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On the Design of Video-Bandwidth Electric
Field Sensing Systems Using Dielectric

LiNbO3 Electro-Optic Sensors and
Optical Delays as Signal Carriers
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Abstract— As the measurement of wide-band (multi-
megahertz) electric fields is often of practical interest in
industrial and commercial environments, in this paper, a
methodology of design and implementation of a wide-band
electric field sensing scheme, using optical delays as information
carriers is described. The scheme is based on a lithium
niobate (LiNbO3) birefringent optical waveguide that performs
simultaneously as an optical retarder and as a dielectric
(electrode-less) sensor. In this scheme, the LiNbO3 sensor
introduces an optical delay and simultaneously senses an
on-air electric field and imprints it around an optical delay.
At the receiver, the sensed electric field is detected when the
sensor and demodulator are optically matched, i.e., when both
introduce identical optical delays. An important aspect, when
sensing electric fields using LiNbO3 dielectric sensors, is that the
optically sensed field is weaker than the external field by a factor
given by the ratio of the permittivity of the surrounding dielectric
media over the LiNbO3 permittivity (boundary condition for
normal electric fields). When the surrounding media is air,
the optically sensed electric field is 35 times weaker than the
external field, as described in this paper. Another practical issue
is that a birefringent optical waveguide is highly sensitive to
optical polarization variations. Such a sensitivity implies that
the output dc component of the received light changes with time
(dc-drift). The dc-drift performance of the proposed electric
field sensing scheme is measured and reported in this paper.
The dc-drift can be minimized using polarization-insensitive
LiNbO3 unbalanced Mach–Zehnder interferometers.

Index Terms— Lithium niobate LiNbO3, dielectric electro-optic
sensors, wide-band electric field sensing, optical retarders.

I. INTRODUCTION

SENSING and measurement of wide-band (Multi-MHz)
electric fields are important subjects in industrial and

commercial human activities. Static and dynamic electric
fields are produced by human activities or natural sources.
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Electric fields are commonly measured by electric or
electronic instruments that are limited in bandwidth (some
KHz) and sensitivity. Different techniques and devices for
the measurement of electric fields have been reported in the
technical literature [1]–[6]. Electro-mechanical electric field
sensors, working in frequencies up to 2 KHz, are commercially
available [7], [8].

An alternative to band-limited electric or electronic
meters is the use of optical techniques. Optical techniques,
using electro-optic sensors and optical fibers, are inherently
wide-band, highly sensitive and immune to electromagnetic
interference. Several electric field sensing schemes, using
electro-optic devices, have been reported up to date. Most of
such schemes are based on integrated optics Lithium Niobate
(LiNbO3) crystals and waveguides as electric field sensors.
Sensor devices, either using electrodes, or electrode-less,
have been studied and integrated on different experimental
schemes [9]–[15].

Dielectric sensors are well adapted to the measurement
of wide-band and high intensity fields, ranging from some
kV/m to hundreds of kV/m [16]–[19]. Most of electric field
sensing schemes are based on Mach-Zehnder (MZ) optical
interferometers. In such configurations, the sensed electric
field modulates the optical intensity of monochromatic light
that is being guided by the electro-optic crystal or waveguide.

As demonstrated previously, in an alternative approach
among the optical techniques, electric fields can be sensed
by LiNbO3 electro-optical retarders. The basic principle of
this approach is that the electric field modulates an optical
delay, instead of the optical intensity. The modulated optical
delay is transmitted to an optical receiver. To demodulate the
sensed electric field, the optical demodulator must be a second
retarder, optically matched to the sensor.

Work describing the basic operating principles of electric
field sensing using optical delays has been previously reported,
demonstrating the potential sensing of low-frequency electric
fields (up to 20 KHz) [20], [21]. At the time of our previous
papers, the frequency response in our experiments was limited
by an available wide-area and low-frequency photodetector
whose response was limited to some tens of kHz.

