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Simulation and Design of LiNbO3 Modulators With
Switched Segmented Electrode Structure for High

Bandwidth and Low Half-Wave Voltage
Hao Chen , Huangfan Wang, Feiwan Xie, Shaohua Yang , Huafeng Dong , Fugen Wu, and Wenyuan Liao

Abstract—A lithium niobate thin-film(LNTF) electro-optic mod-
ulator(EOM) with segmented electrode structure is investigated,
and the influence of the modulator’s structural configuration on
its performance is achieved. In contrast to conventional couplers,
the design incorporates a 2 × 2 S-shaped directional coupler. Our
modulator achieves a bandwidth of nearly 110 GHz and a half-wave
voltage of 1.45 V · cm. A comparative analysis between two configu-
rations: one with SiO2 cladding covering the entire surface and the
other with coverage limited to the electrode gaps, which reveals the
latter potential for enhancing device performance. The accuracy
of the simulation results is substantiated through both software
analysis and theoretical calculations. The simulation results pro-
vide valuable insights for the design of LNTF EOM, highlighting
the efficacy of the proposed segmented electrode structure.

Index Terms—LNTF EOM, Segmented electrode structure, s-
shape directional coupler, electrode gap coverage, high bandwidth,
low half-wave voltage.

I. INTRODUCTION

EOMS are extensively employed in terrestrial and space
optical communication systems. As the backbone network

technology sinks, EOMs are being applied in shorter-distance
scenarios like data centers and supercomputers. Optoelectronic
devices embodying high performance, easy integration, low
power consumption, and cost-effectiveness [1] are pivotal in
propelling the progression of optical communication systems
and large-scale photonic integrated systems. To meet the grow-
ing bandwidth demands in optical communications, researchers
from diverse groups are actively exploring integrated EOMs with
varied research priorities [2], [3], [4].
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Fig. 1. EOMs performance comparison.

Modulator performance optimization depends on device
design and manufacturing while also taking into account
retaining its inherent optoelectronic properties, such as low
loss and low half-wave voltage (Vπ), especially in pursuit of
its bandwidth enhancement. In the context of traditional LN
modulators founded on ion diffusion and proton exchange, a
device length of 5 cm and a Vπ of 3.5 V roughly represent
theoretical thresholds [5]. Moreover, their stability beyond
40 GHz is limited. InP modulators can attain a bandwidth of
80 GHz and aVπ of 1.5 V [6], but challenges like a low extinction
ratio and a slow exchange rate impede their practical viability.
On the silicon platform or silicon-based integrated platform,
certain research teams have successfully achieved over 110 GHz
bandwidth and a 4 V Vπ [7]. And another team has achieved
a 70 GHz bandwidth with a half-wave voltage-length product
(VπL) of 2.2 V · cm [8]. While other platforms like polymers
and plasmas have reported high-bandwidth modulators [9], [10],
[11], this can sometimes require trade-offs that impact overall
device stability, potentially leading to larger dimensions. LNTF
offers a promising path. It preserves LN crystals’ remarkable
EO and nonlinear optical effects while leveraging ion cutting
technology to boost the refractive index contrast between the
waveguide and substrate structure [12]. This approach enhances
voltage and bandwidth performance [13], [14], [15], [16]. Fig. 1
shows EOM performances across various platforms [17], [18],
[19], [20]. A discernible trend is that LNTF exhibits potential for
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Fig. 2. Traveling-wave integrated lithium niobate (LN) modulator with segmented electrodes. (a) Schematic of the modulator design. (b) Diagram of the model
built in the software. (c) Schematic cross-sectional view of the modulator. Design parameters (W , G, e, s, h, hw, g) = (16, 100, 45, 2, 6, 5, 5) μm.

both low-voltage operation and high bandwidth. X-cut LNTF
EOMs commonly employ conventional rectangular Coplanar
waveguides (CPW), but miniaturization and integration require
narrow electrode gaps, leading to increased microwave losses.
To address this, researchers propose segmented electrodes [21]
to synchronize microwave transmission with light speed,
enhancing modulation efficiency [22], [23], [24], [25]. A CPW
with T-shaped internal slots achieves speed synchronization
while maintaining optimal modulation efficiency [26]. An
alternative approach utilizes a segmented CPW with reverse
T-shaped epitaxy to achieve similar goals [21]. In conclusion,
we found the following problems with the existence of LNTF
EOMs:
� The structure of LNTF EOM is intricate. Layer dimensions

notably impact modulator performance. Altered parame-
ters may not consistently yield the desired outcomes. Op-
timal performance requires ongoing parameter research.

