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Abstract: With the ever-growing demand for high-speed optical communications, mi-
crowave photonics, and quantum key distribution systems, compact electro-optic (EO)
modulators with high extinction ratios, large bandwidth, and high tuning efficiency are
urgently pursued. However, most integrated lithium–niobate (LN) modulators cannot
achieve these high performances simultaneously. In this paper, we propose an improved
theoretical model of a chip-scale electro-optic (EO) microring modulator (EO-MRM) based
on X-cut lithium–niobate-on-insulator (LNOI) with a hybrid architecture consisting of
a 180-degree Euler bend in the coupling region, double-layer metal electrode structure,
and ground–signal–signal–ground (G-S-S-G) electrode configuration, which can realize
highly comprehensive performance and a compact footprint. After parameter optimization,
the designed EO-MRM exhibited an extinction ratio of 38 dB. Compared to the structure
without Euler bends, the increase was 35 dB. It also had a modulation bandwidth of 29 GHz
and a tunability of 8.24 pm/V when the straight waveguide length was 100 µm. At the
same time, the proposed device footprint was 1.92 × 104 µm2. The proposed MRM model
provides an efficient solution to high-speed optical communication systems and microwave
photonics, which is helpful for the fabrication of high-performance and multifunctional
photonic integrated devices.

Keywords: TFLN; MRM; EOM; high extinction ratio; small footprint

1. Introduction
Lithium–niobate (LN) has been widely used in various photonic devices due to its

broad transparent operational window, strong electro-optic (EO) effect, large nonlinear coef-
ficient, and chemical stability [1,2]. In recent years, the LN-on-insulator (LNOI) has become
highly attractive due to its ease of fabrication and sub-micron-scale waveguide struc-
tures [3–5]. Specifically, the various EO modulators (EOMs) based on the LNOI platform
have become the focus of research [6,7]. These EOMs, including phase modulators (PMs) [8],
Mach–Zehnder modulators (MZMs) [9,10], microring modulators (MRMs) [11,12], and pho-
tonic crystal resonator modulators (PHCMs) [13], are key components and required in
various optical communication systems to realize the conversion of electrical signals to
optical signals [14,15].
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Currently, the EO-MRM with a resonant structure has been widely researched
due to the ability of device size reduction [16–22]. More attractively, extensive stud-
ies on thin-film LN (TFLN)-based EO-MRMs have been implemented theoretically and
experimentally [11,12,23–27]. For example, C. Wang et al. demonstrated a monolithically
integrated EO-MRM by shaping TFLN into sub-wavelength structures with a tuning ef-
ficiency of 7 pm/V and Q factor of 50,000 [11]. R. Ahmed et al. reported a Si3N4-X-cut
LiNbO3-based modified racetrack resonator which performs at both DC and heightened fre-
quencies [23]. This modulator features a measured tunability and intrinsic quality factor (Q)
of 2.9 pm/V and 1.3 × 105, respectively. However, the high Q property of these modulators
limits their modulation bandwidth to below a few gigahertz [28]. In addition, M. Ba-
hadori et al. designed a highly compact Z-cut TFLN EO-MRM with a symmetric electrode
configuration, which exhibited a high extinction ratio (ER, 20 dB) and large modulation
bandwidth (BW, over 28 GHz) and EO tuning efficiency (9 pm/V), [24]. However, Z-cut
LN films only work for TM polarization and are not suitable for on-chip integration [29].
Hence, considering the development of a chip-scale photonic circuit and the need for high
performance, the X-cut TFLN EO-MRM remains to be further researched so as to make full
use of the advantages of LN.

In this work, aiming to improve the performance of the X-cut TFLN EO-MRM, a
novel MRM theoretical model was proposed and numerically analyzed. In this model, a
180-degree Euler bend was designed in the coupling region to enhance the modulation
bandwidth, which is limited by the photon lifetime, and reduce the device footprint. At
the same time, a G-S-S-G power-on mode and double-layer metal electrode were adopted
to increase the fraction of the microring exposed to the EO effect and the variation in
the refractive index after power-on, thereby improving the tuning efficiency. The final
simulation results show that the proposed EO-MRM model could realize an ER of up to 38
dB and a BW of 29 GHz along with a tunability of up to 8.24 pm/V. In a comparison with
the reported works, our model outperforms the corresponding MRM performances and
has potential in high-speed optical communications.

