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Abstract: A LiNbO3 integrated optics sensor fusing with an optical waveguide Mache–Zehnder
interferometer (MZI), a loop-antenna, and a segmented electrode has been proposed, designed, and
fabricated for the measurement of pulsed current. The experiment results have demonstrated that,
for measurement of the standard 8/20 µs lightning pulsed current, the average of the front time and
duration time of the sensor detected pulsed current waveform are 7.00 µs and 19.78 µs, respectively,
while those detected by the Person CT are 7.30 µs and 20.35 µs, respectively. From 100 A to 3300 A,
the sensor shows good linear characteristics, and the correlation coefficient is 0.9989. Moreover, the
minimum detectable pulsed current is about 66 A in the time domain. All these results reveal the
sensor can provide a new and potential technology for the measurement of pulsed current in the
time domain.

Keywords: LiNbO3 crystal; integrated optics; electro-optic (EO) effect; Mache–Zehnder interferometer
(MZI); electric current sensor

1. Introduction

The time domain measurement of high-level pulsed current plays an important role
regarding research of the electromagnetic effect and protection [1]. A traditional current
transformer (CT) is not adequate because of saturation in a large current [2]. Due to the
absence of a magnetic core, a Rogowski coil has the advantages of a large measurement
range, wide bandwidth, and excellent transient response, which results in it being an
optimal choice for measuring the fast large pulsed current [3–8]. However, as the measured
current is proportional to the derivative of the magnetic flux, an integrator is required
to retrieve the pulsed current waveform, and the direct current (DC) component could
not be detected. Recently, a new current measurement method with a tiny printed circuit
board (PCB) Rogowski coils sensor embedded in an insulated-gate bipolar transistor (IGBT)
module has been proposed to measure the DC component by picking up a switching current
flowing through an IGBT chip [9–11]. Besides, a measuring system based on PCB Rogowski
coils for the measurement of a multi-split high current has been developed to convert the
engineering problem into a mathematical one that could be solved through calculation,
which results in the harmonic suppression system having been simplified [12]. However,
for high-level current measurement, the high voltage non-insulated and electromagnetic
interference (EMI) problems cannot be ignored.

Compared with traditional CT and Rogowski coils, the fiber optic current sensor
(FOCS) has the advantages of high immunity to EMI, good electrical isolation, and wider
frequency response [13,14]. As the current measurement is implemented by calculating
the circular-birefringence-caused phase difference resulting from the Faraday Effect, the
measurement accuracy relies on the stability of the Verdet constant and polarization charac-
teristics, which can be easily influenced by environmental disturbance. To improve stability,

Crystals 2022, 12, 265. https://doi.org/10.3390/cryst12020265 https://www.mdpi.com/journal/crystals

https://doi.org/10.3390/cryst12020265
https://doi.org/10.3390/cryst12020265
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://doi.org/10.3390/cryst12020265
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst12020265?type=check_update&version=2


Crystals 2022, 12, 265 2 of 14

considerable efforts, including using a highly twisted low-birefringence fiber, utilizing
a dual wavelength configuration, optimizing initial phase delay in the λ/4 wave plate,
utilizing a coil of spun highly birefringent fiber, self-compensative with two sensing heads,
using two toroidal permanent magnets, and other techniques, have been developed [15–20].
However, the problem has not been solved completely, but the sensor structure becomes
more complex to some extent. In comparison with the FOCS, the fiber Bragg grating (FBG)-
based current sensor has the advantages of no polarization maintaining fiber (PMF) and
discrete optical components, and it is capable to implement the multi-point measurement
by cascading a series of sensors in one optical fiber [21–27]. However, the cross-sensitivity
to temperature of FBG is a problem that should be solved. Recently, by applying oppo-
site bias to make the two FBGs, or by bonding two FBGs on two giant magnetostrictive
materials with orthogonal magnetostriction directions, the influence caused by ambient
temperature can be effectively eliminated [28,29]. However, the effectiveness of eliminating
the temperature effects depends on the consistency of the two FBGs, which is usually
difficult to meet. Besides, to improve the stability and precision, an FBG-based optical
current sensor using a dual-loop optoelectronic oscillator has been designed [30]. However,
the response speed is limited by the hysteresis effect of the magnetostrictive materials,
which results in a sensor that is not able to be used to measure the pulsed current with a
fast pulse front.