� Segmented electrode microstructures effectively widen
bandwidth and microwave refractive index. However, the
microstructure size’s influence on device performance
lacks study reporting.

� A top cladding of the LNTF waveguide [27], [28] mini-
mizes losses from microwave transitions between low (air)
and high (LN) dielectric materials and aids impedance
matching. It may be possible to put cladding only within
the electrode gap if the impedance is matched.

� The traditional Y-shaped branch requires a large bifurca-
tion angle, so the distance between the two optical waveg-
uides that need to be modulated cannot be further reduced.
However, using a 2 × 2 curved directional coupler can
solve this problem and get less loss with a suitable bend
radius.

In this article, the LNTF EOM with a segmented electrode
structure integrated with a directional coupler is designed,
which can serve as an optical switch. Leveraging the collabora-
tive optimization of COMSOL Multiphysics and Ansys HFSS

simulation software, we achieve a VπL of 1.45 V · cm and a 3 dB
bandwidth exceeding 110 GHz for the modulator. In addition,
we delve into the analysis of the interplay among characteristic
impedance, microwave refractive index, microwave loss, and
the microelectrode structure. Simulation calculations verify the
efficacy of this structure in enhancing the modulator’s band-
width while concurrently maintaining a lower Vπ . This study
offers a valuable reference for the performance optimization of
LNTF modulators.

II. MODULATOR DESIGN AND PRINCIPAL

The structural design of the modulator needs to be determined
according to the actual application and requirements. In this
article, our emphasis lies on devices that preserve lower voltages
and can achieve bandwidths exceeding 100 GHz. The design of
the device is shown in Fig. 2(a). The LNTF EOMs with switched
segmented electrode structure are composed of two directional
couplers and Mach-Zehnder interferometer (MZI). The input
light is divided into two beams by the coupling effect of the
directional coupler and enters the MZI. Under the traveling-wave
electrode structure, the two beams of light propagate together
with the microwave signal. Then, the application of electrical
signals via GSG electrodes instigates opposing phase alterations
within the two modulating arms, culminating in modulation
(essentially a push-pull structure [29]). For LNTF EOMs, the
applied voltage that causes π phase change is half-wave voltage,
which can be expressed as:

Vπ =
λG

2n3
eγ33L

, (1)

where λ is the wavelength of light,G is the electrode gap,ne is
the effective refractive index of light, γ33 = 31.2 pm/V, L is the
modulation length, and Γ is the electro-optic overlap integration
factor [30]. Theoretically, achieving an exceptionally small Vπ

becomes feasible when the G is sufficiently minimized and
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Fig. 3. Simulation results of structure and performance (a) the relationship between the Z0 and the W and the G, (b) the relationship between the nerf and the
W and the G, and (c) the α and the relationship between W and the G.

the L is significantly extended. However, practical constraints
emerge when the G becomes overly minute and the L becomes
excessively elongated. These limitations result in an escalation
of microwave loss, thereby impeding any further enhancement of
the modulator’s bandwidth. To put it differently, the pursuit of a
wide bandwidth stands in contradiction to the aspiration for a low
half-wave voltage. The performance of the bandwidth is limited
by the following three factors [31]: (1) The loss of the microwave
modulation signal and the attenuation of the driving voltage
caused by the microwave loss. (2) The group velocity mismatch
between the optical signal in the waveguide and the microwave
signal in the transmission line leads to modulation obstruction.
(3) The impedance mismatch with the external circuit leads to
increased reflection and voltage loss. The design of the electrode
structure directly determines the characteristic impedance (Z0),
microwave effective refractive index (nerf ), and loss (α) of the
modulator. Our design uses segmented T-shaped electrodes with
periodic regularity [21]. The rules of segmented electrodes in
this device can be expressed as:

Xn = L− n× e− (n− 1)× g, (2)

Yn = L−(2n− 1)× e/2−hw/2− (n− 1)× g, (3)

where Xn is the center position of the segmented electrode
connected to the core electrode, Yn is the center position of the
top of the T-shaped electrode. L is the total electrode length, n is
the number of segments, e is the length of the unit electrode, hw
is the width of the unit electrode, and g is the interval between
the unit electrodes. (2) and (3) share factors with the same sign.

The T-shaped structure can effectively confine current to the
channel region. These segments add somewhat to the capaci-
tance and inductance per unit length. The capacitance blocks
current flow across the intervening gap region, reducing ohmic
losses. This eliminates the need to widen the electrode gap.
Additionally, this arrangement doesn’t require extra voltage to
maintain light confinement capacity.

