (2)

It can be seen that the coupling length increases to infinity,
when the indices ns and na approach each other.

Figure 2 shows the electric field amplitude distribution
of the symmetric and antisymmetric supermodes com-
posed of the RA and AZ modes of the individual waveg-
uides. The effective mode indices ns and na are calculated
for both fundamental and higher-order modes as functions
of the surface-to-surface separation s. For the TE and TM
modes, these indices are seen to approach each other when
the waveguide separation increases, but they never inter-
sect [see Figs. 3(a) and 3(b)]. For the RA and AZ modes,
however, we obtain an intersection point at s = 160 nm
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FIG. 2. Symmetric (a),(c) and antisymmetric (b),(d) super-
modes of two waveguides. The RA and AZ modes are shown
in the top and bottom plots. The width of each waveguide is 220
nm, the height is 300 nm, and the surface-to-surface separation
of the waveguides is 280 nm.
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FIG. 3. Effective mode indices (neff) as functions of the separa-
tions between the two waveguides with w = 220 nm and h = 300
nm. The blue and red curves correspond to the symmetric and
antisymmetric modes.

and s = 95 nm, respectively [see Figs. 3(c) and 3(d)]. At
these separations, the coupling length Lc is infinite and
light cannot pass from one waveguide to the other.

The reason for the degeneracy of the RA and AZ super-
mode indices can be revealed from the field distributions of
the modes. The symmetric supermodes are seen to produce
a clearly visible intensity minimum in the gap between the
waveguides. In the case of both RA and AZ supermodes,
the fields of the symmetric supermode interfere destruc-
tively at the center of the structure and constructively at
the periphery of it, while for the antisymmetric supermode,
the situation is the opposite. Therefore, the symmetric
supermode has more power propagating in the cladding
and exhibits a lower mode index than the antisymmetric
supermode does. At small separations, the gap between
the waveguides becomes insignificant (not shown), and the
symmetric supermode exhibits a constructive interference
in the core material and a resulting higher-mode index,
while the antisymmetric supermode shows the opposite.

In order to verify if the coupling length obtained from
Eq. (2) is correct, we study the coupling between the
waveguides numerically using COMSOL Multiphysics. For
s = 160 nm, the supermode index difference for the RA
modes is found to be 6 × 10−4, corresponding to Lc = 0.8
mm. For the AZ modes, the index difference of 4 × 10−4

is obtained at s = 95 nm. The coupling length in this case
exceeds 1 mm (5000 times the width of the waveguide).
The normalized optical power in each waveguide (P/Ptotal)
as a function of the propagation distance is presented in
Fig. 4. At z = 0, essentially all the power is concentrated in
the core of one of the waveguides. Upon propagation over
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FIG. 4. Normalized optical power propagating along z in the
core of the originally excited (blue) and originally dark (red)
waveguide. The waveguide surface-to-surface separation is 160
nm in (a),(c) and 95 nm in (b),(d). The insets show the results
of propagation over a long distance, neglecting the absorption
losses in silicon.

0.83 mm for RA modes and 1.25 mm for AZ modes, the
light is fully transferred to the other waveguide, in agree-
ment with Eq. (2). Clearly, by fine tuning the waveguide
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FIG. 5. The parameters w and h providing the index degener-
acy condition for the RA and AZ modes at a fixed surface-to-
surface separation s = 200 nm. The intersection point (marked
by the black dot) corresponds to a single geometry of two
waveguides supporting four independent channels for optical
information transmission: two enabled by RA modes, and two
by AZ modes.

044077-3



MAURYA, KOLKOWSKI, KAIVOLA, and SHEVCHENKO PHYS. REV. APPLIED 18, 044077 (2022)

parameters, we can increase the coupling length arbitrar-
ily close to infinity. For comparison, Figs. 4(c) and 4(d)
show the light energy transfer for s = 160 nm and s = 95
nm, respectively, for the case of TM modes (which show
longer Lc than the TE modes). The calculated mode index
differences are 0.03 and 0.053, respectively, and the cou-
pling lengths are 17 and 9 μm, which are shorter by 2
orders of magnitude than Lc of the AZ and RA modes. This
highlights the huge advantage offered by the higher-order
modes for crosstalk-free propagation of optical signals. If
in a fabricated sample, the value of s is allowed to deviate
by ±10 nm from the optimum value, the coupling length
can decrease down to 250 μm for RA modes and 110 μm
for AZ modes. These distances, however, are still more
than 1000 times longer than s. Absorption in silicon at the
considered wavelength is small and does not influence the
crosstalk much. In the insets of Figs. 4(a) and 4(b), the
curves are obtained by neglecting the absorption.