In this paper, a LiNbO3 integrated optics sensor that consists of an optical waveguide
Mache–Zehnder interferometer (MZI) fused with a loop-antenna and segmented electrode
has been proposed, designed, fabricated, and experimentally demonstrated for the mea-
surement of pulsed current in the time domain. As the pulsed current is modulated on the
lightwave based on the electro-optic (EO) effect of the lithium niobate (LN) crystal, the sen-
sor has a sufficiently fast response that can be used to measure the time domain waveform
of the fast pulsed current. All the theoretical, simulation, and experimental results reveal
that the proposed sensor has the potential capability to be used for the measurement of fast
pulsed current.

2. Sensor Principles and Fabrication
2.1. Sensing System

Figure 1 shows the schematic diagram of the measurement system for measuring the
pulsed current based on the proposed integrated optics sensor. As can be seen, the output
linear polarized light beam from the tunable laser is transmitted to the integrated optical
waveguide current sensor by using the PMF. The sensor and the current-carrying wire
are installed on the same insulation seat. When the electric current under measurement
travels through the carrying wire, a variable magnetic field is generated and passes through
the loop-antenna of the sensor. Based on Faraday’s law of electromagnetic induction, an
induced voltage is generated on the two parallel electrodes, which are connected with the
loop-antenna. Based on the EO effect of the LN crystal, the light beam travelling through the
optical waveguide is modulated by the induced voltage, which causes the electric current
to be modulated onto the optical carrier. At the receiving end, the output optical signal
from the senor is transmitted to the photo detector (PD, Beijing Safety Test Technology
Co., Ltd., Beijing, China) to convert into an electrical one by using the single mode fiber
(SMF, Shenzhen Oscom Technology Co., Ltd., Shenzhen, China). The pulsed current is
finally obtained by extracting the electrical signal using an existing instrument, such as an
oscilloscope. However, for the measurement system, the wavelength of the tunable laser is
tuned to ensure that the sensor can work in the linear area of its transmission curve. The
more detailed principles of this operation point control technique have been presented in
the previous work [31].
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As can be seen from Figure 2, the proposed integrated optics pulsed current sensor 
consists of an integrated optical waveguide MZI, two parallel modulation electrodes, and 
a loop-antenna. The waveguide, electrode, and antenna are all fabricated on the same x 
cut y propagation LN substrate. The current-carrying wire is parallel with the y axis of the 
LN crystal. The distance between the loop-antenna and the current-carrying wire is as 
small as possible to improve the measurement sensitivity. 

With the distance between the current-carrying wire and the loop-antenna r satisfied 
with r ≪ λ (λ is wavelength of the current travelling in the current-carrying wire), the 
magnetic field H induced by the current I can be written as 
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where L is the self-inductance of the loop-antenna, CLN is the capacitance of the parallel 
electrode with the LN crystal, ω is the current angular frequency, and S is area enclosed 
by the loop-antenna. Therefore, based on the EO effect of the LN crystal, the phase differ-
ence of the lightwave caused by the induced voltage can be described as 
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Figure 1. The schematic diagram of the current sensing system.

2.2. Sensor Structure and Operation Principles

The physical structure of the proposed integrated optics pulsed current sensor is
shown in Figure 2.
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Figure 2. Physical structure of the proposed integrated optics current sensor.

As can be seen from Figure 2, the proposed integrated optics pulsed current sensor
consists of an integrated optical waveguide MZI, two parallel modulation electrodes, and a
loop-antenna. The waveguide, electrode, and antenna are all fabricated on the same x cut y
propagation LN substrate. The current-carrying wire is parallel with the y axis of the LN
crystal. The distance between the loop-antenna and the current-carrying wire is as small as
possible to improve the measurement sensitivity.

