
1362 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 57, NO. 7, JULY 2008

Electric Field Sensing Scheme Based on Matched
LiNbO3 Electro-Optic Retarders

Celso Gutiérrez-Martínez, Member, IEEE, and Joel Santos-Aguilar

Abstract—In this paper, a wideband-electric-field-sensing
scheme that uses optically matched integrated optics electrooptic
devices and coherence modulation of light is described. In a coher-
ence modulation scheme, the integrated optics sensor detects the
electric field and imprints it around an optical delay. The optical
delay is generated by a birefringent optical waveguide in a lithium
niobate (LiNbO3) integrated optics two-wave interferometer. The
modulated optical delay, acting as an information carrier, is trans-
mitted through an optical fiber channel. At the receiver, light is de-
modulated by a second integrated optics two-wave interferometer,
which also introduces a second optical delay. The optical delays
on the sensor and demodulator are matched at the same value.
The integrated optics demodulator measures the autocorrelation
of light around the optical delay value, and the imprinted electric
field is recuperated as a linear variation of the received optical
power. The matching of the sensor and demodulator allows a
direct detection of the electric field, giving a unique feature to this
fiber-integrated optics scheme. The experimental setup described
here uses two pigtailed LiNbO3 electrooptic crystals: one acting
as the electric field sensor and the other acting as the optical
demodulator. The wideband sensing range on the experimental
setup corresponds to frequencies between 0 and 20 kHz.

Index Terms—Electric fields sensors, electrooptic modulators
and demodulators, lithium niobate (LiNbO3) integrated optics,
optical coherence modulation, optical delays, wideband electric
fields.

I. INTRODUCTION

M EASUREMENT of high- and low-intensity electric
fields, coming either from natural phenomena or from

human activities, is an important subject because it impacts
scientific, industrial, and commercial environments, among
others. Static and dynamic electric fields are produced by differ-
ent sources, including electric power equipment, power genera-
tion and distribution facilities, high-voltage transmission lines,
telecommunication equipment, electromagnetic interferences,
and human medical signals. More common electric field meters
use conductive electrodes that are linked to the measuring
electronics by cables, and very often, such arrangements distort
the unknown field. Different techniques and apparatuses for
the measurement of electric fields are reported in the technical
literature, for instance, measurement of ac and dc electric fields
in high-voltage transmission lines using fluorescent tubes and
electromechanical field mills [1]–[4]. Human electroencephalo-
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grams are recorded by using sensitive electric field sensors
in the form of probe electrode disks to characterize brain
activity [5].

In the optical domain, a wide variety of electric-field-sensing
schemes using electrooptic devices has been reported up to
date. Most of such schemes use the Pockels effect, and inte-
grated optics lithium niobate (LiNbO3) Mach–Zehnder inter-
ferometers are used as electric field sensors. The sensed electric
fields modulate the intensity of the light that passes through one
arm of the Mach–Zehnder interferometer.

Sensor devices that either use electrodes or are electrodeless
have been studied and integrated on different experimental
sensing schemes. Using electrodes on the sensing devices give a
high sensitivity, but the main disadvantage is that the electrodes
may disturb the measured electric field. Such schemes are
very well adapted to measure low-intensity electric fields (from
millivolts to volts per meter), as found in telecommunication
systems and electronic apparatuses [6]–[9]. Electrodeless sen-
sors minimally disturb the measured field, but the sensitivity is
relatively low, and such devices are better adapted to the mea-
surement of high-intensity fields, ranging from some kilovolts
per meter to hundreds of kilovolts per meter (4–2000 kV/m), as
found in natural lightning strikes, high-power electrical facili-
ties, and high-voltage transmission lines [1], [3], [10]–[12].

In an alternative approach, and instead of using Mach–
Zehnder electrooptic devices, wideband electric field sensing
using electrooptical retarders is described in this paper. In
this case, the electric field modulates an optical delay, which
is generated by a birefringent optical waveguide used as a
two-wave interferometer. The modulation of optical delays is
known as optical coherence modulation. Electric field detection
using such a technique has been previously reported, describing
the detection of 60-Hz electric fields [13]–[15]. In coherence
modulation of light, electric fields are imprinted on light as a
sequence of optical delays that are greater than the coherence
time of the optical source. Coherence modulation of light uses
electrooptic retarders, and practical realizations are based on
LiNbO3 electrooptic technology.