In Fig. 3, the eigenmode index degeneracy takes place at
different separation values s for the RA and the AZ modes.
However, by tuning the dimensions of the waveguides
we can make the RA and AZ modes to reach the index

degeneracy at the same value of s in order to double the
number of independent channels for transmitting optical
information. Figure 5 shows such a parametric dependence
of the index degeneracy condition for the RA and AZ
modes when the waveguides have a fixed separation of
200 nm. It can be seen that, for w = 203 nm and h = 293
nm, the crosstalk-free propagation distance is infinite for
both RA and AZ modes. The waveguide geometries could
also be optimized, e.g., to further decrease the surface-
to-surface separation, or to minimize the overall footprint
(including both w and h) of the waveguide system.

In a large array of waveguides, the number of inde-
pendent supermodes is large as well. To achieve ideal
crosstalk suppression in this case, all the supermodes
should have equal effective mode indices. We did not find
such index degeneracy in any system containing more than
two waveguides, which makes us suppose that achieving
such a condition would likely require waveguides of more
complex cross-section geometries. However, for the sim-
ple rectangular geometries considered in this work, we find
that, in certain ranges of geometrical parameters, the effec-
tive mode indices of the RA and AZ supermodes differ
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row shows the F for the RA and AZ mode excited in the central waveguide. The insets show the corresponding F for the TE and TM
modes in the central waveguide.
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from each other much less than the effective mode indices
of the TE and TM supermodes, which can still be used for
significant crosstalk reduction. The crosstalk reduction in
such cases can be characterized by the following figure of
merit:

F = �N
i=1|Ai|2

�i>j |ni − nj ||AiAj | . (3)

Here, ni is the mode index of the ith supermode and Ai is
its complex expansion coefficient [see Eq. (1)] for a field
localized in a single waveguide. The above expression is
obtained as follows. We calculate the modulation depth
(D ∝ |AiAj |) and period (L ∝ λ/|ni − nj |) for two beat-
ing supermodes i and j . In order to minimize the crosstalk,
the modulation depth (D) should be minimized and mod-
ulation period (L) should be maximized. Hence, we define
G = 〈D/L〉/C, where the brackets stand for averaging over
all pairs of supermodes in the system and C is a normal-
ization coefficient. To minimize the crosstalk, the function
G = �i>j |AiAj ||ni − nj |/�N

i=1|Ai|2 should be minimized;
the denominator normalizes the expression. The function
to be maximized is F = 1/G. The larger the F, the less
efficient the coupling of light to the other waveguides and
the longer the coupling length.

In Fig. 6, we show the distribution of F in the w-h
parameter space under fixed s = 200 nm for an array of
three, five, ten and an infinite number of waveguides for
the RA and AZ modes as well as for the TE and TM
modes (see the insets). The case of infinite array is mod-
eled using periodic boundary conditions, with different
supermodes corresponding to the different in-plane Floquet
momenta. Note the logarithmic color scale of the plots.
In all these examples, the field is considered to be ini-
tially localized in the central waveguide (or one of the two
central waveguides), and the expansion is done for this ini-
tial field profile. The plots show that, at certain values of
parameters w and h, the F becomes exceptionally high,
above 104 for the case of three waveguides and 103 for
an infinite number of waveguides in the system. In con-
trast, the insets in Fig. 6 show considerably lower values
of F for the TE and TM modes. Moreover, the distribution
of F for the subsequent types of modes across the con-
sidered parameter space remains approximately the same
for the arrays with more than five waveguides. This means
that the crosstalk reduction enabled by RA and AZ modes
would be equally effective in all waveguides in the bulk of
the array, and only two edge waveguides can be excluded
from the predicted low-crosstalk operation of the system,
offering a large number of independent channels for optical
information transmission.

It is useful to estimate the tolerance of the design to
possible fabrication errors in the values of w and h. In
Fig. 6, the region in which the figure of merit for the
RA modes exceeds that of the TE modes is narrowest for

the three-waveguide system, with the widths �h ≈ 8 nm
and �w ≈ 14 nm in the h and w directions, respectively.
This introduces a challenge for the fabrication precision.
However, for more waveguides in the system, this width
is larger. The AZ modes, on the other hand, show much
larger tolerances, with both �h and �w exceeding 80 nm
independently of the number of waveguides. This makes
it easier to demonstrate the crosstalk reduction in practice
with the AZ modes.

