Mach-Zehnder interferometer whose half-
ve voltage is about 4V and a YAG laser
ed by a laser diode whose output power is
are used to improve the sensitivity of a
b03 electromagnetic field sensor. The
1ting frequency response is almost flat
1 100Hz to 300MHz and the minimum detec-
e electric field strength is 1mV/m at
and 0.14mV/m at 750MHz. The fregquency
se of the sensor is analyzed using the
nt method, and the calculated results
. with the measured results. The improved
_can measure an electromagnetic impulse
peak value is larger than 10V/m and
s wider than 5ns.

progress in Electromagnetic Com-
ty (EMC) has created a need for a
le-band electric field sensor for ap-
to the electromagnetic interference
ing and design of information tech-

ipment as well as the testing of
ement facilities and the measure-
electromagnetic pulses. A serious
such sensors is the influence of
cable which connects the sensor
1 meter. A sensor which uses a
e or optical fiber in place of
able has been developed to solve

which uses a resistive line
ctric field by means of a diode
en dipole elements and trans-
ected a DC level to voltmeter
stive line. The sensor is so
it is developed for use as a
tric field sensor[1l],[2].
the fundamental problem that
re frequency and phase infor-

sors using optical fiber have
These sensors can be class-
€s: sensors which convert an
trength to an optical signal
°r diode or a light emitting
3¢ which convert an electric
~an optical signal by means
ator using electro-optical
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crystals such as LiNbO3, LiTaO3[4]1,[5},[6].

The sensor which uses electro-optical crys-
tals has the following superior points: In-
fluence on electromagnetic fields is reduced
because most of the sensor materials are non-
metallic, the operating time of the sensor is
not limited, and the operating frequency
bandwidth is very wide. However, the sen-
sitivity of the sensor should be improved be-
cause the minimum detection level is only
about 0.01V/m, and the frequency response of
the sensor has not been cleared.

This paper presents a highly sensitive
wide-band electric field sensor, whose sen-
sitivity is improved by a low driving voltage
optical modulator and a high power light
source. The measured and calculated sensor
characteristics are also described.

2. Configuration

The configuration of the sensor is il-
lustrated in Fig.l. Two metal rods are
aligned and separated by a small gap, in
which an optical modulator is located. When
an electric field applied to the metal rods,
a voltage is induced across the gap by
electromagnetic induction. The optical
modulator converts the voltage to an optical
signal, whose level is measured by the photo-~
detector to obtain the electric field
strength.

The external view of the sensor is shown in
Fig.2. The sensor is made of nonmetallic
materials so as to minimize the disturbance
to the electric field. Metal-rod elements
that are 50mm long and 4mm in diameter are
connected to each electrode of the optical

modulator, so the overall length of the ele-
ments is 140mm, including the width of the
modulator.

A 30m polarization maintaining fiber con-
nects the sensor to the optical source, and a
30m single-mode fiber connects the sensor to
the photodetector.

A Ge avalanche photo-diode (APD) is used as
the detector. It is operated by a constant
voltage drive so as not to saturate the out~
put woltage with high optical input power.
The APD operation level is 38V DC. The input
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optical power of the modulator is 11dBm, and
the input optical power of the photodetector
is 2dBm. However, since the polarization is
tuned for the maximum sensitivity, the input

power is about -6dBm in actual measurement
conditions.

3.Improvement of sensitivity

The electric field sensor in Fig.l is rep-
resented by the equivalent circuit in Fig.3,
where Cp is the input impedance of the opti-
cal modulator, Z5; is the driving point im-
pedance of the dipole element formed by the
pair of metal rods[7], heg is the effective
length of the dipole element[7] and Ly is an
inductance caused by the contact lead between
the metal rods and the electrode of the
modulator. The input impedance Cp is usually
represented by a capacitance because the ter-
minal of the optical modulator is insulated.
Using this equivalent circuit, the voltage
impressed on the optical modulator Vg is
given by

Ve = E*hg/(1+ o Cp(J%g - @ Ly)), (1)

where, E is {he electric field strength and
w 1is angular frequency.

When a Mach-Zehnder optical modulator is
used, the relation between the impressed
voltage of the optical modulator and the out-
put voltage at the photodetector Vy is given
by[8]

Vy = Cp*Pin*(1+ cos(n Vo/Vy ))/2, (2)

where Pjpn is the optical input power of the
modulator, Cpg is a conversion factor which
includes the efficiency of the photodetector,
insertion loss of the optical modulator and
optical fiber loss, and V, is the half-wave
voltage of the optical modulator.