With the distance between the current-carrying wire and the loop-antenna r satisfied
with r � λ (λ is wavelength of the current travelling in the current-carrying wire), the
magnetic field H induced by the current I can be written as

H =
B
µ
=

I
2πrµr

, (1)

where µ = µ0µr is permeability, µ0 is the permeability in vacuum, and µr is the relative
permeability. Under an electrically small loop condition, the loop-antenna can be repre-
sented by an equivalent circuit [32], and the voltage VH applied to the electrode can be
expressed as

VH =
Sµω

(2−ω2LCLN)2πr
I, (2)

where L is the self-inductance of the loop-antenna, CLN is the capacitance of the parallel
electrode with the LN crystal, ω is the current angular frequency, and S is area enclosed by
the loop-antenna. Therefore, based on the EO effect of the LN crystal, the phase difference
of the lightwave caused by the induced voltage can be described as

ϕ(V) =
πn3

e f f γ33LelΓV

λGel
, (3)
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where λ is the optical wavelength of the input light beam, neff is effective refractive index of
the optical waveguide, γ33 is EO coefficient of the LN crystal, Lel and Gel are length and gap
of the parallel modulation electrodes, respectively, and Г (<1) is the overlap factor between
the optical and electrical field. When ϕ(V) = π, the half-wave voltage Vπ can be written as

Vπ =
λGel

n3
e f f γ33LelΓ

, (4)

As shown in Figure 2, with the magnetic field H penetrating perpendicularly into the
aperture of the loop-antenna, an electric field E = (Ez, Ey) perpendicular to H appears on
the electrode. Thus, the same voltage VEz induced by Ez appears on both the right and left
electrode, while the voltage VEy induced by Ey does not modulate the lightwave travelling
through the optical waveguide (TE mode, polarized along the z axis). Thus, the phase
difference of the lightwave travelling through the two arms of the optical waveguide MZI
can be written as

∆ϕ(VE,H) =
π

Vπ
[VH − (−VH) + (VEz −VEz)], (5)

Based on the fundamental theory of the integrated optical waveguide MZI modula-
tor [33], the output optical power of the sensor can be described as

Pout =
1
2

αPin

{
1 + b cos

[
2π

Vπ
VH + ϕ0

]}
, (6)

where Pin is the input optical power, α is the insertion loss, b is the extinction coefficient of
the MZI, and ϕ0 is the static phase difference (operation point) of the MZI with no electric
field. Considering an asymmetric MZI is designed and used for the proposed sensor, and
the static phase can be changed with change of external conditions, such as the temperature,
humidity, and stress, ϕ0 can be written as

ϕ0 =
2π

λ
ne f f ∆L + ∆ϕ0, (7)

where neff is the effective refractive index, ∆L stands for the length difference of the two
arms of the optical waveguide MZI, and ∆ϕ0 stands for the phase shift caused by the
change in external environment conditions. Based on the previous work, by controlling
wavelength of a tunable laser, it is possible to control the operation point return to the linear
area of the transmission cure (ϕ0 = π/2) of the MZI type sensor [31]. Therefore, 2πVH/Vπ

is small, and ϕ0 = π/2, assuming A = αPin/2, B = 2Aπb/Vπ, (6) can be simplified as

Pout =
1
2

αPin

{
1− b sin

[
2π

Vπ
VH

]}
≈ A− BVH ∝ I, (8)

According to (8), the electric current under measurement is linear with output optical
power of the sensor, and, by using a PD to convert the output optical signal into electrical,
the electric current can be measured.