We analyze some examples of the considered waveg-
uide systems in more detail. One such example is presented
in Fig. 7, which shows the effective mode indices and the
expansion coefficients for the three-waveguide assembly.
The waveguide parameters are w = 250 nm and h = 315
nm for the RA modes, and w = 200 nm and h = 320 nm
for the AZ modes. The mode indices are plotted as func-
tions of the waveguide surface-to-surface separation s. The
curves corresponding to the RA and AZ modes are seen to
intersect at two different points, while the TE- and TM-
mode curves, as before, do not intersect at all. Figures 7(c)
and 7(f) show the supermode expansion coefficients Ai for
the RA and AZ modes, respectively. At one of the cross-
ing points in the plots (a) and (b), one of the coefficients

100 400
1.80

1.85

1.90

s (nm)
250 300 350 400

s (nm)

250 300 350 400
s (nm)

2.79

2.80

2.81

1.800

1.805

2.80

2.85

2.90

RA AZ

TMTE

(a)

(b)

(c)

(d)

(e)

(f)

w = 200 nm 
h = 320 nm

w = 250 nm 
h = 315 nm

|A
i|

0.0

1.0

1.900

250 300 350 400
s (nm)

0.5|A
i|

0.0

1.0

0.5

100 400
s (nm)

100

200 300

200 300

200 300 400
s (nm)

n e
ff

n e
ff

n e
ff

n e
ff

FIG. 7. Supermode indices ni and the absolute values of
the expansion coefficients Ai as a function of the surface-to-
surface separation distance s between the waveguides for three-
waveguide system. Plots in (a),(b) show the mode indices for the
RA and TE modes, respectively, and the expansion coefficients
|Ai| for the RA modes are shown in (c). Plots in (d),(e),(f) show
the corresponding parameters for the AZ and TM modes.
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Ai becomes equal to 1. This means that one of the eigen-
modes of the system coincides with the localized mode of
the central waveguide. For the RA mode, this happens at
s = 120 nm, and for the AZ mode at s = 350 nm.

Being the eigenmode of the system, the excitation in
the central waveguide will propagate unchanged, hence
offering an isolated channel for crosstalk-free optical infor-
mation transmission. We also notice that the TE and TM
modes may have non-negligible amplitudes (black curves
in Fig. 7) once they are included in the eigenmode expan-
sion of the RA- or AZ-mode excitation of a single wave-
guide. The field profiles of the supermodes contributing to
the RA and AZ excitations in the central waveguide are
shown in Figs. 8(a)–8(d) and 8(e)–8(h), respectively. The
modes in Figs. 8(b) and 8(f) are those with Ai close to 1.
The modes in Figs. 8(c) and 8(g) have only a negligible
contribution to the excitation in the central waveguide (see
the blue curves in Fig. 7). The modes in Figs. 8(d) and 8(h)
are the TE- and TM-mode contributions that are respon-
sible mostly for the expanded field outside the central
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FIG. 8. The electric field amplitude profiles of the eigenmodes
of the three-waveguide system, contributing to the RA- and AZ-
mode excitations (left and right column, respectively) of the
central waveguide. The arrows show the direction of the elec-
tric field. The waveguides in the left column have dimensions
w = 250 nm, h = 315 nm, and s = 120 nm, while for the waveg-
uides in the right column we have w = 200 nm, h = 320 nm,
and s = 350 nm. The fields in (d),(h) are seen to be TE and TM
polarized rather than RA or AZ polarized.

waveguide. Hence, their influence on the power flow in
the central waveguide is not significant.

We also study the propagation of different types of
central-waveguide excitations (corresponding to subse-
quent types of modes) and the leakage of optical power
from the central to the peripheral waveguides. Figure 9
shows the power flow in the central waveguide (blue
curve) and in one of the side waveguides (red curve).
There is a small modulation of the power in the central
waveguide (less than 5%) due to coupling to the TE- and
TM-like supermode. The modulation period agrees with
the index difference between the supermodes. The prop-
agation is essentially crosstalk-free for the RA and AZ
modes. In contrast, the analogous analysis for the central-
waveguide excitations of the TE and TM modes shows
that such modes exhibit a coupling length of about 12 and
180 μm, respectively, as shown in Figs. 9(b) and 9(d).

