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Abstract: We report a large group velocity dispersion of hybrid modes in a LiNbO3-on-
insulator multimode rib waveguide. A peak dispersion of ±49000 ps/(nm.km) is obtained
in the mode hybridization region between TE00 and TM10 modes with a full width at half
maximum of 10 nm. Dispersion for hybrid modes is tunable around ±15000 ps/(nm.km),
±22000 ps/(nm.km), and ±49000 ps/(nm.km) occurring at wavelengths of 1272, 1372,
and 1496 nm, respectively, in the telecommunication band. In the wavelength range from
1530 to 1600 nm, the proposed rib waveguide is free of hybrid modes. In this region, the
waveguide exhibits a flat dispersion profile for all eight guided modes with a maximum
<1000 ps/(nm.km).

Index Terms: Multimode waveguide, lithium niobate-on-insulator, dispersion, hybrid modes.

1. Introduction
Lithium niobate (LN) is a popular integrated photonics platform with a broad transparency range
of 350 nm to 5200 nm, strong electro-optic, acousto-optic, and thermo-optic effects [1], [2]. These
properties make LN an excellent choice for passive as well as active and non-linear devices. LN also
has high intrinsic birefringence that has been used to design modal birefringence-free waveguides
[3]. Traditional waveguides in lithium niobate used titanium diffusion or proton exchange to create
a refractive index contrast of ∼0.01 between the core and the clad [4]. These resulted in large
waveguide cross sections with mode diameter spanning up to 8 μm. However, the advent of recent
thin film lithium niobate on insulator with either silicon or LN as the substrate has led to an index
contrast of ∼0.7. This has led to ultra-compact and strong guiding LN photonic wires, being realized
on the single-crystal LN films. The large index contrast also enhances the performance of active
optical components, such as wavelength conversion devices, ring resonators [5], and waveguide
lasers [6]. Such photonic wires also enable high integration density of photonic devices on chip.
Recent advances in fabrication techniques has resulted in lithium niobate on insulator (LNOI)
waveguides with a propagation loss as low as 0.027 dB/cm [7].
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Fig. 1. (a) Cross-section of LN (X-cut) rib waveguide (b) Mode profile of TE20 and (c) TM30.

Multimode LN waveguides are being investigated for applications like optical interconnects in
mode division multiplexing (MDM) that increase the channel capacity [8]. MDM components need
waveguides with only quasi transverse electric (qTE) and quasi transverse magnetic (qTM) modes
without any hybrid modes. However, the phenomenon of mode hybridization is common in waveg-
uides with horizontal or/and vertical index asymmetry [9]. Hybrid modes which are neither qTE nor
qTM exist if effective indices of different polarized modes with the same symmetry have similar
values [10]. Such modes result in data exchange between channels on the two coupled modes,
leading to crosstalk [11].

Multimode waveguides with low group velocity dispersion (GVD) are desirable in optical com-
munications to preserve the shape of ultra-short pulses and increase the data rate. However,
components with large dispersion are crucial for applications including pulse compression, tunable
delays, optical correlation [12], frequency combs, ultra-fast waveguide lasers, bright soliton forma-
tion and supercontinuum generation [13]. Various approaches have been proposed in literature
to achieve large dispersion using micro ring resonators [14], integrated Bragg gratings [15], pho-
tonic crystal waveguides and slot waveguides [16]. One of the methods is to enhance interaction
between modes in a coupled strip-slot waveguide [17]. Dispersion increases by orders of magni-
tude at a wavelength where the super modes are resonant-coupled, compared to qTE and qTM
modes [12].

In this paper, we report a huge GVD (anomalous and normal) of hybrid modes in a multimode
rib waveguide on LNOI platform. The proposed waveguide has large dispersion at three mode
hybridization regions when the wavelength (λ) is varied from 1200 nm to 1500 nm in the telecom-
munication band. Each hybrid mode has a different dispersion, facilitating tunable dispersion with
change in wavelength. Also, this waveguide has much lower dispersion (<1000 ps/nm.km) when it
is operated in the wavelength range of 1530 nm to 1600 nm, supporting only qTE and qTM modes.
Dispersion in this wavelength range is comparable to that of single-mode silicon nitride waveguides
[18] and much lower than that in silicon counterparts [19].