In a novel approach of implementing coherence modulation
of light, in this paper, we describe the sensing of high-
intensity and wideband electric fields, using electrodeless
optically matched electrooptical retarders. In a previous paper,
an experimental scheme was implemented using LiNbO3

electrooptic sensors, and the demodulation process was ensured
by an automated scanning Michelson interferometer [14]. In
the improved sensing scheme described here, the system is
fully implemented using fiber optic components and pigtailed
electrodeless LiNbO3 electrooptic retarders: one as the sensor
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Fig. 1. Coherence-modulated electric field sensing.

and the other as the optical demodulator. In this case, the
demodulation of the sensed electric field is directly realized by
the integrated optics demodulator, which is designed to match
the optical delay on the sensor. The wideband sensing scheme
was successfully tested by detecting high-intensity electric
fields, ranging from 20 to 350 kV/m, in a band between 0 and
20 kHz.

The proposed scheme can be useful for the detection and
measurement of transient and steady-state electric fields, in a
band up to 20 kHz, as can be found in natural and man-made
environments.

In contrast to Mach–Zehnder interferometer sensors, a very
attractive feature of coherence modulation is that it allows
serial or parallel multiplexing of optical delays [16], and from
this fact, multipoint sensing arrays can be proposed. Serial
coherence multiplexing can be a promising technique in fiber
optic schemes for distributed sensing arrays, as several optical
delays can be cascaded over a single optical channel.

II. THEORETICAL BACKGROUND

A. Operating Principle of the Proposed Sensing Scheme

To recall the operating principle, the block diagram of an in-
tegrated optics electric field sensor system, based on coherence
modulation of light, is shown in Fig. 1. The system includes a
low-coherence optical source, an electrooptic sensor (electroop-
tic retarder), an optical fiber channel, and a receiver module
that is implemented by a second integrated optics retarder
(coherence demodulator) and a wide-area slow photodetector.
According to the block diagram, light coming from a low-
coherence optical source is injected into the electrooptic sensor,
which introduces an optical delay τ0 that is greater than the
source coherence time τc. In our practical setup, the optical
delays are generated by LiNbO3 electrooptic crystals, acting as
two-wave interferometers. Such devices generate static optical
delays (or, equivalently, optical path differences: OPDs), which
can be modulated by an electric field. The electrooptic retarders
that we used here are in-diffused optical waveguides in z-cut
y-propagating LiNbO3 birefringent slabs, which introduce
OPDs as 45◦ polarized light is projected in orthogonal prop-
agating TE and TM modes. Such modes travel in the optical
waveguide at different velocities, as determined by the ordi-
nary and extraordinary refractive index difference (no − ne) =
0.083 at λ0 = 1318 nm. A static OPD is then given as d0 =

(no − ne)L, with L being the birefringent waveguide length.
The operating principle is described in detail elsewhere [13].

On the sensing scheme, once the electric field is sensed, light
is coherence modulated and transmitted through an optical fiber
channel. At the receiver, light is demodulated using a second
electrooptic retarder, which measures the autocorrelation of the
received light around the sensor’s OPD. This condition can
be achieved by matching the optical delays of the electrooptic
sensor and the optical demodulator, as shown in Fig. 2. As
depicted in this figure, the electrooptic sensor introduces a
static OPD d0, and the demodulator also introduces the same
OPD d0. At the output of the optical demodulator, optical
interference exists, and the measured optical intensity corre-
sponds to the normalized autocorrelation of the transmitted
light g(d) = |g(d)| cos((2π/λ0)d). At an OPD d0, the detected
optical power is

Pr(d0) =
P0

4
+

P0

8
g(0) (1)

where Pr(d) is the received optical power. P0 is the average
emitted power of the optical source, and λ0 is the center optical
wavelength.

To ensure a linear detection of the imprinted electric field,
the receiver interferometer must be adjusted to a static OPD
of (d0 ± (λ0/4)). This adjustment is achieved either by using
a quarter-wave optical plate or by designing the OPD = (d0 ±
(λ0/4)) on the demodulator.