2. Structure Design
The structure of our proposed EO-MRM is shown in Figure 1a. A modified racetrack

microring with a 180-degree Euler bend in the coupling region was designed, which aims
to reduce the transmission coefficient t and increase the coupling coefficient κ, thereby
expanding the bandwidth of the device and enhancing the extinction ratio. Additionally,
the double-layer metal electrodes were loaded on both sides of the straight waveguides
with a G-S-S-G electrode design. The dominant component of the quasi-TE mode Ex
is in the same direction as the applied electric field and the direction of the maximum
electric–optic coefficient of the X-cut TFLN, leading to strong optical confinement and
efficient electro-optic modulation. In this model, we chose a 600 nm-thick LN film which
is commercially available and can be processed for semi-etching with a sidewall angle (θ)
of 72◦, matching well with the state of the art of LN ridge waveguides [2–5]. Moreover,
the thickness of the upper metal electrode was set at 400 nm to take into account that
the lift-off process is easier to achieve during the preparation process, and it can improve
the coupling between the optical mode and the modulation field as well as the optical
propagation loss. In order to achieve the desired extinction ratio, bandwidth, and tuning
efficiency, parameters such as the coupling coefficient κ and the transmission coefficient t
in the coupling region, the attenuation factor α in the microring, metal loss, and the filling
factor ff (representing the fraction of the microring exposed to EO perturbation) need to
be finely optimized. It should be noted that these changes must be made in a manner
that allows the proposed design to be optimized and manufactured. Accordingly, we
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used numerical methods based on the finite-difference time-domain (FDTD) method and a
combination of MATLAB and the finite-element method (FEM) to simulate the performance
of our proposed EO-MRM structure.
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Figure 1. (a) A schematic diagram of the proposed racetrack resonator with a double-layer electrode.
Inset: the cross-section of coupling area. (b) A top view of the racetrack microring resonator. (c) The
optical mode field and intensity distribution of the Euler bend with a waveguide width of 0.8 µm,
simulated by FDTD.

Figure 2a,b present the calculated outcomes of the mode field and effective refrac-
tive index obtained by the finite–difference eigenmode (FDE) solver. At a wavelength of
1550 nm, the effective refractive index is approximately 1.884. Given the selected param-
eters, the microring resonator is capable of transmitting the TE0 mode in the vicinity of
1550 nm with relatively low loss, thereby accomplishing effective optical mode confinement
as well as propagation. Through numerical simulation, the figure of merit (FOM) of the
waveguide was calculated as being ~1.234 × 104 using the method in the reference [30].
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(b) The calculated optical effective index of the waveguide.

3. Theoretical MRM Model Analysis
3.1. Microring Resonator Optimization

We carried out simulations of the transmission spectra of the microring resonator
by using the transfer matrix method. During this process, the conditions for resonance
generation θ = 2πm (θ is the phase difference; m is the resonant order) in the microring
as well as the phase difference θ = βL (β is the propagation constant) caused by the light
propagating around the microring for one cycle were taken into consideration. In this
designed structure, the performance of the coupling region is one of the most important
parts of realizing the high ER and large BW, which has a significant influence on the EO-
MRM. As shown in Figure 1b, the microring structure consists of curved waveguides and
the input waveguide. The ER is defined as the ratio between the maximum and minimum
power at the output end to quantify the depth of resonance peaks and can be expressed
as follows:

ER =
Tmax

Tmin
= 10lg

[
(t + α)(1 − αt)
(t − α)(1 + αt)

]2
(1)

where α is the attenuation factor for one round of light transmission in the microring, which
is dimensionless, and α equals 1 for zero loss. The parameter t is the amplitude transmission
coefficient in the coupling region, also known as the self-coupling coefficient, while κ is the
amplitude coupling coefficient in the coupling region, also known as the cross-coupling
coefficient. Assuming that the coupling region is lossless, then |κ|2 + |t|2 = 1. Moreover,
the transmittance T is positively correlated with the coupling coefficient κ. To enhance
the ER of the microring resonator, it is necessary to appropriately increase the coupling
coefficient κ while maintaining a certain operating state of the microring. Equation (1)
shows that the relative magnitudes of t and α determine the operating state of the microring
resonator. When t = α, the microring is in the critical coupling state and reaches the optimal
resonant state with the maximum transmission power. Thus, to improve the ER of the
microring modulator, it is preferred that the microring operates near the critical coupling
state. By calculation, when the coupling coefficient κ2 is approximately 0.15, the proposed
modulator operates in the critical coupling state and a high ER can be achieved.