As complementary work in our laboratory, and mainly
aiming to improve our previous results, in the perspective
of implementing really wider-band sensing schemes (multi-
MHz frequency range), a detailed design methodology for
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such a purpose, is proposed in this paper. To achieve a wide-
band response, additional work has been conducted, given
that our laboratory was granted some funds to acquire some
low-cost high-speed PIN and APD photodetectors (1 GHz
bandwidth) and a commercial high-voltage video amplifier
(LEYSOP 250 series-500 Vpp in a 0-7 MHz band [22]).
Such a high voltage amplifier is a high-tech component we
used to generate high-intensity electric fields for testing multi-
MHz schemes. The availability of these additional components
allowed us to design and implement a complete video-band
sensing scheme. This new stage in our research work makes
the difference related to our previous papers and allowed us
reaching more attractive improved results. A new aspect, not
considered in our previous published works, and emphasized
here, is that this time we could analyze the relationship
between the optically sensed electric field and the real external
field outside of the dielectric LiNbO3 waveguide. In this case,
and given that the electrooptic waveguide is electrode-less, the
sensed electric field obeys the boundary conditions between
the sensing waveguide and the external dielectric media. When
the surrounding media is air, the optically sensed electric field
is 35 times weaker than the electric field in the air. This
condition states a scale factor when measuring external electric
fields by using an LiNbO3 optical waveguide as dielectric
sensor.

In the perspective of this paper, to design and implement
a wide-band dielectric sensing scheme, using an optical delay
as signal carrier, requires the following steps:

a) Defining and fixing the optical delays (equivalently, the
optical path-differences) that can be practically imple-
mented.

b) Optically matching the sensor and demodulator at the
same optical delays.

c) Modeling the field intensities relationship over an air-
LiNbO3 interface.

d) Calculating and measuring the electro-optic transfer
function.

e) Calculating and measuring the half-wave electric field
as a reference of the linear regions

f) Implementing, testing and characterizing the wide-band
sensing scheme.

Once the operating parameters are fixed and experimentally
characterized, the sensing scheme is implemented and tested
for detecting high intensity-video-bandwidth electric fields.

A very attractive feature of using optical retarders is that
such a technique allows serial multiplexing of optical delays
and, and from this fact, multi-point sensing arrays can be
configured. Optical serial multiplexing seems a promising
technique for studying distributed sensing arrays as several
optical delays can be cascaded over a single optical channel
[20]. These multiplexing techniques have been barely studied
and represent a potential applied research domain.

The summary of this paper is described as follows: in
section II, the optical delay modulation principle is briefly
recalled. In section III, the electric field sensing basis and
the optical transfer function are deduced. The optical transfer
function is a critical response, as it determines the linear and

Fig. 1. An electric field sensing scheme using an optical delay as signal
carrier.

Fig. 2. An LiNbO3 optical retarder-electric field sensor in a polarization
interferometer configuration.

non-linear operating regions of the sensing scheme. In
section IV, the experimental characterizations of the optical
delays of the sensor and demodulator, half-wave electric
field and bandwidth are realized. Finally, in section V, the
experimental wide-band sensing set-up is tested and the system
performances are reported. DC-drift is measured and compared
to the DC-drift on an unbalanced MZ electrooptic sensor.

II. AN ELECTRIC FIELD SENSING SCHEME BASED ON

DIELECTRIC LiNbO3 Optical Retarders

An electric field sensing system using an optical delay as a
signal carrier, is depicted in fig. 1. In this scheme, the electro-
optic sensor is an LiNbO3 birefringent optical waveguide
and the optical demodulator is a segment of birefringent
polarization maintaining optical fiber (PMF).

The electro-optic sensor is an optical waveguide on a Z-cut,
Y-propagating LiNbO3 crystal of length L (mm) and thickness
t (mm). The optical waveguide, acting as a polarization
interferometer, as depicted in Fig. 2, will introduce a static
optical delay τ0 or its equivalent optical path-difference dm0,
when a low-coherence optical beam of constant power I0, is
linearly polarized at 45° and injected in the optical waveguide.
Light is projected in TE and TM optical modes, which
travel at different velocities through the optical waveguide, on
depending of the ordinary no and extraordinary ne refractive
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index. At the output of the optical waveguide, the delayed
TE and TM modes will show a static optical path-difference,
dm0 = (no − ne)L, which is designed to be longer than
the coherence length of the optical source as to ensure no
interference of the propagating modes.