This paper is organized into three more sections, second section describes the methodology and
simulation parameters, third section has the simulation results, and fourth section concludes the
paper.

2. Methodology
The cross section of rib waveguide analyzed in this work is shown in Fig. 1(a) with a width (w) of
3.75 μm and a height (h) of 0.4 μm, with the slab height (H) fixed at 0.4 μm. The underlying clad
is silicon dioxide of thickness 2 μm, which can be grown on a silicon or LN substrate. Numerical
analysis is carried out using a full-vectorial finite-difference Eigen mode solver [20]. The wavelength
dependent refractive index of LN is modeled using Sellmeier equation from literature [21]. Mode
profiles of TE20 and TM30 higher order guided modes are shown in Fig. 1(b) and (c). The variation
of effective index (neff ) of guided modes with the rib width (w) at a wavelength of 1550 nm is shown
in Fig. 2. It is observed that there are no anti-crossings, indicating that there are no hybrid modes
at this wavelength.
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Fig. 2. Variation of effective indices (neff ) of guided qTE and qTM modes with the rib width (w).

Fig. 3. Variation of effective indices of guided qTE and qTM modes with wavelength.

3. Results
The effective indices and mode hybridizations are strong functions of wavelength as inferred from
Fig. 3. Three hybridization regions (anti-crossings) are marked in red circles, first one between TE20

and TM30 at λ of 1272 nm; second one between TE10 and TM20 at λ of 1372 nm; third one between
TE00 and TM10 at λ of 1496 nm. The corresponding differences between effective indices (�neff ) of
the coupled modes are 0.0029, 0.0018, and 0.0008. Normalized electric field intensity distributions
along with the dominant and non-dominant electric field components of the two hybrid modes at a
wavelength of 1372 nm are shown in Fig. 4.

Mode hybridization is quantified by TE polarization fraction (γTE ), which indicates fraction of power
from the dominant field component of a mode.

γTE = ∫ |E z |2dxdz

∫ (|E z |2 + |E x |2
)

dxdz
(1)

γTE is 1 for qTE modes and 0 for qTM modes. It is ∼0.5 when hybridization is maximum. γTE as a
function of waveguide rib width at a wavelength of 1550 nm in Fig. 5(a) shows absolutely no hybrid
modes. γTE as a function of wavelength for a fixed waveguide cross section (3.75 μm × 0.4 μm) is
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Fig. 4. Normalized electric field intensity |E|, dominant field component and non-dominant field compo-
nents of (a) Mode 4 and (b) Mode 5.

Fig. 5. Variation of TE polarization fraction with (a) rib width at a wavelength of 1550 nm (b) wavelength
(λ) with a rib width of 3.75 μm and height of 0.4 μm.

Fig. 6. Dispersion profile in the regions of mode hybridization between Modes 6 and 7, modes 4 and 5,
modes 2 and 3.

shown in Fig. 5(b). This design has three hybridization regions marked in red circles (A, B, and C)
with γTE ∼ 0.5. Nearly vertical transitions marked with black circles indicate just the change in the
mode order. There is no hybridization and no mode coupling in these regions.

Dispersion values at the hybridization regions are shown in Fig. 6. While the nearly qTE mode
in the hybrid region has a large negative dispersion, corresponding qTM mode exhibits an almost
equal positive dispersion. Such large dispersion results from strong interaction between the coupling
modes. Magnitude of peak dispersions obtained are ∼15000, 22000, and 49000 ps/(nm.km) for
the hybrid regions, A, B, and C respectively as shown in Fig. 6. The corresponding full widths at
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Fig. 7. Dispersion profile for qTE and qTM modes.