III. SIMULATION AND RESULT ANALYSIS

The design of the LNTF EOM encompasses both electri-
cal and optical considerations. Electrical facets include GSG
electrode dimensions (width and thickness), while optical con-
siderations focus on waveguide etching depth. These factors

collectively influence device performance. Once specific param-
eters are established, adjustments aligning with predetermined
values enhance photonic and electronic performance. We con-
duct simulations to evaluate the performance of the modulator
with a 1 cm electrode length. The model was built following
the popular LNTF wafer specification with the following thick-
nesses from substrate to film: Si substrate with a thickness of
500 μm, a SiO2 layer measuring 2 μm, and an LNTF layer with
a depth of 600 μm. Additional etching and thinning steps are
applied for design, and the model’s details are shown in Fig. 2(b)
and (c). This model is enclosed by air, and the bottom layer
acts as a perfect match. During the performance investigation,
precise parameters are established for each layer. Per traveling
wave electrode theory, input impedance Zin (usually 50 Ω) is
expressed as:

Zin = Z0
ZL + Z0 tanh(γL)

Z0 + ZL tanh(γL)
, (4)

γ = α+ jβ, (5)

where ZL is the load and source impedance. γ is the RF propa-
gation constant in complex form. γ can be described as:

nerf =
c

verf
=

c× β

2πf
=

c× Im(γ)

2πf
, (6)

Among them, c is the speed of light in vacuum, verf is the
microwave speed, f is the frequency, Im (γ) is the phase factor.
When a beam of light and an RF signal start from the common
origin of the CPW transmission line and the optical waveguide
respectively. The phase of the microwave signal and the phase
of the light wave in CPW are:

e−jωt = e[(−j2πv/c)]z×nerf , (7)

e−jωt = e[(−j2πv/c)]z×ne, (8)

Parameters such as layer thickness and nerf , while the etch-
ing depth of the optical waveguide governs the effective refrac-
tive index (ne). Consequently, for the purpose of achieving speed
matching, we can achieve nerf = ne by judiciously selecting
suitable structural parameters. Fig. 3 visually shows the impact
of electrode width and gap on EOM’s electrical performance.Z0

increases as the electrode gap (G) widens, while α decreases.
A wider electrode (W ) boosts capacitance per unit length while
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Fig. 4. Simulation results of structure and performance (a) the relationship between the Z0 and the T and the G, (b) the relationship between the nerf and the
T and the G, and (c) the α and the relationship between the T and the G.

reducing inductance, thereby leading to a reduction in Z0. In
conventional rectangular electrode configurations, increasing
electrode spacing reduces nerf due to the greater proportion of
decline in equivalent capacitance in comparison to the concur-
rent increase in equivalent inductance. However, by employing
segmented electrodes, the nerf decreases as electrode spac-
ing narrows or displays slight fluctuations within a specific
range. This characteristic proves advantageous for integration
purposes. Opting for a segmented electrode configuration with
a W of 16 μm and a G of 6 μm preliminarily achieves a Z0 of
50 Ω along with lower losses.

The impact of electrode thickness (T ) and G on the EOM’s
electrical performance is depicted in Fig. 4. It’s evident that Z0,
nerf , andα decrease as T increases. With segmented electrodes,
we also find that the nerf can be increased to the region of 2.1–2.4
(the nerf of the traditional rectangular coplanar waveguide is
generally 1.7–1.9). This outcome facilitates the synchronization
of microwave phase velocity and optical group velocity (the ne
is generally 2.2–2.3) because the microwave phase velocity is
generally slower than the optical group velocity.

We present an innovative configuration wherein a covering
layer is only added to the electrode gap. The incorporation
of a SiO2 covering layer proves effective in mitigating the
losses stemming from the signal transition between materials
with different dielectric constants. For T-shaped segmented
electrodes, leveraging the derived capacitance resulting from
lateral extension is crucial to impede current propagation. We
speculate that adding the covering layer to the lateral epitaxial
region’s spacing might weaken current confinement efficacy.
Consequently, we comparatively analyze both configurations,
as shown in Fig. 5. Among them, Fig. 5(a) is a comparison
diagram of the two structures. Fig. 5(b), (c) and (d) are the
performance simulation results. Z0 declines as G increases.
Notably, the Z0 of the selectively covered structure within the
electrode gap is generally greater than that of the full coverage
is a trend aligned with the relationship between Z0 and G.
Both nerf and α increase as G increases, with fully covered
structure slightly surpassing α of structure with only electrode
gap covering. Another important factor to consider is the optical
metal absorption loss. We conducted a comparative analysis of
the optical losses of the two structures under identical structural
parameters, as depicted in Fig. 7(a). Under the same electrode