The parameter dm0 can be modulated by the sensed electric
field and transmitted through an optical channel.

At the receiver, an optical delay can be detected by mea-
suring the autocorrelation of the transmitted light by using
a second two-wave interferometer, in this case, a segment
of PMF. The output of the second interferometer, when
scanned in the optical path-difference axis d , shows a series
interference fringe patterns, whose widths correspond to the
coherence length of the optical source. The detailed descrip-
tion of the generation and detection of optical delays was
presented in [20]. When two optical retarders are cascaded,
the transmitted optical intensity, on depending on the optical
path-difference d is given as

I (d) = 1

4
I0 + I0

4
g(d) + I0

8
g(d − dm0) + I0

8
g(d + dm0 ) (1)

I0, as shown in fig. 2, is the constant optical power at the input
of the first polarizer. The detected optical intensity depends on
the optical autocorrelation of the received light.

g(d) = |g(d)| cos

(
2π

λ0
d

)
(2)

To recuperate a signal imprinted around d = +dm0, the
optical demodulator needs to be adjusted at the same optical
path-difference, i.e. the sensor and receiver must be optically
matched. Under such a condition, as g( dm0 )=g(2 dm0 ) = 0,
the recovered optical intensity is

I (d) = 1

4
I0 + I0

8
g(0) (3)

Expression 3 corresponds to an interference fringe pattern,
located around d = +dm0 and over an average optical
power 1/4 I0.

In the sensing scheme shown in figure 1, the optical demod-
ulator is a segment of PMF, whose inherent birefringence is
able to introduce an optical delay.

III. ELECTRIC FIELDS RELATIONSHIP ON AN

AIR-DIELECTRIC LiNbO3 INTERFACE

As the LiNbO3 optical waveguide is used as a dielec-
tric sensor, no electrodes are associated to the crystal and
the external electric field is present in the dielectric media
surrounding it, fig. 2. When an external electric field E is
sensed by the electro-optic waveguide, the optically sensed
field intensity Ez is determined by the boundary conditions
between the dielectric media and the waveguide. The interface
discontinuity is determined by the relative permittivity of both
dielectrics (air, εr1 = 1; LiNbO3 crystal, εr2 = 35). When
the optically sensed electric field Ez is perpendicular to the
crystal surface, the relationship between the field components
E and Ez, is given as [23]

Ez = εr1

εr2
E (4)

According to (4), the sensed electric field Ez, is
35 times weaker than the electric field intensity in the air.
Keeping in mind this relationship, the sensing system is
modeled just considering the field Ez, inside the optical
waveguide. Later, to know the real external field intensity, it
will be necessary to scale the optically sensed electric field
by 35 for finding the real external intensity. In this way, and
coming-back to fig. 2, when an electric field Ez(t) is sensed
by the electro-optic retarder, it induces a dynamic variation of
optical path-difference �d(t) = K εr1

εr2
E(t) around d = +dm0.

K is a proportionality constant. The sensed electric field Ez
is oriented on the Z-axis of the LiNbO3 crystal, interacting
with the linear electro-optic coefficients r13 and r33. Now,
after expressions 2 and 3, for detecting the sensed field, the
sensor and demodulator are cascaded and optically matched
at d = +dm0. Under such a condition

I (t) = I0

4
+ I0

8
cos

[
2π

λ0
�d(t)

]
(5)

As �d(t) = K εr1
εr2

E(t) then K = λ0
2 Eπ

. Eπ is the half-wave
electric field given as

Eπ = λ0

/(
r33 ne

3
�T M − r13 no

3
�T E

)
Le (6)

The half-wave electric field depends on the electro-optic
parameters and on the interaction length Le, between the
electric and optical fields; �T E and �T M are the electric-
optical overlapping coefficients; n0, ne are the optical ordinary
and extraordinary refractive index, respectively.