When an electric field Ez(t) is sensed by the coherence
modulator, it induces a dynamic variation ∆d(t) on the OPD.
On a z-cut LiNbO3 birefringent crystal, the electric field is
oriented on the z-axis of the crystal, taking advantage of the
r13 and r33 linear electrooptic coefficients. The time-varying
OPD is then given as

d(t) = d0 + ∆d(t) (2)

where ∆d(t) = (λ0/2)(Ez(t)/Eπ), and Eπ is the half-wave
electric field given as

Eπ = λ0/
(
r33n

3
eΓTM − r13n

3
oΓTE

)
L. (3)

In (3), L is the electrooptic crystal length and represents
the interaction length between the electric field and the optical
wave, r13 and r33 are the electrooptic coefficients, ΓTE and
ΓTM are the electric–optical overlapping coefficients. From
(3), the half-wave electric field depends on the length of the
electrooptic sensor. The longer the crystal is, the lower the half-
wave electric field becomes, and hence, a higher sensitivity
results, e.g., the longer sensors will allow the measurement
of lower field intensities. In practical applications, the longest
crystals are around 75 mm (3 in), which are limited by the
LiNbO3 commercial wafer sizes.

When the receiver is adjusted at the OPD d0, according to
(1), the detected optical power is given as

Pr(t) =
P0

4
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P0

8
cos

(
π

Ez(t)
Eπ

− π

2

)

=
P0

4
+

P0
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Eπ

)
.
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Fig. 2. Optical matching between the electrooptic sensor and the demodulator.

Additionally, if Ez(t) � Eπ , in which sin(π(Ez(t)/Eπ)) ≈
π(Ez(t)/Eπ), the measured optical power is then given as

Pr(t) =
P0

4

(
1 +

π

2
Ez(t)
Eπ

)
. (4)

Equation (4) represents an intensity modulation, and the
electric field is detected as a linear variation of the received
optical power.

B. Frequency Response of the Sensing Scheme

The frequency response of the proposed electric-field-
sensing scheme is determined by the modulation sensitivity of
the LiNbO3 sensing crystal, which is determined by its high
relative permittivity εr =

√
ε13ε33 = 35, where ε13 = 44, and

ε33 = 28. As it has been very well established in theoretical
and experimental work [17]–[21], its frequency response will
depend on the nature of the interaction between the electric
and optical fields. If the electric field is applied via lumped
electrodes, by using parallel plates, the frequency response is
a tradeoff of the optical–electrical interaction length L, which
in this case is given by

fm · L =
c

π

√
1+

√
ε13ε33

2

. (5)

Such a response is equivalent to around 2.2 GHz · cm.

C. SNR Performance

An important parameter for evaluating the system perfor-
mance is the signal-to-noise ratio (SNR), which determines the

minimum detectable electric field. The SNR is limited by the
noise (spontaneous beat, thermal, and shot) at the photodetec-
tion process.

At the receiver, the instantaneous photodetected current is of
the form

I(t) = RPr(1 + m cos ωmt) (6)

where R = (ηq/hν) is the optical responsivity (η = 0.7 is
the quantum efficiency, q is the charge unit, h is the Planck
constant, and ν is the optical frequency), Pr is the received
optical power, and m is the modulation index [the maximum in-
dex given by m = (πEz0/2Eπ)]. From (6), the photodetected
current can be expressed as

I = Idc + Ip(t)

where Idc = RPr is the average photocurrent, and Ip(t) is the
signal current with a mean square value 〈I2

p〉 = (1/2)m2R2P 2
r .

The SNR is then given as [22], [23]

SNR =
〈I2

p〉
RIN R2P 2

r B + 2qIdcB + 4kTB
Re

. (7)

In this expression, RIN R2P 2
r B corresponds to the beat noise

power, 2qIdcB is the shot noise power, and 4kTB/Re is
the thermal noise power. RIN is the relative intensity noise
of the optical source, k is the Boltzmann constant, T is the
absolute temperature, B is the electrical bandwidth, and Re is
the equivalent load resistance of the photodetector.
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Fig. 3. All-fiber sensing experimental setup.

To evaluate the SNR, the three main types of noise are
considered. The beat noise, which is related to RIN, comes from
the incoherent optical source, whereas the shot and thermal
noise are associated with the photodetection process [22]–[27].

In our experimental setup, the noise sources are related
to the characteristics of the optical source, the photodetector,
and the associated electronic amplifier. In our scheme, the
optical source is a broadband superluminiscent semiconductor
diode (SLD), emitting in a Gaussian spectrum around a center
wavelength of λ0 = 1318 nm, and showing a spectral width
of around ∆λ = 60 nm. The received average optical power
is about 0.5 µW, and the electrical bandwidth on the photore-
ceiver is 20 kHz. After the theoretical basis, as explained in [22]
and [26], such a Gaussian optical source will exhibit a maxi-
mum RIN = (0.66/∆ν), with ∆ν = c∆λ/λ2

0 being the optical
bandwidth. In such a case, the RIN is about −132 dB/Hz.
This corresponds to a spontaneous beat noise power of about
−188 dBm. A similar calculation regarding the shot noise
power gives −176 dBm.