At the end, we also investigate the propagation of
single-waveguide excitations accompanied by spreading
of optical power to the neighboring waveguides (discrete
diffraction) inside an array of 10 waveguides, which is pre-
sented in Fig. 10. The width of each waveguide is 350
nm and the height is 450 nm. The waveguides are sep-
arated by 200-nm gaps. In Fig. 10, the light is initially
coupled to the fifth waveguide from the bottom. Here, in
contrast to the previous study on three waveguides, we
assume pure excitations of a given mode type [pure TE
modes in (a) and pure AZ modes in (b)], excluding all other
types of modes from the eigenmode expansion. As can be
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a three-waveguide system. The insets show the power transfer
over a long propagation distance.
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FIG. 10. Propagation of light coupled to a single waveguide
of an array of ten closely spaced waveguides. The waveguide
parameters are w = 350 nm, h = 450 nm, and s = 200 nm. At
λ = 1000 nm, silicon is slightly absorbing, but in the present
calculations, the absorption is neglected to better illustrate the
crosstalk and its reduction.

seen in Fig. 10, if a TE mode is excited in the waveguide,
the power spreads fast, escaping from the original waveg-
uide after propagating for about 100 μm [Fig. 10(a)]. On
the other hand, if an AZ mode is launched in the central
waveguide, no coupling of light to other waveguides is
observed for a propagation distance of 300 μm. This shows
a remarkable advantage of the behavior of crosstalk-free
higher-order modes over the fundamental modes.

To demonstrate this effect experimentally, an optical
beam should be coupled to one of the waveguides, i.e.,
focused onto the entrance facet of a waveguide and hav-
ing a radius of at most 300 nm (approximately 2 times
smaller than the wavelength in glass). This focusing can
be achieved by using a flat diffractive lens or a metalens
[25,26]. The conversion of the TE mode to the AZ mode
can be done right at the entrance of the waveguide. At
the output of the system, the spread of light among the
waveguides can be studied using a microscope or employ-
ing a similar flat-lens-based output coupler. In fact, the
latter can be used to separate the signals arriving from
the nanowaveguides and couple them to a larger waveg-
uide array. The microlens will create a magnified image of
the nanowaveguide output fields, which in the image plane
will be coupled to the larger waveguide array. For exam-
ple, if the waveguide system of Fig. 10 is in question, a
magnification of 10 will make the necessary period of the
large waveguide array equal to 5.5 μm.

III. CONCLUSIONS

In this work, we study the possibility to reduce the
crosstalk between closely spaced waveguides by using
higher-order modes, characterized by either radial or
azimuthal polarizations. We find that, for a pair of waveg-
uides, the crosstalk can be completely eliminated, even if
the surface-to-surface distance between these waveguides
is less than λ/10. This is enabled by equal effective mode
indices of the symmetric and antisymmetric supermodes.
The higher-order modes can be obtained from the funda-
mental modes with the help of a compact intrawaveguide
phase shifter, similar to those of Ref. [20]. Directional cou-
plers between crosstalk-free waveguides can be created by
locally decreasing the waveguide separation or by another
local disturbance. The couplers can be made exceptionally
compact, since the waveguide separation is originally very
small.

We also consider waveguide arrays with three and more
waveguides and identify a range of parameter values for
which the crosstalk is significantly reduced by using the
aforementioned higher-order modes. To characterize large
waveguide arrays, we propose an effective figure of merit
that quantifies the efficiency of the crosstalk suppression.
Our findings suggest that higher-order modes existing in
waveguides of simple geometries, such as those with rect-
angular cross sections, could be used as a strategy for
increasing the density of independent optical channels on a
photonic chip and significantly reduce the footprint of pho-
tonic integrated circuits. The approach can be generalized
to other types of optical waveguides, such as surface-
mounted waveguides, photonic-crystal waveguides, and
plasmonic-photonic waveguides. This, together with the
development of waveguide couplers, resonators, and other
on-chip components based on higher-order modes, defines
the directions for the future research on the topic. Potential
applications of crosstalk reduction by higher-order modes
can be found in high-density integrated optical devices
including, e.g., optical multiplexers, interconnects, and
phased arrays [27–29].
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