By fine adjusting the optical demodulator at a static optical
path-difference of d = (dm0 − λ0

4 ), a linear detection of
the imprinted electric field can be achieved. Under such
a condition, the optical transfer function, given by eq. 5,
becomes

I (t) = I0

4
+ I0

8
sin

[
π

εr1

εr2
E(t)

/
Eπ

]
(7)

Even if, as stated by eq. 4, the sensed electric field varies
linearly related to the external field E , at the receiver, the
detected optical power varies as a sinusoidal function of E ,
as given by eq. 7. The optical half-wave electric field Eπ is
defined as the electric field intensity that switches the optical
output in eq. 7, between its maximum and minimum values,
3I0
8 and I0

8 , respectively. A linear sensing process takes place in
the linear region, around the quadrature points of the transfer
function.

IV. IMPLEMENTING WIDE-BAND ELECTRIC FIELD

SENSING OPERATING PARAMETERS

To experimentally implement a wide-band and optical-delay
based electric filed sensing scheme, a minimum methodology
was stated in the final paragraphs of the introduction section of
this paper. In this way, the characterization and measurement
of the main parameters of the sensing scheme are described
in this section.
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Fig. 3. Measured 1.45 mm optical path-differences: (a) sensor; (b) demod-
ulator; and (c) matched sensor-demodulator.

A. Optical Path-Differences

To implement an electric field sensing scheme using optical
delays, a main step to accomplish is the measurement of the
optical path-differences on either, the electro-optic sensor and
the optical demodulator. As explained in section II, the electric
field sensor will introduce a static path-difference dm0, which,
at the same time, will be modulated by the sensed electric
field. The transmitted optical delay will be demodulated at
the receiver and the sensed electric field will be detected
only when the sensor and demodulator are optically matched.
As explained elsewhere [20], [21], optical delays can be
measured by scanning Michelson interferometry, which allows
the measurement of the interference fringe patterns around
the introduced path-differences. In this work, the measured
optical retarder/electro-optic sensor is a 17.5 mm-long, Z-cut,
Y-propagating fiber-pigtailed LiNbO3 optical waveguide. For
such a waveguide, the theoretical static path-difference is
dm0 = 1.4525 mm. The optical demodulator is a 4.61 m
segment of PMF (3M, FS-CG-6121), which introduces the
matching optical path-difference. The measured fringe patterns
are depicted in fig. 3. Fig. 3(a) shows the measurement of dm0,
at 1.45 mm, for the LiNbO3 waveguide. The fringe pattern
around zero corresponds to the optical source, showing a
coherence-length of about 80 μm. Fig. 3(b) shows the matched
path-difference, as introduced by the PMF segment. Fig. 3(c)
shows the superimposed fringe patterns, when the sensor and
PMF demodulator are cascaded, thus demonstrating that both
components are optically matched.

B. Half-Wave Electric Field of the Electro-Optic Sensor

The half-wave electric field sensor can be measured by
using the set-up in fig. 4. For such a purpose, a DC electric
field has been generated by using a set of parallel plates,
which are driven by a high voltage-video generator [22]. In
this case, the plates are 8 mm-long and in contact with the
electrooptic crystal. The electric field is then directly sensed
by the optical waveguide. A computer program for controlling

Fig. 4. Experimental set-up for measuring the optical transfer function of
an optical delay-electric field sensing scheme.

Fig. 5. Theoretical and experimental electro-optic transfer function of a
LiNbO3 waveguide.

the high voltage power supply and the optical power meter
through a GPIB-interface, has been developed. The program
sweeps a high voltage between the parallel plates in order to
generate a testing DC electric field. The test field has been
varied in a range of 0-950 kV/m for observing a cycle of
eq. 7 and measuring the half-wave electric field.

Light coming from a super-luminiscent diode (SLD),
is injected in the sensing optical waveguide. The optical
waveguide introduces an optical path-difference dm0 , which,
at the same time, is modulated by the sensed electric field.
The modulated optical signal is transmitted to the PMF, where
optical demodulation takes place and the optical transfer func-
tion is automatically recorded. The optical transfer function
for an electro-optic interaction length of 8 mm, is shown in
fig. 5. In this figure, theoretical and experimental functions,
are displayed.