2.3. Sensor Design and Fabrication

The physical structure of the designed integrated optical waveguide asymmetric
Mache–Zehnder interferometer (AMZI) is shown in Figure 3. As can be seen, the AMZI
consists of the input/output Y branch, the two parallel optical waveguide L3, the straight
optical waveguide L4, and the bend optical waveguide (with bend height being h2). The
two parallel optical waveguide is designed and used to ensure the symmetry of the right
and left electrode fabricated around them, which results in the modulation effect caused
by VE being able to be cancelled. To reduce optical loss and to generate an intrinsic static
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optical phase difference, the s shaped bend waveguide arm is designed. Then, the arm
length difference ∆L of the AMZI can be calculated by

∆L = 2

[∫ L4
2

0

√
1 +

π2h2
2

L2
4

sin2(
2πy
L4

)dy

]
− L4, (9)
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According to (9), the parameters of the bend optical waveguide length L4 and height
h2 are designed as 33 mm and 674.6 µm, respectively, to make the arm length difference ∆L
of the AMZI about 34 µm. Thus, the change in static optical phase difference of the sensor
is approximately equal to 2π under the condition of the optical wavelength tuned from
1530 nm to 1565 nm (C band). As a result, the operation point can be controlled effectively
to the linear area when the static phase difference varies with the change in the external
conditions. The detailed descriptions of the control method can be found in the previous
work [31].

Under the condition of the practical fabrication process, length, width, and thickness
of the used LN substrate are 50,000 µm, 4100 µm, and 500 µm, respectively. Length of
the input and output waveguide L1 is designed as 5000 µm to ensure the fiber coupled
input light beam can form a stabilized transmission mode before it is split in the Y branch.
Besides, the length and height of the Y branch L2 and h2 are designed as 1500 µm and
11 µm to decrease the bend loss and simultaneously avoid the optical coupling between
the two arms of the Y branch. As a result, L3 is designed as 4000 µm.

Consider the insertion loss of the optical waveguide AMZI being mainly decided by
the bend height, h2, with the aforementioned parameters, and the physical model of the
waveguide AMZI being set up based on the Rsoft computer aided design (Rsoft-CAD). To
ensure single mode transmission operating at 1.5 µm, the width of the optical waveguide
is designed as 6 µm. The transmission characteristics are simulated with the bend height
changed from 673 µm to 684 µm, corresponding to the length difference of the two arms
of the AMZI, which varied from 33.84 µm to 34.95 µm; the results are shown in Figure 4.
From Figure 4, it is clear that the incident lightwave is almost equally split at the input
Y-branch, and the scattering and radiation loss definitely exist at the bend corner. With h2
changed from 673 µm to 684 µm, the normalized optical power first decreased and then
increased. Therefore, the bend height h2 is designed as 676.5 µm, and then the normalized
output is 98.2%. The detailed parameters of the designed AMZI optical waveguide are
shown in Table 1.

Table 1. The parameters of the designed AMZI.

L1 (µm) L2 (µm) L3 (µm) L4 (µm) h1 (µm) h2 (µm)

5000 1500 4000 33,000 11 676.5
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However, because the simulation results are carried out under the condition of the
refractive index of the substrate and optical waveguide being absolutely homogeneous,
which can hardly meet the practical fabricated optical waveguide, the simulation results
are only for reference in optical waveguide designing.

As shown in Figure 5, in order to improve sensitivity of the sensor, a multi-loop-
antenna incorporated with segmented electrode has been designed and used to maximize
the induced voltage as well as the EO interactive length. Consequently, according to (2) and
(3), the optical phase difference of the lightwave travelling through the optical waveguide
can then be rewritten as