Suppose that our system is only shot noise limited. By using
(3), (4), and (6), the SNR is [11], [24]

SNR =
ηm2Pr

2hνB
.

The minimum detectable external electric field is obtained
when SNR = 1. Under such a condition, using (3) and the
modulation index m, we have

Ez min = εr
4
π

√
2hνB

ηPr
Eπ (in volts per meter). (8)

To illustrate the minimum detected values, let us consider a
LiNbO3 sensor crystal with a length of 13 mm and permittivity
εr = 35. The minimum detected electric field, in agreement to
(8), is about 2 kV/m. For comparison, when using a crystal of
35 mm and the same optical parameters, the minimum detected
field is about 0.7 kV/m. This theoretical calculation shows that
the sensitivity of electrodeless sensors depends on the crystal
dimensions and on the optical parameters.

III. EXPERIMENTAL SETUP

The experimental wideband-electric-field-sensing scheme is
shown in Fig. 3. The system is implemented by a wide-
spectrum SLD, emitting at a center wavelength λ0 = 1318 nm,
an optical bandwidth of about ∆λ = 60 nm, an average emitted
power of 500 µW, and a coherence length of about 60 µm.

The electric field sensor is a fiber pigtailed z-cut
y-propagating LiNbO3 integrated optics coherence modulator,
which introduces a static OPD d0. The optical demodulator is
also a pigtailed electrooptic birefringent slab, which introduces
the same OPD d0. The 45◦ optical fiber polarizers ensure the
propagation of TE and TM optical modes on the electrooptic
birefringent waveguides.

A 500-m optical fiber channel completes the experimental
setup.

To implement the electric-field-sensing system, the static
OPDs of the coherence sensor and the optical demodulator
were first measured. Two almost identical 13-mm-long optical
birefringent slabs were used. The 13-mm-long slabs will intro-
duce a theoretical OPD d0 = (no − ne)L of 1.079 mm at λ0 =
1318 nm. To demonstrate the matched condition of the OPDs,
the sensor and demodulator are cascaded, and the transmitted
light is measured by a scanning Michelson interferometer. To
ensure a linear detection of the optical signal, the demodula-
tor crystal was designed to introduce an OPD d0 ± (λ0/4);
however, λ0/4 = 325 nm is so short that it is very difficult
to resolve when constructing and polishing the crystal optical
faces. A finer matching of the OPD on the demodulator can
be achieved by providing dc electrodes, and a control voltage
can be used to shift the OPD by λ0/4. After constructing the
electrooptic sensors, Fig. 4(a) shows the measured matched
OPDs. As can be observed, the electrooptic sensors exhibit
static OPDs near d0 = 1 mm, and a zoom of the interference
fringes around 1.08 mm is depicted. This fine measurement
confirms that interference exists only in the range of the co-
herence length of the optical source, as the fringe patterns are
slightly spatially shifted, thus ensuring the demodulation of the
sensed electric field. This represents a particular feature of this
sensing scheme.

The measured electric field can be displayed on a standard
oscilloscope or calibrated in full scale to be digitized and stored
in a personal computer for further signal processing.
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Fig. 4. (a) Matched OPDs. (b) Zoom at the interference pattern.

Fig. 5. Frequency response of the electric field sensing setup.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

To test the complete fiber-integrated optics sensing scheme,
an initial experiment consisted of applying sinusoidal electric
fields to the coherence electrooptic sensor in a frequency band
of up to 20 kHz. The modulated light was then transmit-
ted through the 500-m optical fiber channel. At the receiver,
light was measured by the electrooptic coherence demodu-
lator, which was already matched at a static OPD of 1.08
mm. The maximum frequency response of the sensing scheme
was limited to 20 kHz by the high-voltage driving amplifier
and by the photoreceiver, which is integrated by a wide-area
p-i-n photodetector and a narrowband electronic amplifier. The
frequency response of the experimental scheme, between 0 and
20 kHz, is depicted in Fig. 5. The electric field was generated
by a signal generator and then amplified to a high voltage,
which was applied to two parallel plates that were not in
contact with the electrooptic sensor. AC electric fields that
ranged from 10 to 350 kV/m peak-to-peak were measured.

Fig. 6. Electric field sensing–detection range.

