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Abstract—The use of a Ti:LiNbO3 asymmetric Mach-zehnder 

interferometric intensity modulator with a push-pull lumped 

electrode and a plate-type probe antenna to measure an electric 

field strength is described. The minimum detectable electric 

fields are 0.823 and 5.19 V/m at frequencies 500 KHz and 5 MHz 

respectively.  
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I.  INTRODUCTION 

Electric field sensors are widely used in electromagnetic 
compatibility (EMC) technology area and their importance is 
increasing with the progressing of mobile multimedia 
communication fields [1]. Even though various kinds of 
sensors have been developed the all-optical electric-field sensor 
uniquely has several advantages [2]. In this work, an integrated 
electro-optic electric field sensor with asymmetric Ti:LiNbO3 

Mach-Zehnder interferometer with push-pull lumped electrode 
structure and a plate-type probe antenna is designed and 
fabricated. 

II. THEORY, FABRICATION AND PROPERTIES OF TI:LINBO3   

MACH-ZEHNDER INTERFEROMETRIC MODUALATOR 

A configuration of the electro-optic sensing part is shown 
in Fig. 1. The optical waveguide circuit is an asymmetric 
Ti:LiNbO3 Mach-Zehnder interferometer with lumped-type 
push-pull electrode structure.[3] The applied voltage (namely, 
electric field) produces equal and opposite phase shifts in the 
light beam propagating in the two parallel channel waveguides 
(namely, arms), thereby leading to a net phase shift of twice the 
phase shift per each channel. When the two light beams 
recombine at the output combiner the phase modulation is 
converted to an amplitude-modulated signal at the same 
frequency of the applied signal voltage. Therefore the light 
signal amplitude is proportional to the applied electric field. 

 

FIG. 1. Schematic diagram of an asymmetric Mach-Zehnder 
interferometer with metal electrode:  

In the electrode structure on the device shown in Fig. 1, the 

applied signal voltage produces the electric field along the z-
axis direction, Ez which cross the channel waveguides in the 
lithium niobate. This Z-directed electric field interacts with 
light beam propagating in the channel waveguide to produce 
electro-optic modulation. The electric field vector of the light 
wave propagating in the Ti:LiNbO3 channel waveguide should 
be also oriented in the Z-direction. This electric field generated 
by the applied voltage modifies the extraordinary refractive 
index, ne of the substrate through the linear electro-optic effect 
which is given by 

∆n�(E) = − 	

 n�

�γ��EΓ                       (1) 
where r33 is the electro-optic coefficient of lithium niobate (~30 
pm/V) and Γ (0 < Γ< 1) accounts for the numerical degree of  
the mutual interaction between the applied electric field and the 
optical field in the channel waveguides. The electrodes are 
oriented such that the electric field through each arm has 
opposite polarity and therefore the two phase changes add in 
determining the net phase difference when the optical signals 
recombine at the output.  

The phase shift produced by the electric field in each arm is 
converted to amplitude intensity modulation at the combiner of 
the interferometer. The optical power transfer function of the 
device can be expressed as follows: 

  P��� = P��cos
 ���
 � =
���

 {1 + cos(Δϕ)}              (2) 

where Δϕ is the net accumulated phase difference between the 
arms and is composed of two terms Δϕ = ϕ� + Δϕ�(E). The 
inherent phase difference ϕ� is caused by physical path length   
and effective refractive index difference between two channel 
waveguides. The second term Δϕ�(E) is linearly dependent on 
the electric field. A linear response to the electric field can be 
obtained by setting the phase bias to ϕ�=π/2 and operating 
with a small phase change Δϕ�(E)≪1.  

 

FIG. 2. Photograph of fabricated electric-field sensor with pig-
tailed optical fibers and a copper plate-type probe antenna 

The Mach-Zehnder interferometer modulators were 
fabricated on x-cut LiNbO3 substrates using standard 
photolithographic technique. Channel waveguides were formed This research was supported by Basic Science Research Program through 
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by diffusing a 1050 Å-thick, 7.5 µm-wide stripe of Ti film at 

1050 
o
C in wet ambient. The substrate edges were optically 

polished to allow butt coupling and pig-tailing. ~

SiO2 buffer layer was deposited using e-beam evaporation and 
99.99 % pure SiO2 pellets to prevent the propagation loss 
caused by the optical absorption of the electrode metal. ~

Å-thick aluminum lumped electrodes were fabricated to allow 

the sensing of electric field. Polarization maintaining single
mode and multi-mode optical fibers were attached to the input 
and output waveguides, respectively. Finally, a 20 x 10 mm 
plate-type external probe antenna of copper was attached to the 
electrode on the substrate. Figure 2 is the microscope 
photograph of the fabricated device with attached optical fibers 
and a copper plate-type antenna. 

Figure 3 shows the optical output power
voltage   measured by the optical power meter
a 23 mm electrode length and a 15.5 µm gap. It exhibited the 
modulation depth of 80 % and Vπ voltage of 
respectively. Even though we actually designed the waveguide 
such that the operating point was half the value of the 
maximum intensity of the light power, the operation point was 
almost quarter the value of the maximum intensity
phase bias of ϕo=~π/4.  