Fig. 5. Simulation results of modulator performance and SiO2 cladding thick-
ness (a) comparison of fully covered structure and only covered structure in the
electrode gap, (b) the relationship between Z0 and the thickness of the SiO2

coating layer, (c) the relationship between the nerf and the thickness of the
SiO2 coating layer, and (d) the relationship between the α and the thickness of
the SiO2 coating layer.

gap, there is little difference in the optical mode loss of the
two structures. Simultaneously, to visually represent the impact
of metal proximity to the waveguide on the light mode, we
simulated the mode analysis diagrams when G is 2 μm and
G is 6 μm, as shown in Fig. 7(b). In the 2 μm cladding, an
increase in electrode thickness resulted in heightened losses.
Conversely, with a metal electrode thickness of 2 μm, aug-
menting the thickness of the cladding layer proved beneficial
for reducing losses, as shown in Fig. 7(c) and (d). Hence, our
configuration has potential to enhance modulator performance.
In the modulation length of 1 cm, for the selected parameters of
Z0 at 50 Ω and nerf within the range of 2.1–2.2, the electrode
gap covering structure reaches about 2.0 μm thickness, while
full coverage corresponds to roughly 1.4 μm. As a result, the
respective volumes total 2.4 μm 3 and 2.73 μm3.



CHEN et al.: SIMULATION AND DESIGN OF LINBO3 MODULATORS WITH SWITCHED SEGMENTED ELECTRODE STRUCTURE 7200307

Fig. 6. Optical simulation of the LNTF EOM (a) the relationship between the ne and the etching depth of the waveguide, (b) the EX and ES of the modulator,
and (c) the relationship between the light transmittance and the bending radius of the S-bend; the relationship between the optical power difference and the length
of the directional coupler.

Fig. 7. (a) Optical losses of fully covered structure and only covered structure;
(b) the mode analysis diagrams: G = 2 μm, G = 6 μm; (c) the metal absorption
loss of the electrode thickness, G = 6 μm, SiO2 = 2 μm; (d) the loss of the
SiO2 coating layer, G = 6 μm, T = 2 μm.

We utilized COMSOL Multiphysics for simulating optical
pattern analysis, electrostatic field distribution (EX), and electric
potential distribution (ES). Initially, we explore the connection
between ne and the LNTF waveguide’s etching depth (2 μm
width for the waveguide’s bottom). Fig. 6(a) shows a clear
trend where greater etching depth corresponds to a lower ne.
Here we select an etching depth of 250 nm for a ne of 2.156.
Subsequently, we construct the x-cut section of the LNTF EOM
and conduct an analysis of its ES and EX within the waveguide.
As depicted in Fig. 6(b), the electric field mainly concentrates
on both waveguide sides within the electrode gap. Moreover,
the electric field’s orientation within the waveguide region is
parallel to the surface of the LNTF. Our device incorporates 2×2
double S-type directional couplers. This design necessitates the
determination of two pivotal parameters. One is the bending
radius (r), which demands careful selection to prevent excessive
dispersion or confinement failure of light. The other is the

directional coupling length. Maintaining optical power consis-
tency between the upper and lower modulation arms prior to
introducing an electrical signal is crucial. Illustrated in Fig. 6(c)
is the relationship between r and light transmission, along
with coupling length’s impact on the optical power difference
between arms. Evidently, the transmittance approaches its zenith
and stabilizes when the r exceeds 2.6 mm. Simultaneously, at
400 μm coupling length, the optical power difference between
arms minimizes.

IV. PERFORMANCE AND CALCULATION VERIFICATION

Finalizing the structural parameters of the LNTF EOM, we
simulate and calculate its bandwidth and Vπ . To assess the
bandwidth, we initiated frequency sweeps through the software
to ascertain its electrical-electrical (EE) response, as illustrated
in Fig. 9. The EE S21 of -6.4 dB approaches 210 GHz, signifying
an 3 dB EO bandwidth of approximately 105 GHz. When
optical and microwave signals are perfectly matched, the 6.4 dB
bandwidth of EE transmission is approximately equal to the
3 dB bandwidth of EO transmission. In pursuit of data accuracy
validation, we further calculated bandwidth by employing the
electro-optical response (EO-response) expression [32]. EO-
response can be described as:

M(f) = 20log10

⎧⎨
⎩e−αL

2

[
sinh2

(
αL
2

)
+ sin2

(
bL
2

)
(
αL
2

)2
+
(
bL
2

)2
] 1

2

⎫⎬
⎭ ,

(9)
Hereα is the loss of the transmission line analyzed in the third

part, b is the discrete parameter of light wave and microwave,
and their frequency responses are shown in Fig. 8(a) and (b)
respectively. The EO response is shown in Fig. 8(c), with a
3 dB bandwidth of 115 GHz, which is better than the software
simulation results. We speculate that the error may be caused by
the calculation accuracy of the software or the meshing.

