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Large-bandwidth, high-sensitivity, and large dynamic range electric field sensors are gradually replacing their traditional
counterparts. The lithium-niobate-on-insulator (LNOI) material has emerged as an ideal platform for developing such devi-
ces, owing to its low optical loss, high electro-optical modulation efficiency, and significant bandwidth potential. In this
paper, we propose and demonstrate an electric field sensor based on LNOI. The sensor consists of an asymmetric
Mach–Zehnder interferometer (MZI) and a tapered dipole antenna array. The measured fiber-to-fiber loss is less than
−6.7 dB, while the MZI structure exhibits an extinction ratio of greater than 20 dB. Moreover, 64-QAM signals at 2 GHz
were measured, showing an error vector magnitude (EVM) of less than 8%.
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1. Introduction

With the continuous advancement of wireless technology, the
proliferation of wireless devices is experiencing exponential
growth[1,2]. Consequently, the electromagnetic environment in
space is becoming increasingly complex. Electric field sensors
play a crucial role in the assessment of the electromagnetic
environment across a spectrum of applications, including
atmospheric science, spacecraft and rocket launches, electro-
magnetic compatibility measurements, and long-term monitor-
ing of high-voltage power lines[3–8]. These sensors are facing
increasingly intricate usage scenarios. Therefore, there exists
an urgent requirement for compact electric field sensors that
offer low loss, large bandwidth coverage, and a large dynamic
range.
Currently, traditional D-Dot electric field sensors can achieve

bandwidths exceeding 10 GHz[9], while MEMS electric field sen-
sors, as developed by Andreas Kainz and colleagues at Vienna
University of Technology in 2018, have demonstrated dynamic
ranges extending to 102–105 V=m[10]. Nonetheless, these sensors
exhibit noteworthy limitations in their inability to simultane-
ously satisfy the requirements for large bandwidth and large
dynamic range characteristics. Therefore, traditional electric
field sensors are increasingly struggling to capture the complex-
ities of electromagnetic environments adequately. Moreover,
miniaturization and integration are identified as the future
trends in this field. In the next generation of electric field sensor

platforms, thin-film lithium niobate (TFLN)material emerges as
a prominent candidate due to its excellent electro-optic effect,
high integration capability, and low loss properties[11–15].
These advantages can also be applied to the development of elec-
tric field sensors, and devices with larger bandwidth, higher sen-
sitivity, and a wider amplitude range have been fabricated in
recent years[16–19]. Since 1993, researchers have been engaged
in the exploration of wireless modulation using the lithium nio-
bate platform in conjunction with antenna structures[20,21].
Subsequently, wireless modulator components rooted in the
lithium niobate platform have been reported in succession,
revealing robust performance and substantial potential in these
aspects[22–26]. This indicates that LNmaterials exhibit good per-
formance in electric field sensing and wireless transmission.
As space electromagnetic signals become increasingly complex,
sensors need to be capable of detecting various types of signals,
rather than solely relying on bandwidth, dynamic range, or sen-
sitivity assessments.
In previous work, we have tested a remarkable bandwidth of

26.5 GHz and a dynamic range spanning from 40 mV/m to
28.6 kV/m, utilizing electric field sensors fabricated on thin-film
lithium niobate[27]. However, the device encountered slightly
higher losses attributed to process limitations, resulting in
fiber-to-fiber losses of approximately −20 dB. In this paper,
by optimizing the device design and refining the fabrication
process, we successfully mitigated the insertion loss of the
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new device to approximately −6.7 dB. Moreover, we have mea-
sured quadrature amplitude modulation (QAM) signals using
this device, which demonstrates the ability to recover informa-
tion from the complex spatial electromagnetic field.