The quality factor (Q) measures the ability of a resonant cavity to store energy and
can be characterized using the linewidth method and defined as the ratio of the peak
wavelength to the full width at the half-maximum (FWHM). For an all-pass microring
resonator, its Q value can be expressed as follows:

Q =
ω

∆ωFWHM
≈ λ0

∆λFWHM
=

π · ne f f · L
λ0

√
αt

1 − αt
(2)
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where λ0 is the peak wavelength and L is the cavity length of the resonator.
Modulation bandwidth is an important performance parameter of electro-optic mod-

ulators. For EO-MRMs, it is usually determined jointly by the optical response and the
electrical response of the device [31]. Compared to the influence of the optical bandwidth
on its modulation bandwidth, the impact of the electrical bandwidth on the TFLN EO-MRM
is relatively small. The main factor limiting the bandwidth is the time required to build
up the optical field within the ring resonator. Then, the modulation bandwidth of a ring
resonator is given by

BW =
c

λ0 · Q
=

∆ωFWHM
2π

(3)

Thus, the bandwidth of a microring modulator is constrained by its Q factor, namely
the linewidth FWHM. Considering the limitation of photon lifetime on the modulation
speed, the Q factor should be carefully weighed in the design stage to achieve a larger
modulation bandwidth [6]. As indicated by Equation (2), the Q factor is influenced by the
attenuation factor α and the transmission coefficient t. The attenuation factor α satisfies the
relationship, with the radius of the microring r and the transmission loss a (cm−1). The
transmission loss a is inversely related to the attenuation factor α, implying that a larger
transmission loss results in a smaller attenuation factor. However, when designing the
microring resonator, it is generally preferred to minimize the transmission loss because
increasing the transmission loss will lead to adverse effects such as reduced signal-to-
noise ratio and enhanced nonlinear effects in the modulator [32]. Therefore, to restrict the
Q factor, a strategy of reducing the transmission coefficient t was adopted. If the target
bandwidth is set to be 30 GHz, the Q factor is calculated to be approximately 6500 according
to Equation (3). According to the analysis above, the 180-degree Euler bends were utilized
in the coupling region of the microring resonator, aiming to increase the coupling coefficient
κ, reduce the transmission coefficient t, and thereby achieve a high ER and large BW for
the MRM.

Euler bends were drawn in MATLAB with a waveguide width of 0.8 µm, a radius
Rmin of 30 µm, and a radius Rmax of 1500 µm based on the microwave waveguide structure
with modified Euler curves [33,34]. This set of parameters was selected because it shows
a relatively low loss in the quasi-TE mode transmission within the C-band. To verify the
impact of the Euler bends in the coupling region, FDTD simulations were implemented.
Additionally, we analyzed a constant-bend waveguide with a radius of 80 µm and a
width of 0.8 µm, as the length of the constant bend structure with this radius is equal
to the Euler bend structure we used. After simulation, we could see that the coupling
coefficient increased while the transmission coefficient decreased with the coupling gap
decreasing when w1 = w2 = 0.8 µm, as shown in Figure 3a,b, respectively. Based on the
evanescent-field coupling mechanism, as the coupling spacing between the waveguide
and the microring increases, the overlap of the evanescent fields of the two decreases,
which would consequently lead to a reduction in the coupling coefficient. However, if
wgap continues to decrease, the coupling gap would become so small and then hard to
be manufactured even if the desired coupling coefficient of 0.15 could be reached. Thus,
another method to increase the coupling coefficient κ2 is to decrease the width of the
incident waveguide w1.
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Figure 3. (a) The coupling coefficient κ2 and (b) the transmission coefficient t2 vary with wgap in the
coupling region at the wavelength of 1550 nm.