Fig. 8. Effect of (a) increase in rib width (b) decrease in rib width on dispersion profile of hybrid modes.

half maxima (FWHM) of dispersion are found to be 30 nm, 21 nm, and 10 nm. It is observed that
smaller the �neff of the coupling modes, higher is the dispersion and narrower the bandwidth.

Dispersion in the vicinity of hybrid modes is orders of magnitude larger than that of qTE and qTM
modes. This can be observed by comparing Fig. 6 with Fig. 7, which illustrates GVD for guided qTE
and qTM modes for the narrow range of 1530 to 1600 nm without any hybrids. All modes have a
dispersion with magnitude <1000 ps/(nm.km).

Large anomalous and normal dispersion is reported on silicon [12], which uses a vertical stack of
a strip and a slot. But the current work focuses on LN and, large dispersion is obtained with mode
hybridization between modes of a simple rib waveguide. The relatively lower dispersion values in
LN waveguides compared to silicon on insulator (SOI) can be attributed to the lower index contrast
and larger cross section.

Further, we extend our analysis to include fabrication tolerances in rib width and height. Fabri-
cation errors affect mode hybridization regions, both the magnitude of dispersion as well as the
wavelengths of their occurrence. Deviation from the designed rib width ‘w’ and rib height ‘h’ are
represented as �w and �h respectively. Dispersion of nearly qTE hybrid modes at different �w
are shown in Fig. 8. It can be noted that dispersion peaks red shift with the increase in rib width,
and the corresponding peak values increase [see Fig. 8(a)]. Peak value of dispersion for mode 2
shows an increase of 15% when the rib width increases by 250 nm. However, no significant change
was observed in FWHM bandwidth. With the reduction in rib width, dispersion peaks blue shift, and
the corresponding dispersion values also decrease [see Fig. 8(b)]. Effects of rib height variation
on dispersion profile are illustrated in Fig. 9. The resonant wavelengths for the hybrid modes do
not drift significantly with the changes in rib height (etch depth). However, the magnitude of peak
dispersion increased with the increase in rib height.
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Fig. 9. Effect of (a) increase in rib height (b) decrease in rib height on dispersion profile of hybrid modes.

Fig. 10. Effect of angled side walls of LN rib on dispersion profile of hybrid modes.

Dispersion value can be further altered by designing a non-rectangular cross section of waveg-
uides with angled sidewalls, which occur naturally during the fabrication process [22]. It was ob-
served from simulation results that angled sidewalls have a significant effect on the resonant
wavelengths as well as the dispersion peaks. Dispersion peaks red shift with the increase in the
side wall angle as can be inferred from Fig. 10. It can also be inferred that the magnitude of peak
dispersion changed by almost 25% for the three hybrid modes at a side wall angle of 15°. Another
method to alter dispersion is by introducing bends in the waveguides [23].

The proposed multimode waveguide is a potential candidate for optically tunable true time delays
(TTDs) in phased array antennas [24]. These can also serve as tunable dispersion compensators
that enable adaptive compensation for dispersion fluctuations. Grating couplers can be designed
to couple light from/to the fundamental mode in an optical fiber to/from the higher order mode in
a multimode waveguide [25]. The dispersion peaks can be further broadened/tuned to achieve a
larger FWHM, which could be useful in both telecom systems and optical signal processing for
achieving multi-channel dispersion compensation.

4. Conclusion
In conclusion, we have theoretically illustrated large anomalous and normal dispersion
(∼49000 ps/nm.km) for hybrid modes of a simple rib waveguide on LNOI. The three hybridization
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regions in the waveguide allow large dispersion to be tuned at three distinct values. This mul-
timode waveguide can also offer much lower dispersion when operated at a wavelength of
1550 nm (no hybrid modes). Dispersion is tunable over a wide range from ∼500 ps/(nm.km) to
∼50000 ps/(nm.km) by varying the wavelength from 1250 nm to 1550 nm. Proposed structure is
relatively easy to fabricate compared to stacked waveguides and slot waveguides.
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