2. Device Design

The device primarily consists of a Mach–Zehnder interferom-
eter (MZI) structure based on thin-film lithium niobate
(LNOI) and a tapered dipole antenna. The utilization of the
tapered dipole antenna is grounded in prior theoretical and
experimental validations of its frequency-independent
response[28], thereby enabling a larger bandwidth. The sche-
matic depiction of its configuration is presented in Fig. 1(a)
and is composed of two integral components: a conical antenna
and a modulating electrode. The conical dipole antenna func-
tions as a receptor for the spatial electric fields, subsequently
facilitating the generation of an amplified electric field within
the modulating electrode. Upon applying of an electric field
to the waveguide, the orientation of the external electric field,
not invariably aligned with the crystal spindle’s direction, leads
to a deformation of the ellipsoid equation as follows:
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Here, X, Y , and Z symbolize the principal axes of the crystal,
while n signifies the refractive index of the material.
Furthermore, owing to the inherent linear electro-optical effect
exhibited by the lithium niobate material, alterations in the crys-
tal’s refractive index demonstrate a direct linear correlation with
the applied electric field. This relationship is encapsulated
within the coefficient matrix denoted as γ, which finds its
expression as follows:
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when using anX-cut thin-film lithium niobate crystal element in
the design leads to the propagation of the lithium niobate wave-
guide along the Y-direction of the crystal. Consequently, the
electric field aligns itself with the Z-axis direction of the lithium
niobate crystal (Ex = 0, Ey = 0). At this time, when the electric
field intensity applied between the electrodes on both sides of
the arm can be properly modulated by the above two expres-
sions, the refractive index of the extraordinary light changes
by n

0 ≈ n − 1
2 n

3γ33Ez, and the phase difference of the light in
the two arms of the MZI structure can be modulated by the
change of the refractive index.
In this design, the antenna layer’s height is 2 mm, as shown in

Fig. 1(a); there are four groups of antennas placed on the same
modulation arm. To avoid the potential mutual coupling, the
lateral distance between these antennas is set to 1 mm. The sim-
ulation of the S11 curve of these antennas utilizing the HFSS soft-
ware is shown in Fig. 1(b). The red curve represents the S11 of the
single antenna, while the black curve represents the S11 of the
four antennas used in the device. It can be observed that there
is a flat response at 20 GHz, but there is still some difference
between the two curves due to the mutual coupling effect
between the antennas. When the gap between each antenna is
increased, the two curves become more similar.
Figure 2(a) presents the electric field sensor structure. This

sample is fabricated from an X-cut LNOI crystal, featuring
the previously mentioned four sets of conical dipole antennas.
Fiber coupling is achieved through the spot size converter
(SSC), while 1 × 2 multi-mode interference (MMI) couplers
handle the splitting and recombination of light. The multi-mode
interference section measures 23.6 μm in length and 5.6 μm in
width. Additionally, an asymmetric Mach–Zehnder interferom-
eter (MZI) configuration is adopted, inducing an inherent phase
difference between the two modulation arms which could be
expressed by formula φ = 2π · ΔL · n=λ. The ΔL represents

Fig. 1. (a) Schematic diagram of a conical dipole antenna. (b) S11 response of
the antenna array.

Fig. 2. (a) Schematic diagram of the electric field sensor structure. (b) Mode
field distribution in the FDTD simulation MMI. (c) Mode field distribution in the
waveguide in the modulation region.
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the optical path difference designed for the two arms, which was
set to be 54 μm, n denotes the effective refractive index of the
waveguide, while λ signifies the input light wavelength. It can
be seen from the formula that the linear working region of
the device can be adjusted by changing the wavelength of the
input light without the electric field. In the input and output
parts, the waveguide width was set to be 1.1 μm, and the etching
depth is 260 nm to ensure the single-mode condition for the
1.55 μm wavebands. In the modulation region, in order to
reduce the additional scattering loss caused by the single-mode
narrow waveguide, the waveguide width in the modulation
region was extended to 1.8 μm through the adiabatic taper tran-
sition. Furthermore, the gap between the electrodes on either
side of the waveguide is configured at 7 μm, thus minimizing
potential metal absorption losses arising from electrodes being
positioned too closely. Under these conditions, we conducted
simulation-based optimization using FDTD software for the
MMI structure and the wide-waveguide modulation region, as
depicted in Figs. 2(b) and 2(c). The objective was to reduce losses
across various sections of the electric field sensor while main-
taining comparable performance.