The measured transfer function is in good agreement to the
theoretical prediction given by eq. 6. The theoretical half-wave
electric field Eπ is 542.5 kV/m and the measured value is
493.5 kV/m.

The optical transfer function shows the different linear
sensing ranges, on depending on the electric field intensities.
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Fig. 6. Measured frequency response of the electric filed sensing scheme.

Linear ranges are between 0 and 200 kV/m and between 500
and 700 kV/m. From the graphs in fig. 5, it can be deduced
that linear sensing is obtained when the sensor is biased at DC
electric fields around 0 and 550 kV/m.

C. Frequency Response of the Electric Field Sensing Set-Up

The measured frequency response of the sensing scheme
is illustrated in fig. 6. The 3-dB electrical bandwidth is
around 6 MHz and is limited by the frequency response of
the high voltage video amplifier used to generate a video-
band electric field. This improved response is much higher
to the audio-frequency band that was tested in our previous
work [21]. Such a multi-MHz band was achieved as a high
voltage-video amplifier was available in our laboratory. The
inherent frequency response of LiNbO3 sensors, when sensing
an external electric field as generated by parallel plates, goes
potentially up to 2 GHz, hence its use for sensing microwave
electric fields is only limited by the frequency response of the
photo-receiver and the processing electronics.

V. TESTING THE VIDEO-BAND ELECTRIC FIELD

SENSING SCHEME

To show the practical application of the implemented sens-
ing scheme, based on optical delays, an experimental set-up
was configured for sensing high-intensity multi-MHz electric
fields, fig. 7. In fig. 8, the photograph of our laboratory
experimental set-up is also shown. The scheme uses the fiber-
pigtailed 17.5 mm-long LiNbO3 electro-optic sensor (inset
in fig. 8), which has been previously characterized as an
optical retarder. The optical demodulator is a segment of
4.61m of PMF. The experimental set-up includes a SLD
emitting at 1310 nm; a 10-MHz band photo-receiver and
single mode optical fiber channel. The first linear region of
transfer function in fig. 5, around 0 kV/m, has been used
for sensing 0-7 MHz AC electric fields. The electric field
is generated by applying a high AC voltage from the video
amplifier to the parallel plates. To achieve a linear modulation,
the electro-optic sensor was biased at a static electric field

Fig. 7. Experimental wide-band electric field sensing set-up using an optical
path-difference as information carrier.

Fig. 8. The experimental optical delay-based electric field sensing set-up.

around 0 kV/m. The static electric field bias point is provided
by the high-voltage video amplifier, whose output can fix
an offset static DC voltage on the parallel plates. To test
the sensing scheme, an AC electric field, ranging between
Epp = 0 kVpp/m and Epp = 150 kVpp/m, around 0 Kv/m
on the electrooptic transfer function of fig. 5, was generated.
This electric field range corresponds to the field sensed by the
optical waveguide.

It is very convenient to remind that after eq. 3, the strength
of the electric field in the air layer above the crystal surface is
35 times stronger than the measured by the optical waveguide.

Such a condition implies that the in-air sensed electric field
ranges between 0-5.25 MVpp/m. On the sensing device, the
effective electrical-optical interaction length is 8 mm. Such
a length determines a sensing range going up to several
MVpp/m.

The sensing range can be lowered by increasing the
electrical-optical interaction length.

After optical transmission, a 10-MHz trans-impedance
photo-receiver detected the optical signal, giving an AC volt-
age proportional to the sensed electric field.

The output voltage values, corresponding to a range of
0Vpp/m ≤ Epp ≤ 5.25 MVpp/m, are displayed in figure 9.
In this figure, the dots represent the measured output voltages.
The linear fitting of the measured voltages is also shown. The
linear relationship,V o = 0.0000007∗Epp + 0.5077, represents
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Fig. 9. The linear response of the sensing scheme in 0-5.25 MVpp/m range.