Substituting Eg.(l) into Eg.(2), the rela-
tion between the electric field strength and
the output voltage is given by

Vy=Cp*Pjin*(l+cos(n *(E*he/ (1
+ @ Cp(J%a=w Lp)))/Vy )/2 (3)

Equation (3) shows that a powerful optical
source and low half-wave voltage optical
modulator effectively improve sensitivity.
Therefore, a wide-band and low driving-power
optical modulator whose half-wave voltage is
about 4V is used[8]. This modulator is a
Mach-Zehnder interferometer formed from a 7um
by 0.7x m waveguide on a 10mm by 40mm Z-cut
LiNbO3 plate. The electrode length is 27mm
and the gap width is 15p m. A Nd:YAG laser
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pumped by a laser diode wh
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Fig.3 Equivalent circuit of the sensor.
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5. Theoretlcal consideration of frequency
response

The sensitivity of
above 300MHz as shown
frequency response of the optical modulator
is almost flat from DC to 1GHz[8], the
frequency response is determined by the
dipole element of the sensor and the contact
lead between the dipole element and the
electrode of the modulator. Therefore, the
frequency response of the sensor is studied
on the basis of the equivalent circuit shown
in Fig.3.

the sensor rolls up
in Fig.5. Since the

The dipole element of the sensor is equiv-
alent to a dipole antenna. Therefore, if the
dipole element is divided into segments of

length A h, the effective length hg and the
driving point impedance Zy in Fig.3 are glven
by[7]
N . \\\\
he = = {Ij+ Ah/ IN/2}, (5)
i=1 '
Za = VN/2/ IN/2- (6)

where I; is the current in each segment, and
Vn/2 and In/2 are respectively the segment
voltage and current at the driving point of
the dipole element. These vales can be calcu-
lated using the moment method[9].

The input impedance of the optical
modulator Cp is obtained by measuring the
capacitance between the electrodes at 1lkHz,
and this value is presented in Fig.3.

The relation between the input voltage of
the optical modulator V. and the electric
field E is calculated on the basis of the
equivalent circuit in Fig.3. Since the sen-
'sitivity of the optical modulator is almost
- flat from DC to 1GHz[8], the value represents
‘the frequency response of the sensor. The
calculated results are shown in Fig.7, where
~the inductance of the lead wire is changed
from OnH to 200nH. As shown in Fig.8, the
sensitivity of the sensor increases in
roportion to increase in the inductance. On
the other hand, the frequency showing the
- maximum sen51t1v1ty is decreased in propor-
tion to the increase in inductance. When L

OnH, the sensitivity is also increased at
. The SenSlthlty lncrease is conSLdered

ength alone. When Ly is not OnH,~the sen-
_1t1v1ty 1ncrease 1s caused by the resonance
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measured results in Fig.5. Th
values are also shown in Fig.
shows that the calculation re
41nH almost agree with the measu:
means that the frequency respons:
sor can be calculated from the
circuit in Fig.3, and that th
increase at 750MHz is due to th
the effective length and the res
lead wire inductance.

6. Sensor properties
6.1 Optical power dependence

The relation between the o
power of the sensor and output
photodetector is shown in Fig.
output levels of the photodetec
malized by the maximum value. Th
put power is tuned by optical a
frequency of 50MHz and field
0.64V/m are selected for the
conditions. The measured resul
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voltage increases proportionally
ptical power. This means that a
optical source improves the sen-
the sensor.

element length dependence

tion between the sensor output
the dipole element length is
n a semi-anechoic chamber. The ex-
setup is shown in Fig.9. A sensor
away from the transmitting an-
electric field is generated by a
erator with power amplifier and
g antenna. Both the transmitting
d sensor polarization are set to
al. The measurement results are
g.10, where the solid line repre-
alues calculated using the equiv-
it of Fig.3, and the dots indicate
alues. The measured values almost
the calculated values, and the
tage of the sensor is proportional
le element length. This means that
ent circuit in Fig.3 is useful in
the properties of the sensor.

polarization

-polarization characteristics of
are measured with the experimental
in Fig.ll. The sensor is set on
a tower, and the polarization of
is tuned from Odeg to 360deg. The
ation is measured. The measurement
re shown in Fig.1l1l. Cross-
on of a half-wavelength dipole an-
lso measured for reference. Figure
hat the cross-polarization of the
almost the same as that of the
gth dipole antenna.

response

lse response of the sensor is
ith the experimental setup shown in
ulse generator is connected to the
nal of the TEM cell, and an im-
romagnetic field is generated in
1. The waveform of the pulse is
rom the measured waveform at the
nal of the TEM cell. The waveform
the sensor is calculated from the
the photodetector and the trans-
ent Af shown in Fig.6.

ts are shown in Fig.13, where the
ne presents the impressed
netic pulse and the solid line
€ measured values. An electromag-
.Se whose width is 5ns and peak
out 30V/m is generated in the TEM
- Fig.13, the measured waveform
ely with the impressed waveform.
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Fig.l12 Experimental setup for measuring
impulse response of the sensor.
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Fig.13 Impulse response of the sensor.

This results means that a electromagnetic im-
pulse whose width is wider than 5ns and whose
peak value is larger than 10V/m can be
measured by this sensor.

8. Conclusion

A sensor using electro-optical crystals has
been developed to support EMC studies such as
the measurement of electromagnetic pulse.

The sensor features improved sensitivity
obtained by using a low driving-power optical
modulator whose half-wave voltage is about 4V
and a YAG laser pumped by a laser diode as a
high power optical source. The sensor can
detected the minimum field strength of 1mV/m
at 50MHz and 0.14mV/m at 750MHz. The
frequency response of the sensor and the sen-
sor rod length dependence calculated
theoretically, considering the inductance due
to the lead wire, almost agree with the
measured values. The sensor can measure an
electromagnetic impulse whose width is wider
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than 5ns and whose peak v
10vV/m.

This sensor has sufficie
for use in EMC measurement
the reproducibility and
measurements will be checke
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