3. Device Fabrication and Test

Given the requirement for the electric field direction within the
modulation region to align with the Z-axis of the lithium niobate
crystal, the device is fabricated on an X-cut LNOI platform,
where the thickness of the thin-film lithium niobate layer is
500 nm, the thickness of the buried oxide layer below the lithium
niobate is 4.7 μm, and beneath this oxide-doped layer, the silicon
substrate is about 500 μm. Initially, we employed electron beam
evaporation (EBE) to deposit a layer of Cr onto the surface of the
lithium niobate, which served as a robust mask. Next, a layer of
photoresist was spun onto the surface, followed by the utilization
of electron beam lithography (EBL) to create a pattern on the
photoresist. After exposure and development, inductively
coupled plasma (ICP) etching was employed to conduct a
two-step etching process, transferring the images onto the hard
mask and the thin-film lithium niobate, respectively. The etch
depth reached 260 nm. Finally, residual Cr on the surface was
removed using a Cr etchant, resulting in the fabrication of the
waveguide and MMI structure. Due to the utilization of a dou-
ble-layer inverted taper structure in the spot size converter
(SSC), the second-layer taper of the SSC needs to undergo
repeated etching, following the same process as described above,
in order to achieve the complete SSC structure. The electrode
section involves an initial step of spin-coating a thicker layer
of photoresist, followed by the employment of electron beam
lithography (EBL) for pattern exposure. After development,
electron beam evaporation (EBE) is used to deposit a metal layer
onto the sample. In this case, we utilize Au as the material.
Subsequently, the sample is immersed in an acetone solution
for the lift-off process, resulting in the formation of the elec-
trodes. Finally, a protective layer of silicon dioxide (SiO2) is
deposited onto the device surface using plasma-enhanced

chemical vapor deposition (PECVD) to prevent contamina-
tion-related losses of the sample.
The microscope image of the sample after preparation is

shown in Figs. 3(a)–3(c). The length of the device is about
7.5 mm, and the width is about 4.5 mm. After preparation,
the optical loss of the multimode interference coupler (MMI)
and the device was tested and evaluated by a tunable laser
and an optical power meter. The test structure is shown in
Fig. 4(a). Due to the relatively low losses of a single MMI device,
the insertion loss for the 1.55-μm wavebands is obtained by
measuring the average loss of six identical cascaded MMIs, as
illustrated in Fig. 3(d). During the test, we obtained different
transmission spectra by moving the output port from the 1st
level to the 6th level, as shown in Fig. 4(b). After removing
the grating losses, we calculated losses at each level and then cal-
culated a relatively accurate insertion loss for a single MMI. This
approach yielded an approximate loss of −0.35 dB for a single
MMI device within the 1.55-μm waveband. Simultaneously,
the laser wavelength was adjusted to scan the device’s transmis-
sion spectrum, as demonstrated in Fig. 4(c). For a more intuitive
representation of the on-chip losses of the device, we have sub-
tracted the losses of two SSCs, where the SSC loss is approxi-
mately −1.5 dB=facet. It can be observed from the graph that
the on-chip losses are approximately−3.7 dB, with an extinction
ratio (ER) of>20 dB. Meanwhile we measured the bandwidth of
the device, as shown in Fig. 4(d). The results were obtained using
the rectangular coaxial transmission line (TEM cell) in the fre-
quency range of 0.1 to 1 GHz, while the remaining results were
measured in a microwave anechoic chamber.
Subsequently, the electric field sensor under evaluation is

positioned within a standardized electric field for the measure-
ment of the QAM signal, as depicted in Fig. 5. Upon signal gen-
eration by the QAM signal source, a standard electric field,
operating at a frequency of 2 GHz, is induced within the TEM
cell through the utilization of a high-power amplifier. Further-
more, the signal modulation rate is set to be 5 Mbaud/s. In the
measurement setup, a microwave power meter is employed to
monitor real-time power fluctuations of the signal source.
During measurements, efforts are made to maintain the

Fig. 3. (a) Microscope image of antenna array. (b) Microscope image of the
1 × 2 MMI. (c) Microscope image of the SSC. (d) Microscope image of the cas-
cade MMI.
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amplitude uncertainty of the standard electric field within
±1 dB. By carefully adjusting the output wavelength of the tun-
able laser, the sensor is optimally biased at its intersection,
enhancing the dynamic range.
To calibrate the extra error brought by the experiment system,

we connect the signal source and receiver directly without the
sample, and the test results were collected as the standard data,
as depicted by the red dots in Figs. 6(a)–6(c). These data would
be compared with the data collected by the electric field sensor.
Later, we measured the QAM signals by using the electric field
sensor in the TEM cell, and the results were collected and are
shown as blue dots in Figs. 6(a)–6(c). It could be observed from
the figure that signals below 64-QAM exhibit a favorable distri-
bution. The error vector magnitude (EVM) stands for the
deviation between the experimental data and the standard data,
which is consistently maintained below 8%. It also indicates that
under these conditions, the system’s bit-error-rate (BER) will
remain at a relatively low level since the EVM is connected to
the BER. Furthermore, as we progressively increase the carrier
frequency from 2 GHz to 6 GHz under the condition of 16-
QAM, an observable trend emerges: the signal’s EVM gradually
increases from 7.63% to 8.69%. This increase signifies a gradual
degradation in signal transmission. Moreover, as we keep the
carrier frequency at 2 GHz and then gradually change the signal
modulation rate from 5 Mbaud/s to 10 Mbaud/s, the signal’s
EVM also experiences a gradual rise from 7.63% to 10.67%.
The results are shown in Fig. 6(d). It could be observed that
the modulation rate has a more significant influence on the
EVM value than the changes in the carrier frequency.
In the aforementioned tests, it is evident that an increase in