ϕ(E) =
n3

e f f γ33ωµ

2λr

N

∑
n=1

ΓnLnelSn

Gnel(2−ω2LnCLN)
I, (10)

where Гn (<1) is the overlap factor between electric field and optical field for the n-th
electrode, Sn is the area enclosed by the n-th loop-antenna, and Lnel and Gnel are the gap and
length of the n-th electrode. From (10), by using the multi-loop-antenna and the segmented
electrode, the optical phase difference caused by the current under measurement has been
increased effectively.
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As shown in Figure 2, to eliminate the effect of the electric field VE, two (the left and
right) identical groups of segmented electrodes are designed and fabricated between the
two parallel optical waveguide arms (L3) to generate symmetric modulation. Therefore,
considering the length (L3) and distance (2h1) of the parallel optical waveguide arms are
4000 µm and 22 µm, respectively, the vertical distance between the left and right electrode is
designed as 28 µm and length of the square loop-antenna is designed as 3200 µm. Besides,
considering the width of the LN substrate is 3000 µm, width of the square loop-antenna is
designed as 2790 µm. The gap between the two parallel electrodes is designed as 10 µm
to facilitate position alignment with the 6 µm width single mode optical waveguide. The
geometric dimensions of the loop-antenna and segmented electrode are shown in Figure 5.

With the aforementioned parameters, the loop-antenna, segmented electrode, and optical
waveguide AMZI are established on an LN substrate with dimensions of 48 × 3 × 0.5 mm3

based on the COMSOL MULITI-PHYSICS. The magnetic field module is used to generate
a sinusoidal current with amplitude of 50 A on the current-carrying wire. Considering
the distance between the sensor package edge and the LN substrate center is about 7 mm
and thickness of the package edge is 2 mm, the distance away from the current-carrying
wire to the center of the loop-antenna is designed as r = 10 mm to generate larger magnetic
induction. As a result, the larger magnetic flux is generated by the loop-antenna and larger
induced voltage is generated on the segmented electrode, yielding a higher measurement
sensitivity. The magnetic field distributions are simulated and shown in Figure 6a. As
can be seen, the magnetic field is mainly concentrated around the current carrying-wire.
Moreover, Figure 6b,c shows the electric field distributions on the left and right segmented
electrode, respectively. As can be seen, the induced electric field on the outer electrode
(connecting with the outer loop of the multi-loop-antenna) is obviously larger than that
on the inner electrode. This comes from the fact that the area of the outer loop-antenna is
larger, which results in a larger magnetic flux. The electric field on the left electrode (across
the upper optical waveguide of the two parallel waveguide arms) is along the +z direction,
while the electric field on the right electrode (across the lower optical waveguide of the two
parallel waveguide arms) is along the −z direction. Therefore, a push–pull modulation is
generated by the magnetic-field-induced differential voltage.
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Figure 6. Transmission characteristics of the optical waveguide AMZI: (a) the magnetic field distribu-
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right electrode.

In order to show the time domain response of the sensor under pulsed current, a
double exponential pulse current (I(t) = I0k(e−αt − e−βt), α = 7.714 × 104, β = 2.489 × 105,
k = 2.33, I0 = 100 A) with wave front time Tf = 5.55 µs and duration time Td = 21.12 µs, and
a Gaussian pulse current (I(t) = I0exp(−4π(t − t0)2/τ2), τ = 1 ns, I0 = 100 A) with rise time
Tf = 1.0 ns and pulse width Td =1 ns are applied to the current-carrying wire. The induced
electric field on the left and right modulation electrode are detected by using the electric
field probe. The results are shown in Figure 7a,b, respectively. From Figure 7a, the front
and duration time of the detected exponential pulse current waveform on the right and left
electrode are 4.90 µs/21.83 µs and 4.88 µs/22.42 µs, respectively. From Figure 7b, the rise
time and pulse width of the detected Gaussian pulse current on the right and left electrode
are 0.8 ns/1.0 ns and 0.9 ns/1.1 ns, respectively. As a result, the detected induced electric
field on the electrode agrees well with the applied pulsed current. Besides, directions of
detected pulsed electric field on the right and left electrode are reverse, which is consistent
with the theoretical analysis results.
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Furthermore, the equivalent circuit of the loop-antenna and parallel electrode has been
shown in Figure 8. In Figure 8, Cm stands for the capacitance of the parallel electrodes, Lm
and Rm are the inductor and resistance of the loop-antenna, and Va is the induced voltage.
Based on the above simulation mode established using the COMSOL MULITI-PHYSICS,
Lm and Cm of the loop-antenna and segmented electrode are calculated as 9.2834 nH and
0.12159 pF, respectively. Then, the limiting frequency bandwidth of the device can be
estimated to be 1/2π