The coupling and the transmission coefficients with the variation in the width of the
incident waveguide w1 at the wavelength of 1550 nm are shown in Figures 4a and 4b,
respectively, when the coupling gap is 0.7 µm. As the width of the bus waveguide narrowed,
the confinement ability of the waveguide for light changed. In a narrower bus waveguide,
the propagation mode of light was more inclined to spread around, enabling more optical
fields to enter the coupling region with the ring cavity waveguide. According to the
coupled-mode theory, the coupling coefficient is proportional to the overlap integral of the
mode fields of the two coupled waveguides. The coupling coefficient, described as the light
coupling strength between two waveguides, increases when the overlap of the optical field
between the two waveguides increases [35]. Therefore, choosing a w1 that is smaller than
w2 is a viable approach. The slow leakage of the optical field between the two waveguides
for coupling can realize low-loss coupling. Meanwhile, the design can increase the coupling
coefficient κ2 and has relatively lower requirements for the precision of coupling spacing,
which is more favorable for practical fabrication and provides higher expandability. It
can be observed that when w1 was smaller than w2, the coupling coefficient increased,
and the coupling coefficient κ2 was close to our desired value of 0.15 when w1 = 0.6 µm.
Therefore, the coupling gap wgap = 0.7 µm and an incident waveguide width w1 = 0.6 µm
were adopted for the modified racetrack resonator.
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Below, the Q factor and BW with the variation of the straight waveguide length Lc are
shown in Figure 5. It can be found that the straight waveguide length was calculated to
be approximately 90 µm when the bandwidth was set to 30 GHz, as described above. But,
considering that the tuning efficiency was directly proportional to the straight waveguide
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length, the final length of the straight waveguide was designed to be 100 µm along with a
bandwidth of approximately 29 GHz to increase the tuning efficiency.
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G-S-S-G electrode design. Moreover, the metal electrode was designed into a double-layer 
structure to improve the interaction of electric and light fields. This configuration allowed 

Figure 5. The BW and Q factor performances with the variation in Lc of the resonator.

The performance of the proposed EO-MRM with the optimized structure parameters
were studied by a comparison of the conventional bend design. Figure 6a shows that the
coupling and the transmission coefficients varied with the wavelength when the coupling
gap was 0.7 µm and the incident waveguide width was 0.6 µm. As analyzed previously, the
introduction of the Euler bend led to an increase in the coupling coefficient and a decrease
in the transmission coefficient, subsequently resulting in an increase in bandwidth. As
shown in Figure 6b, by introducing Euler bends in the coupling region, on the one hand,
the extinction ratio significantly improved, with an increase of 35 dB. On the other hand, its
3 dB linewidth increased from 0.055 nm to 0.118 nm, and the increase in linewidth was quite
beneficial for the enhancement of bandwidth. At the same time, it can be calculated that the
circumference of the constant bend waveguide with a radius of 80 µm was approximately
503 µm. In contrast, the effective circumference of the Euler bend waveguide with a
radius Rmin of 30 µm and a radius Rmax of 1500 µm was approximately 366 µm. This
result indicates that the employed Euler bend could effectively reduce the footprint of the
proposed device.
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used in the coupling region at the wavelength of 1550 nm.

3.2. Electrode Design and Optimization

After optimizing the desired high ER and BW, we performed further optimization
to improve the tuning efficiency. To achieve a high tuning efficiency, a racetrack-shaped
structure for the microring modulator was employed with the top view shown in Figure 7a,
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in which the electrodes were loaded on both sides of the straight waveguides with a G-
S-S-G electrode design. Moreover, the metal electrode was designed into a double-layer
structure to improve the interaction of electric and light fields. This configuration allowed
for the modulation effect on both sides of the waveguide to be combined, maximizing the
utilization of the EO effect of LN.
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The tuning efficiency of the MRM is defined as follows:

∆λres

V
= f f × λres

ng
× ∆ne f f (per volt) (4)

Here, ∆λres is the shift in resonance, ng is the optical group index of the unperturbed
optical mode, and ff represents the impact of the curvature of microring/electrodes and
the filling extent of the electrodes. According to the reference [36], when the MRM adopts a
racetrack-shaped structure, the filling factor becomes as follows:

f f = f fstraight
lstraight

lstraight + lcircular
+ f fcircular

lcircular
lstraight + lcircular

(5)

where l is the physical length of each segment. Because ffstraight = 1 and ffcircular ≤ 0.25,
the optimal configuration occurs with the electrode arrangement of Figure 6a with the
limitation that the straight section is much longer than the circular section. Thus, when the
electrode arrangement of the proposed modulator is a G-S-S-G structure, the filling factor ff
can achieve its maximum value, which results in the highest potential tuning efficiency.