carrier frequency corresponds to a gradual increase in the error

vector magnitude (EVM) of the test signal. Beyond a frequency
of 6 GHz, the EVM value becomes unacceptable. However, as
indicated by the previous test results[27], the device’s bandwidth
exceeded 20 GHz. Consequently, for other frequencies, we
investigate the device’s delay processing by examining the
phase-frequency response of the sample. Themeasurement con-
figuration is depicted in Fig. 7(a). The entire testing environ-
ment is established in an anechoic chamber, with the horn
antenna generating the electric field within the environment.
This observation underscores the relatively favorable linearity
of the sample signal within the frequency range of 1–20 GHz,
as shown in Fig. 7(b), with consistent signal delays across differ-
ent frequencies in this range.

4. Conclusion

In conclusion, we experimentally demonstrated an electric
field sensor based on the TFLN platform. The measurement
fiber-to-fiber loss is −6.7 dB, and the MZI structure exhibits
an extinction ratio of greater than 20 dB. Moreover, we mea-
sured 16-QAM signals from 2 to 6 GHz, showing an EVM of
less than 8%. Lastly, we measured the phase-frequency response
of this device from 1 to 20 GHz.

Fig. 4. (a) Schematic diagram of the device optical loss test structure.
(b) Cascade 1 × 2 MMI optical loss test. (c) Transmission spectrum of the
device. (d) Bandwidth of the device.

Fig. 5. Measurement setup for the electric field above 2 GHz. HPA, high-power
amplifier; MPM, microwave power meter; PD, photodetector; LNA, low noise
amplifier.

Fig. 6. (a) Test Images of the 16-QAM signals. (b) Test Images of the 32-QAM
signals. (c) Test Images of the 64-QAM signals. (d) Error vector magnitude
(EVM) variation trend with carrier frequency and modulation rate.

Fig. 7. (a) Measurement setup for the phase-frequency response test. VNA,
vector network analyzer. (b) Phase-frequency response of the device.
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In terms of optical losses, after subtracting two SSC port losses
at −3 dB, two MMI losses at −0.7 dB, and a waveguide loss at
−0.75 dB, it is evident that the residual loss is attributed to
the tapered dipole antenna array at −2.25 dB. For signal mea-
surement, we acquired 16-QAM, 32-QAM, and 64-QAM
constellation diagrams of the sample at a modulation rate of
5 Mbaud/s and a carrier frequency of 2 GHz. These data were
collected using the TEM cell. Furthermore, we plotted the
EVM-frequency curve by increasing the carrier frequency from
2 to 6 GHz, while simultaneously collecting EVM values with an
increased modulation rate from 5 Mbaud/s to 10 Mbaud/s.
Despite the device having a bandwidth of over 20 GHz, the
EVM value decreased rapidly when the carrier frequency
exceeded 6 GHz during the measurement. From another per-
spective, we evaluated the sample’s phase-frequency curve and
observed a linear relationship within the 20 GHz range, which
reveals good linear control of the device below 20 GHz.
The test results demonstrate that the reception performance

of the QAM signals in the current sample is primarily limited by
the increased frequency. We attribute this phenomenon to the
device’s signal-to-noise ratio (SNR), which we believe can be
addressed by further enhancing the device antenna’s design.
Additionally, there is still room for improvement in optical loss,
which could be addressed through optical design refinement,
fabrication enhancement processes, and expansion of the elec-
trode gap.
Overall, the QAM signal testing provides further evidence

that the electric field sensor based on the thin-film lithium nio-
bateMach–Zehnder interferometer structure not only achieves a
compact size, large bandwidth, and extensive dynamic range for
measuring the electric field but also accurately recovers phase
information from the complex electromagnetic environment.
This achievement holds significant importance, especially in
the face of increasingly intricate electromagnetic environments.
Through continued device design optimization and fabrication
enhancement, we are confident that electric field sensors based
on the LNOI platform can be applied in an even wider array of
complex environments.
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