For Vπ , we also employe both software simulations and
theoretical calculations for comparative validation. Upon the
application of an electrical signal to the modulation region,
modulated light experiences full transfer from one output port of
the 2× 2 switch MZM to the other output port. This voltage-port
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Fig. 8. Simulation results and theoretical calculation results of the modulator (a) frequency response of α, (b) frequency response of nerf , and (c) theoretical
calculation of 3 dB bandwidth.

TABLE I
COMPARISON OF SIMULATED PERFORMANCE FOR VARIOUS ELECTRODE DESIGNS

Fig. 9. Electrical-electrical (EE) response.

Fig. 10. Results of light energy distribution and voltage sweep.

energy transmittance correlation is depicted in Fig. 10. Evi-
dently, with a voltage value of 1.45 V, complete energy transfer
is achieved.

Furthermore, for a fixed modulation length and electrode gap,
the Vπ can be calculated using the electro-optic overlap integral
factor, which can be described as:

Zin = Z0
ZL + Z0 tanh(γL)

Z0 + ZL tanh(γL)
, (10)

where Eo(x, y) represents the optical mode field distribution,
while E(x, y) signifies the microwave field distribution. These
values are attainable through optical mode analysis and elec-
trostatic steady-state analysis, respectively. It’s imperative to
emphasize that the integration domain is half of the entire
cross-section, that is, the photoelectric region corresponding to
the waveguide within one of the modulation arms. Following
calculation, the obtained value of Γ amounts to 0.445. Substi-
tuting this value into formula (1), the calculatedVπ is determined
as 1.55 V. This outcome exhibits a marginal difference of only
0.1 compared to the results obtained through voltage sweeping.
The utilization of a segmented electrode configuration proves
advantageous for maintaining a slender electrode gap. However,
to achieve such a structure, it may occasionally require a broader
S pole. This increased width has the potential to exceed the
specified electrode gap width, resulting in an augmented sepa-
ration between the two optical waveguides. As a consequence,
there is a risk of an increased bending radius for a y-branch
or other coupling structures. Such experimental may not align
with our intended objectives. In consideration of these factors,
we conducted a comparative analysis between devices devoid of
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segmented structures and various sets of devices incorporating
segmented configurations. The resultant characteristics are suc-
cinctly summarized in the accompanying Table. 1. In addition
to the observed data in the table, which illustrates that increasing
the length of e within a specific range enhances the bandwidth,
we also observe that impedances slightly below 50 Ω yield a
similar effect.

V. DISCUSSION

Through an in-depth exploration of the correlation between
device structure and performance, we have achieved remarkable
improvements in both bandwidth and half-wave voltage charac-
teristics. The precision of these outcomes has been substantiated
through the verification of software simulations and theoretical
calculations. However, due to the limitation of computer re-
sources, we cannot explore the performance of other modulation
lengths like 2 cm or the improvement of more structures. During
our experimental endeavors, we discovered that the EE response
performance tends to degrade beyond 210 GHz, with attempts
to enhance it yielding limited success. Concurrently, we hold
a strong interest in investigating whether other microstructure
patterns of segmented electrodes can yield superior optimization
effects. Moreover, while heterogeneously integrated waveguide
structures show promise for bandwidth improvement, merging
them with segmented configurations remains unexplored.

VI. CONCLUSION

In this study, a LNTF EOM with integrated segmented elec-
trode structures and a 2 × 2 S-shaped directional coupler is
designed. This configuration yielded an impressive bandwidth
of nearly 110 GHz and achieved a VπL of 1.45 V · cm. Through
software simulations, the impact of specific parameters related
to the segmented electrode structure on the modulator’s perfor-
mance was thoroughly investigated. Meanwhile, it was observed
that introducing SiO2 cladding exclusively within the electrode
gaps can improve the modulator’s efficiency. The simulation
outcomes were effectively corroborated through theoretical cal-
culations, thereby validating the credibility of our findings.
These results contribute vital insights for the advancement of
modulator design, offering valuable reference points for future
research endeavors in this field.
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