√
LmCm = 6.7 GHz.
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With the aforementioned parameters, the optical waveguide MZI integrated with the
metallic loop-antenna and segmented electrode are fabricated on an x-cut y-propagating
LN wafer crystal with diameter 3 inches and thickness 0.5 mm by the photolithographic
technology. The optical waveguide is fabricated by the annealed proton exchange (APE)
technology. Firstly, the waveguide is fabricated by proton exchanging in benzoic acid
with a small amount of lithium and benzoate at 250 ◦C to 300 ◦C for 4.5 h, and then
annealed in the furnace at 350 ◦C to 400 ◦C for 5 h. However, as the APE process results
in the refractive index being noticeably increased for the extraordinary lightwave while
the ordinary lightwave is unnoticeably decreased, the APE waveguide supports only the
TE mode (polarized along the z axis). Therefore, the lightwave travelling through the
optical waveguide can only be modulated by the electric field along the z axis. This is the
reason why the voltage, VEy, induced by Ey does not modulate the lightwave. Besides,
for this linear polarization characteristic, the PMF is used to couple with the input optical
waveguide of the sensor to improve the lightwave coupling efficiency and working stability.
However, as the lightwave interference has occurred at the output Y branch, only the
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SMF is used to couple with the output waveguide of the sensor to transmit the output
optical power. Secondly, before fabricating the antenna and electrode, a SiO2 buffer layer
with a thickness of ∼4000 Å is deposited upon the optical waveguide MZI by using the
radio frequency (RF) magnetic sputtering so as to reduce the optical absorption loss that
comes from the metallic electrode and antenna. Then, by sputtering Cr and Au and then
electroplating Au, the segmented electrode and loop-antenna with a thickness of ∼5000 Å
are fabricated among the two parallel waveguide arms of the MZI. The position of the
electrode and antenna is about 8500 µm and 2050 µm along the longitudinal and horizontal
of the LN wafer, respectively. The more detailed fabrication processes of the waveguide
sensor have been shown in the previous work [34]. Finally, the sensor chip is cemented in a
polypropylene packaging by using the silicone to improve its mechanical strength.

Figure 9 shows the photograph of a packaged integrated optics electric current sensor.
As can be seen, the size of the packaged sensor is 78 mm × 15 mm × 10 mm. Moreover, in
order to easily fix the current-carrying wire and to ensure the distance between the current
wire and the loop-antenna is 10 cm in practical application, an insulated base with a groove
has been fabricated and used.
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3. Experimental Results

Figure 10 shows the experiment setup for the measurement of the pulsed current by
using the fabricated integrated optics sensor.
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Figure 10. Pulsed current measurement system: (a) schematic diagram; (b) photograph of the
experimental setup.

From Figure 10a, the current-carrying wire is connected with the input and output port
of the pulsed current generator (LSG-506 CB) to generate the 8/20 µs standard lightning
current from 50 A to 3300 A. The current-carrying wire is embedded into the groove of
the sensor base. The distance between the sensor and the current-carrying wire is 10 mm.
The tunable laser with an output optical power of 10 dBm, tunable wavelength range
from 1530 nm to 1565 nm, and channel spacing of 0.4 nm is connected with the sensor
input port by the PMF. The output wavelength of the laser source is tuned to ensure the
sensor works at the linear area of the transmission curve. The output optical power of the
sensor is transmitted to the PD with a bandwidth of 100 MHz to convert into electrical.
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The oscilloscope with a sampling rate of 2 GS/s and bandwidth of 200 MHz (Tektronix
MDO3024) is used to extract the waveform of the measured pulsed current.