Moreover, the change in the effective refractive index ∆neff can also be used to further
improve the tunning efficiency, as shown in Equation (4). In general, ∆neff can be expressed
under the influence of an electric field as follows:

∆ne f f = −ne
3r33V
2

Γ (6)
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where Γ is the overlap between the optical field.
Double-layer metal electrodes that are very close can lead to excessive optical loss. In

order to estimate the loss (in dB/cm) of the optical mode, we calculated the attenuation
coefficient (damping factor) of the electric field (αE in units of m−1) in COMSOL and
converted it to optical power attenuation (dB/cm) using the following equation [25]:

α

[
dB
cm

]
= αE[m−1]× 2 × 0.0434 (7)

The simulated metal loss and ∆neff with the variation in the electrode gap obtained by
COMSOL are shown in Figure 8. It can be observed that the metal absorption loss increased
rapidly as the metal spacing decreased, as shown in Figure 8a, and the metal electrode
was directly placed on the waveguide, as shown in the inset. As shown in Figure 7c, we
provisionally set the upper metal spacing g to 2 µm and changed the value of d and h
(h = h1 + h2). Through the simulation, we found that the influence of metal thickness (h) on
metal loss was less significant compared to the metal spacing (d) in Figure 7d. Considering
the fabrication of metal electrodes, h was designed to be 0.7 µm. Moreover, we found that
as d increased, loss decreased but the effective refractive index dropped and may have
been worse than the design without cladding. Conversely, a smaller d led to greater loss
but a higher effective refractive index. To obtain a large tuning efficiency, there was a
tradeoff that should be made between the effective refractive index and the loss. Finally, d
was determined to be 2.8 µm, and more refined optimization in the spacing of the upper
metal was implemented, as shown in Figure 8b. According to the reference [25], the metal
loss within the range of 1.1 dB/cm~2.2 dB/cm would be the acceptable value. When the
bottom and top metal spacing were set to be 2.8 µm and 1.4 µm, respectively, the metal loss
was around 1.58 dB/cm, and ∆neff could increase to 3.132 × 10−5. So, the final structural
parameters of the proposed modulator are shown in Table 1.
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Figure 8. Metal loss analysis for different electrode designs. (a) Metal electrodes were placed directly
on the waveguide. (b) A 2.8 µm-wide layer of SiO2 was added between the double metal electrode
and the waveguide.

Table 1. Design parameters of the proposed modulator.

w1 (µm) w2 (µm) wgap (µm) Rmin (µm) Electrode
Gap (µm) Lc (µm)

0.6 0.8 0.7 30 1.4 100

To test the performance of the proposed modulator considering the fabrication imper-
fections, the performance metrics were simulated when the geometric parameters varied in
the ranges of typical fabrication imperfections (Table 2). In these simulations, for geometric
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parameters whose fabrication imperfection mainly originated from alignment, we set a
deviation of 20 nm. For each performance metric under the variation in a certain geometric
parameter in a particular range, the worst value wasdepicted, with reference to [37]. As
shown in Table 2, the extinction ratio, bandwidth, and tuning efficiency showed substantial
robustness against fabrication imperfections. These results show that our modulator could
maintain its functionality under typical fabrication imperfections.

Table 2. The performance of the proposed modulator with certain fabrication imperfections (the
worst value).

Fabrication Imperfections Metal Loss
(dB/cm)

Extinction
Ratio (dB)

Bandwidth
(GHz)

Tuning Efficiency
(pm/V)

None (ideal value) 1.58 38 29 8.24
ϕ varied from 70◦ to 75◦ 1.682 39.124 29.336 8.436

h1 varied from 90 to 110 nm 1.503 37.630 28.727 8.113
h2 varied from 290 to 310 nm 1.667 39.001 29.009 8.327
h3 varied from 390 to 410 nm 1.575 37.777 28.872 8.227