(a)

(b)

Fig. 10. (a) 1 MHz, 2.1 MVpp electric field. (b) Video electric field.

the calibration curve of the sensing scheme in the 0-5 MVpp/m
range. The measurement of a 1 MHz sinusoidal electric
field of 2.1MVpp/m (190mVpp output signal) is shown in
fig. 10(a). In fig. 10(b), the detection of a video electric
field is also displayed. In these graphs, the upper waveform
corresponds to the input voltage to the video amplifier; the
lower waveform corresponds to the output voltage as delivered
by the trans-impedance photo-receiver. The output noise has
been measured and is limited to 0.0175Vrms. For an output
voltage of 1.9Vpp (0.671 Vrms), the signal to noise ratio
is better than 30 dB [24], [25]. The tested sensing scheme
represents a promising technique as it shows a high-quality
sensing-detection process including wide-band frequency
response, high linearity and high signal to noise ratio.

Fig. 11. DC-drift comparison.

VI. DC-DRIFT STABILITY ON LiNbO3
DIELECTRIC SENSORS

Birefringent LiNbO3 optical waveguides, used as electric
field sensors, show inherent DC-drift instability, as a result
of the polarization sensitivity due to temperature variations.
The DC-drift manifests as a mean DC voltage variation
at the output of the electric field sensing scheme. The
DC-drift of our electric field sensing scheme was mea-
sured and the performance is shown in figure 11. The
DC-drift ranges between 0 and +2.5 VDC, in an 8 hours
period. When using LiNbO3 birefringent sensors, the com-
pensation of the DC drift requires that the mean DC output
voltage can be monitored and continuously adjusted, as to
ensure a 0 VDC output at any time. This monitoring requires
that light, at the output of the electrooptic sensor, be sampled
and photodetected to give the DC-drift voltage. Such a voltage
will be compared to a reference dc voltage. An error voltage
will be generated in order to adjust the dc operating point as
to maintain the dc static electric field at the quadrature point
on the electrooptic transfer function. A potential solution of
the DC-drift on birefringent electrooptic sensors is the use
of polarization insensitive electrooptic devices. Such devices
are optical unbalanced MZ interferometers, implemented on a
X-cut, Z-propagating LiNbO3. In this case, an optical delay
can be introduced by a differential length of the interferometer
arms and the device performs as a polarization insensitive
sensor, as it does not exhibit birefringence. In the X and Y
axes, the refractive index is the ordinary one(n0), hence, there
is no birefringence and an optical delay can be introduced
only by different path lengths. In the aim of a quantitative
comparison, the DC-drift on an unbalanced MZ-interferometer
has been measured and is also shown in figure 11. The
unbalanced MZ interferometer shows minimum DC-drift when
compared to the birefringent sensor response.

VII. CONCLUSION

In this paper, a multi-MHz electric field sensing scheme,
based on an optical delay, has been reported. The operating
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principle is based on the introduction of an optical path-
difference, by a birefringent electro-optic LiNbO3 waveguide,
which, at the same time, acts as electric field sensor. The
optical path-difference is modulated by the wide-band sensed
electric field. The optical transfer function is a very important
characteristic as it determines the linear and non-linear oper-
ating regions of the electro-optic sensor. In this work a 17.5-
mm optical waveguide introduced an optical path-difference
of 1.4525 mm, which acts as the optical carrier. The electric
field-modulated optical carrier can only be demodulated by
matching a second optical path-difference of 1.4525 mm.To
show a practical application, the 17.5 mm sensor was inte-
grated in a sensing scheme and AC electric fields, in a band up
to 7 MHz, were successfully measured. The linear sensing of
a 0-5.25 MVpp/m electric field range has been demonstrated.
The scheme exhibits a high linear response when the sensor
has been biased at around a 0 kV/m static electric field. The
electric field sensing range was determined by the 8 mm
electrical/optical interaction distance. The measurements show
a high signal to noise ratio of around 30 dB.The optically
detected electric field can be measured and the real external
electric field is 35 times greater, as described in the paper. The
DC-drift is a characteristic of a birefringent LiNbO3 electroop-
tic sensor. To compensate for such an effect, a polarization-
insensitive unbalanced LiNbO3 MZ-interferometer, can be
used to configure wide-band, optical delay-based electric field
sensing scheme. Work is in progress in our laboratory to
configure experimental schemes using polarization-insensitive
electrooptic sensors.