The field sensing–detection process shows a good linearity
in the range of 10–350 kV/m, as shown in Fig. 6. To illus-
trate the operation of the experimental setup, electric fields of
200 kV/m and different frequencies were measured. Fig. 7(a)
and (b) illustrates the input and output waveforms for 100 Hz
and 20 kHz, respectively. As can be observed in Fig. 7, the
recuperated signal level is at 200 mV, and the ratio between
the applied electric field and the recuperated signal is 106 (1/m)
[120 dB (1/m)]. The noise level is about 2 mV. The SNR of the
recuperated signal at 200 kV/m was better than 30 dB, being
just proportional to the optical detected power. Using the linear
response shown in Fig. 6, these data become a calibration factor
for the proposed sensing system.

The minimum detected electric field was determined experi-
mentally, and Fig. 8 depicts such a measurement for two crystal
lengths; Fig. 8(a) shows the quasi-minimum detected signal
for the 13-mm-long sensor when an 18-kV/m electric field is
sensed. The sensitivity of the crystal sensor is related to its
physical length, and in the aim of an objective comparison,
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Fig. 7. Sensed and detected electric field waveforms (200 kV/m). (a) 100 Hz. (b) 20 kHz.

Fig. 8. Detected electric fields comparison, depending on the length of the sensors. (a) For 13 mm. (b) For 35 mm.

Fig. 9. Minimum electric field detection using a 35-mm-long sensor.

the 18-kV/m electric field was also sensed by a 35-mm-long
sensor. Fig. 8(b) shows the recuperated signal in this case. For
the same sensed electric field, the sensitivity of the shorter
sensor is significantly lower than that for the longer one;
this is concluded by comparing the recuperated amplitudes
in both cases (14 mVpp and 60 mVpp, respectively), thus
corresponding to a ratio of about 13 dB. As the longer crystal is
more sensitive, its quasi-minimum detected electric field was
also measured, being around 4 kV/m, giving a recuperated

signal amplitude of 14 mVpp, as depicted in Fig. 9. This last
measurement shows that sensitivity can be greatly improved by
using the longest crystals that are available. The experimental
minimum detected electric fields are higher than the values
given in (8). The difference can neither be related to shot-noise-
limited photodetection nor be due to an optimum sensing and
optical modulation–demodulation process.

In our experimental setup, it is very well known that
fiber polarizers and the electrooptic birefringent electrooptic
retarders are sensitive to environmental variations. In particular,
these elements are sensitive to temperature changes, which
affect their performances. A potential long-term drift can be
observed on the sensor and demodulator operating points. In
our experiments, no severe drift has been observed, even if the
system has been operating for several hours a day. However,
to overcome the potential temperature dependence on the elec-
trooptic crystals, polarization-independent electrooptic devices
are being studied. Such devices are much less polarization
sensitive and can be promising for the implementation of
electric-field-sensing schemes of higher performance, using
coherence modulation. Work in such a direction is in progress,
and unbalanced Mach–Zehnder interferometers, using x-cut
z-propagating LiNbO3 modulators, are being tested in our
laboratory.
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V. CONCLUSION

A fiber and integrated optics coherence-modulated optical
scheme for sensing high-intensity wideband electric fields
has been reported here. The detection of high intensities and
frequencies, ranging from 10 to 350 kV/m peak-to-peak and
from 0 to 20 kHz, respectively, using coherence modulation of
light and matched electrooptic retarders, has been successfully
tested in our laboratory. Work is in progress to achieve larger
bandwidths, e.g., in the megahertz range. In these kinds of sens-
ing schemes, the bandwidth is only limited by the light transit
time on the electrooptic sensor. LiNbO3 electrooptic devices
are inherently very wideband, responding potentially from dc
to several gigahertz. The relative high-intensity operating range
of our experimental scheme is determined by the use of short
electrooptic crystals as the half-wave electric field is high. As
demonstrated in the experimental results, longer crystals allow
lower half-wave fields and, hence, the measurement of lower
intensity electric fields.

This paper has presented potential applications of wideband
coherence-modulated sensors in more complex schemes involv-
ing optical multiplexing to give distributed arrays of sensors,
based on matched electrooptic sensors and demodulators, in
fiber optic architectures. A fiber serial coherence multiplex-
ing, in a simple array implementation, could be useful for
detecting and analyzing multipoint electric fields in the electric
power industry, in high-intensity electric field environments,
for high-intensity telecommunication signals, etc. Work is also
in progress to show multichannel all-fiber multiplexed sensing
using almost all fiber optical components.
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