4. Performance Analysis and Discussion
The final performances of the proposed MRM, including the transmission spectrum

and Q factor, are shown in Figures 9a and 9b, respectively. It can be found that the free
spectral range (FSR) was around 1.919 nm and the ER ranged from 30 dB to 5l dB. Then, the
corresponding Q factor and ER of the MRM were approximately 6697 and 38 dB at 1550.118
nm; this can be deduced from Figure 9b,c. In all, it can be observed that the ER and Q
factor were a good agreement with our design goal. The good tunability when the direct
current (DC) bias voltage was applied is shown in Figure 9c. The change in voltage resulted
in a shift in the resonant wavelength due to the change in the refractive index. When
the voltage swept from 0 V to 25 V, the resonant wavelength shifted from 1550.118 nm to
1550.324 nm. Figure 9d shows the tuning efficiency of the proposed EO-MRM with the
applied voltage after the data fitting, in which a linear tunability of 8.24 pm/V could be
obtained. In a comparison with studies on the EO-MRMs based on LNOI or LN hybrid
platforms, as shown in Table 3, the footprint of the proposed device is the smallest among
the reported racetrack resonators and the proposed modulator performs better than other
X-cut modulators in terms of the ER and BW. Overall, the comprehensive performance of
the proposed device outperforms the X-cut EO-MRMs listed in the table.

Table 3. Performance comparison of different TFLN EO-MRMs.

Reference Platform Cut Type
Tuning

Efficiency
(pm/V)

Extinction
Ratio (dB)

Footprint
(µm2)

Bandwidth
(GHz)

[11] LNOI X-cut Racetrack 7/7.82 * 10 8.28 × 104 3.87 *
[12] LNOI Y-cut Racetrack 0.32/0.61 * >10 1.31 × 105 4/4.03 *
[23] Si3N4-LN X-cut Racetrack 2.9 30 * 1.32 × 106 2.98/2.61 *
[24] Si3N4-LN X-cut Ring 1.78/1.79 * 26.2/27 * 2.83 × 105 1.07/1.05 *
[25] LNOI Z-cut Ring 9/8.9 * 20/22.5 * 3.60 × 103 28/35.61 *
[26] LNOI X-cut Ring 10.8/13.88 * 11 2.54 × 104 17.5/9.52 *

This work LNOI X-cut Racetrack 8.24 * 38 * 1.92 × 104 * 29 *

* is the simulation result.
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Based on existing fabrication techniques [38,39], the manufacturing process of the
proposed EO modulator could be described as follows. First, the commercially available
lithium niobate wafer with a thickness of 600 nm can be selected, and the waveguide
structure is expected to be patterned through electron beam lithography (EBL). Then, the
argon-based reactive ion etching (RIE) technique can be used to further etch the lithium–
niobate to the desired thickness and sidewall angle. Subsequently, Plasma-Enhanced
Chemical Vapor Deposition (PECVD) can be used to deposit the SiO2 layer. It should be
noted that if the SiO2 layer does not meet the design requirements after PECVD, chemical
mechanical polishing (CMP) will be needed. Next, the bottom electrode of a specific
thickness is supposed to be patterned using a self-alignment lift-off process. In this process,
a portion of the SiO2 layer is expected to be etched away and filled with a metal layer
using the same resisting layer for patterning. Finally, the top electrode is predicted to be
fabricated using another round of the lift-off process. It can be seen from the above analysis
that the proposed device can be fabricated based on current manufacturing techniques.
However, due to the limitations of our current conditions, we did not fabricate and test the
proposed device for the time being.

5. Conclusions
In summary, the design of a high-performance EO-MRM based on X-cut LNOI was

proposed in this study. Specifically, we introduced modified Euler bend waveguides
in the coupling region and a width-reduced input waveguide to increase the coupling
coefficient and reduce the transmission coefficient and then to realize the high extinction
ratio and broad bandwidth. Moreover, the double-layer G-S-S-G electrode structure in the
straight waveguide section and SiO2 cladding between LN and the metal electrode of the
racetrack resonator were applied to further improve the tuning efficiency. After parameters
optimization, the designed EO-MRM could achieve an ER of up to 38 dB and a BW of
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29 GHz, along with a tunability of up to 8.24 pm/V, and the proposed device footprint
was 1.92 × 104 µm2. Our design paves the way for compact, high-performance electro-
optic modulators, leading to potential applications in optical communications, microwave
photonics, signal processing, and so on.
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