ACKNOWLEDGMENT

The authors would like to thank the grant 67305-AC-2006-
52148 from the Mexican Consejo Nacional de Ciencia y
Tecnología (CONACYT), for supporting this work.

REFERENCES

[1] N. S. Nahman, M. Kanda, E. B. Larsen, and M. L. Crawford, “Methol-
ogy for standard electromagnetic field measurements,” IEEE Trans.
Instrum. Meas., vol. 34, no. 4, pp. 490–503, Dec. 1985.

[2] A. R. Johnston, H. Kirkham, and B. T. Eng, “DC electric field meter with
fiber optic readout,” Rev. Sci. Instrum., vol. 57, no. 11, pp. 2746–2753,
Nov. 1986.

[3] H. Kirkham, “Measuring electric fields from power lines: Part 1,”
IEEE Instrum. Meas. Mag., vol. 9, no. 3, pp. 54–56, Jun. 2006.

[4] H. Kirkham, “Measurement of electric fields generated from alternating
current,” IEEE Instrum. Meas. Mag., vol. 9, no. 5, pp. 58–61, Oct. 2006.

[5] H. Kirkham, “Dust devil and dust fountains: The measurement chal-
lenges,” IEEE Instrum. Meas. Mag., vol. 9, no. 6, pp. 48–52, Dec. 2006.

[6] C. J. Harland, T. D. Clark, and R. J. Prance, “Remote detection of
human electroencephalograms using ultrahigh input impedance electric
potential sensors,” Appl. Phys. Lett., vol. 81, no. 17, pp. 3284–3286,
Oct. 2002.

[7] (2012, Aug.). Electric Field Sensor, Campbell Scientific Inc., Logan,
UT, USA [Online]. Available: http://www.campbellsci.com/electric-fiels-
sensor CS110

[8] (2012, Aug.). Electric Field Mill Sensor EFS 1000 Series,
Mission Instruments Corporation, Tucson, AZ, USA [Online]. Available:
http://www.missioninstruments.com/pages/products/efs1000.html

[9] N. A. F. Jaeger and L. Young, “High-voltage sensor employing
an integrated optics Mach-Zehnder interferometer in conjuction with
a capacitive divider,” IEEE J. Lightw. Technol., vol. 7, no. 2,
pp. 229–235, Feb. 1989.

[10] T. Meier, C. Kostrzewa, K. Petermann, and B. Schuppert, “Integrated
optical E-field probes with segmented electrodes,” IEEE J. Lightw.
Technol., vol. 12, no. 8, pp. 1497–1503, Aug. 1994.

[11] Y.-S. Yim, S.-Y. Shin, W.-T. Shay, and C.-T. Lee, “Lithium niobate
integrated-optic voltage sensor with variable sensing ranges,” Opt.
Commun., vol. 152, nos. 4–6, pp. 225–228, Jul. 1998.

[12] Y.-K. Choi, M. Sanagi, and M. Nakajima, “Measurement of low fre-
quency electric field using Ti:LiNbO3 optical modulator,” IEE Proc. J.
Optoelectron., vol. 140, no. 2, pp. 137–140, Apr. 1993.

[13] D. H. Naghski, J. T. Boyd, H. E. Jackson, S. Sriram, S. A. Kingsley, and
J. Latess, “An integrated photonic Mach-Zehnder interferometer with no-
electrodes for sensing electric fields,” IEEE J. Lightw. Technol., vol. 12,
no. 6, pp. 1092–1097, Jun. 1994.

[14] Z. Fuwen, C. Fushen, and Q. Kun, “An integrated electro-optic E-field
sensor with segmented electrodes,” Microw. Opt. Technol. Lett., vol. 40,
no. 4, pp. 302–305, Feb. 2004.

[15] T.-H. Lee, F.-T. Hwang, W.-T. Shay, and C.-T. Lee, “Electromagnetic
field sensor using Mach-Zehnder waveguide modulator,” Microw. Opt.
Technol. Lett., vol. 48, no. 9, pp. 1897–1899, Sep. 2006.

[16] K. Hidaka and H. Fujita, “A new method of electric field measurements
in corona discharge using Pockels device,” J. App. Phys., vol. 53, no. 9,
pp. 5999–6003, Sep. 1982.