FIG. 3. Electro-optic DC modulation trace 
Mach-Zehnder modulator 

III. MEASUREMENT AND EXPERIMEMTAL

Frequency tests, evaluating the minimum detectable field 
and frequency response of the fiber coupled sensor were 
performed using a tunable laser operating at a wavelength of 
1.3µm. Incident optical power was of order of 
4 shows a block diagram of the experiment setup. The 
dBm (10 µW~100mW) RF input to the TEM cell
to the electric field strength from 0.293 m/V to 23.2 m/V
actual field intensity experienced on the sensor substrate 
23.2 V/m in TEM cell is 0.66 V/m due to the high dielectric 

constant of LiNbO3 (ε ≈ 35).  

FIG. 4. Block diagram of the test setup for the measurement of 
electric field sensing and the evaluation of the frequency 
response 

Fig. 5 shows the spectrum analyzer outputs for a 20 dBm input 
to the TEM cell at frequencies of 500 KHz and 

wide stripe of Ti film at 

in wet ambient. The substrate edges were optically 

tailing. ~3000 Å-thick 

beam evaporation and 
pellets to prevent the propagation loss 

ption of the electrode metal. ~5000 

thick aluminum lumped electrodes were fabricated to allow 

the sensing of electric field. Polarization maintaining single-
mode optical fibers were attached to the input 

ively. Finally, a 20 x 10 mm 
type external probe antenna of copper was attached to the 

is the microscope 
photograph of the fabricated device with attached optical fibers 

optical output power versus applied 
optical power meter. The device has 

mm electrode length and a 15.5 µm gap. It exhibited the 
voltage of ~5.0 V at DC, 
designed the waveguide 

such that the operating point was half the value of the 
maximum intensity of the light power, the operation point was 

the value of the maximum intensity, namely the 

 

 on an asymmetric 

EXPERIMEMTAL RESULTS 

Frequency tests, evaluating the minimum detectable field 
and frequency response of the fiber coupled sensor were 
performed using a tunable laser operating at a wavelength of 
1.3µm. Incident optical power was of order of ~14 mW. Figure 
shows a block diagram of the experiment setup. The -20 ~ 20 

) RF input to the TEM cell corresponds 
to the electric field strength from 0.293 m/V to 23.2 m/V. The 
ctual field intensity experienced on the sensor substrate from 

V/m due to the high dielectric 

 

. Block diagram of the test setup for the measurement of 
electric field sensing and the evaluation of the frequency 

shows the spectrum analyzer outputs for a 20 dBm input 
to the TEM cell at frequencies of 500 KHz and 5 MHz. The 

measured RF power received at the photo
measured to -61.69dBm and 
frequencies, respectively. 

(a)                                           

FIG. 5. The rf responses of sensor to (a) a 50
MHz rf input signal into the TEM cell a power level of 100 
mW 

The noise floor and signal power
dBm and -93.08 dBm, and -61.69 dBm and 
frequencies 500 KHz and 5 MHz, 
5. Therefore, the internal electric field of 
produces an SNR of ~29 dB
detectable electric fields are 0.823 and 5.19 V/m,
based on the Emin = 23.2×10

(-SNR

FIG. 6. Graph showing photo
electric field strength into TEM cell at different frequencies

The figure 6 shows the sensitivity curves at frequencies of 
500 KHz, 1 MHz and 5 MHz. As shown in Fig. 
exhibits almost linear response for the applied 
intensity from 0.293 V/m to 23.2 V/m.
of about 35 dB, 25 dB and 10dB at
MHz and 5 MHz, respectively. 

IV. CO

We have successfully fabricated an electric field sensor 
which integrated Ti:LiNbO3 Mach
conventional lumped push-pull electrodes with a plate
probe antenna, which utilizes the electro
modulate the phase of the light propagating in each arm of the 
device. 
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. The rf responses of sensor to (a) a 500 KHz and (b) 5 
Hz rf input signal into the TEM cell a power level of 100 

power measured are about -90.94 
61.69 dBm and -80.38 dBm at 

MHz, respectively as shown in Fig. 
. Therefore, the internal electric field of 23.2 V/m in TEM cell 

9 dB and ~13 dB. The minimum 
0.823 and 5.19 V/m, respectively, 
SNR/20)

. 

 

. Graph showing photo-detected signal power versus 
into TEM cell at different frequencies 

shows the sensitivity curves at frequencies of 
MHz. As shown in Fig. 6, the sensor 

linear response for the applied electric field 
23.2 V/m. It has a dynamic range 

, 25 dB and 10dB at frequencies of 500 KHz, 1 
.  

CONCLUSION 

fabricated an electric field sensor 
Mach-Zehnder interferometer and 
pull electrodes with a plate-type 

probe antenna, which utilizes the electro-optic effect to 
modulate the phase of the light propagating in each arm of the 
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