As an example, under the pulsed current of 2000 A, the sensor detected pulsed current
waveforms are shown in Figure 11a. However, for comparison, the pulsed current is
simultaneously measured by using the standard Pearson CT. From Figure 11a,b, the rise
time, Tr, and pulse width, Tw, of the detected pulsed current waveforms using the proposed
sensor and the Pearson CT are 5.70/16.90 µs and 5.76/17.75 µs, respectively. According to
the standard of electromagnetic compatibility testing and measurement techniques surge
immunity test (GB/T 17626.5-2019/IEC 61000-4-5: 2014), the front time Tf = 1.25 × Tr and
duration time Td = 1.18 × Tw are 7.13/19.94 µs and 7.21/20.97 µs, respectively.
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Figure 11. Time domain response, pulsed current measurement system: (a) time domain response of
the proposed sensor; (b) time domain response of the Pearson CT.

For comparative analysis, the parameters of the front time and duration time of the
detected pulsed current with different peak amplitudes by using the proposed sensor and
the Pearson CT are shown in Table 2. From Table 2, the values for the pulsed current are
100 A, 1000 A, 2000 A, and 3300 A; the average front time, Tf, and duration time, Td, of
the detected pulsed current waveforms by using the Pearson CT and the proposed optical
waveguide sensor are 7.30/20.35 µs and 7.00/19.78 µs, respectively. In comparison with
the output standard lightning pulsed current (Tf = 8 ± 20% µs, Td = 20 ± 20% µs) from
the pulsed current generator, the average relative errors are 8.7%/1.7% and 12.5%/1.1%,
respectively. As a result, the proposed sensor has the potential capability to be used to
measure the pulsed current in the time domain.

Table 2. Waveform parameters comparison of the pulsed current measured by optical waveguide
sensor and Pearson CT.

Pulsed Current/A
Pearson CT Optical Waveguide Sensor

Tf/µs Td/µs Tf/µs Td/µs

100 7.54 18.96 7.13 18.53
1000 7.34 19.08 6.87 20.18
2000 7.21 20.97 7.13 19.94
3300 7.09 22.38 6.88 20.41

In addition, in order to demonstrate the input/output characteristics of the sensor,
with the output pulsed current changed from 100 A to 3300 A by a step of 250 A, the
amplitudes of the sensor system output signals are measured and shown in Figure 12.
A linear fitting curve y = 0.0373 + 0.7414x is used to stand for the relationship between
the input pulsed current and the output of the sensor system. The linear correlation
coefficient of 0.9989 reveals that the sensor has a better linear characteristic. Moreover,
in the experiment, considering the noise floor of the sensor system is about 1.6 mV, the
minimum detectable current of the sensor system is about 66 A under the condition of the
signal to noise ratio (SNR) being 6 dB.
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4. Conclusions

In summary, a LiNbO3 integrated optics sensor for the measurement of pulsed current
has been proposed, fabricated, and measured. By fabricating the multi-loop-antenna and
segmented electrodes around the LN optical waveguide MZI, the lightwave travelling
through the optical waveguide can be modulated by the electric current under measurement
based on Faraday’s law of electromagnetic induction and the EO effect of the LN crystal. In
comparison with the traditional CT, Rogowski, fiber optical sensor, or FBG-based current
sensor, this new type of sensor has the advantages of good immunity to EMI, no integrator
required, fast response, small and compact structure, and being convenient to implement.
The experimental results demonstrate that, for measuring the standard lightning pulsed
current travelling through the current-carrying wire, the current waveform detected by
the proposed sensor shows good consistency with that detected by the standard Pearson
CT. Besides, in the range of 100 A to 3300 A, the sensor has better linear characteristics,
with the linear correlation coefficient being 0.9989. The minimum detectable current is
about 66 A, while the maximum detectable current is more than 3300 A. All these results
demonstrate the proposed sensor can provide a new and potential technology for measuring
pulsed current.
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