[17] Y. J. Rao, H. Gnewuch, C. N. Pannell, and D. A. Jackson, “Electro-optic
electric field sensor based on periodically poled LiNbO3,” Electron.
Lett., vol. 35, no. 7, pp. 596–597, Apr. 1999.

[18] V. N. Filippov, A. N. Starodumov, Y. O. Barmenkov, and V. V. Makarov,
“Fiber-optic voltage sensor based on a Bi12TiO20 crystal,” App. Opt.,
vol. 39, no. 9, pp. 1389–1393, Mar. 2000.

[19] F. Cecelja, M. Bordovsky, and W. Balachandran, “Lithium niobate sensor
for measurement of DC electric fields,” IEEE Trans. Instrum. Meas.,
vol. 50, no. 2, pp. 465–469, Apr. 2001.

[20] C. Gutierrez-Martínez, “Electric field sensing schemes using low-
coherence light and LiNbO3 electrooptical retarders,” in Optical Fibre,
New Developments, C. Lethien, Ed. Vukovar, Croatia: InTeh, Dec. 2009,
ch. 6.

[21] C. Gutiérrez-Martínez and J. S. Aguilar, “Electric field sensing scheme
based on matched LiNbO3 electro-optic retarders,” IEEE Trans. Instrum.
Meas., vol. 57, no. 7, pp. 1362–1368, Jul. 2008.

[22] (2012, Nov.). 250 Series High Voltage Video Amplifier, Leysop Ltd.,
Essex, U.K. [Online]. Available: http://www.leysop.com/m250.htm

[23] C. Gutiérrez-Martínez, J. Santos-Aguilar, R. Ochoa-Valiente,
M. Santiago-Bernal, and A. Morales-Díaz, “Modeling and experimental
electro-optic response of dielectric lithium niobate waveguides
used as electric field sensors,” Meas. Sci. Technol., vol. 22, no. 3,
pp. 035207-1–035207-7, Mar. 2011.

[24] P. J. Fish, Electronic Noise and Low Noise Design. New York, NY, USA:
McGraw-Hilll, 1993, ch. 4.

[25] L. W. Couch, Digital and Analog Communications Systems. New York,
NY, USA: Macmillan, 1993, ch. 2.

Celso Gutiérrez-Martínez (M’89) was born in
Oaxaca, Mexico. He received the B.S. degree in
electronics and communications engineering from
ESIME, Instituto Politécnico Nacional, Mexico, in
1985, the M.S. degree in electrical engineering
from CINVESTAV-IPN, in July 1985, and the
Ph.D. degree in “sciences pour l’Ingenieur,” from
the Université de Franche-Comté, France, in 1994.
Since November 1994, he has been with the Insti-
tuto Nacional de Astrofisica, Optica y Electronica,
Tonantzintla, Mexico, where he works in the fields

of electronics, optoelectronics, microwaves, millimeter waves, radio over fiber
for telecommunications and signal processing.



GUTIÉRREZ-MARTÍNEZ et al.: ON THE DESIGN OF VIDEO-BANDWIDTH ELECTRIC FIELD SENSING SYSTEMS 4203

Joel Santos-Aguilar was born in Puebla, México.
He received the B.S. degree in electronics from the
University of Puebla, Puebla, the M.Sc. degree in
electronics and the Ph.D. degree in optics from the
Instituto Nacional de Astrofisica, Optica y Elec-
trónica, Tonantzintla, México, in 2005 and 2009,
respectively. He is currently collaborating in research
activities in optoelectronics and radio over fiber with
the Centro de Invetigación Científica y Educación
Superior de Ensenada, Ensenada, Mexico, in the
frame of post-doctoral scholarship.

Adolfo Morales-Díaz was born in Puebla, México.
He received the B.S. degree in electronics from the
University of Puebla, Puebla, in June 2012. He is
currently collaborating with the Instituto Nacional
de Astrofisica, Optica y Electronica, Tonantzintla,
México. He is currently on research activities related
to radio-frequencies, optoelectronics and instrumen-
tation.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


