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A new integrated optical three-dimensional (3D) electric field (E-field) sensing system is shown in this paper. In the

system, the method of tuning laser’s wavelength is used for controlling the working point of the integrated optical

E-field sensor to keep it always in linear working area. The sensing system contains three independent E-field sensors,

and the tuning of their working points and the sensing of electric signal are completed by adopting time-division mul-

tiplexing (TDM) technique. Then, the theoretical analysis and simulation of the working mechanism of the E-field

sensing system are done in this paper. The results show that the bandwidth of electric signal is directly related with the

tuning time of working point, and also determines the working rate of the controlling system.
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The technology of using capacitance probe and various
antennas for E-field measurement has been relatively
mature, and its application is very wide!"). But in the ap-
plication, the sensors made by using electronic technol-
ogy also have many shortcomings, and the most serious
one is disturbing the E-field measurement®. In ex-
tra-high voltage or high power test, this kind of sensor
probes containing lots of circuits are likely to be de-
stroyed by the test field with high voltage®. At present,
the integrated optical E-field sensors with the features of
high sensitivity and high bandwidth have been used for
the electromagnetic compatibility testing (EMC)Y), in-
tensive E-field pulse testing!®®, humidity sensing™, and
especially for high voltage test with power frequency!'”.
However, the drift of working point in the integrated
optical device will affect the sensitivity and dynamic
range of the sensor!'". Now, most of integrated optical
E-field sensors are one-dimensional, which can only
sense a fixed direction of E-field or a field component!'?.
There have been many researches about the traditional
three-dimensional (3D) E-field sensors and systems!'>'¥,
but the researches about integrated optical 3D E-field
sensors and systems are still few. In this paper, an inte-
grated optical 3D E-field sensing system based on time-
division multiplexing (TDM) is designed and fabricated.
The integrated optical 3D E-field sensing system pro-
posed in this paper is shown as Fig.1. In Fig.1, the an-
tennas of three sensors are orthogonally arranged to form
a rectangular coordinate system in 3D space. The E-field
vector in any direction of space can be decomposed to
three orthogonal components (along x, y and z directions)
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in this rectangular coordinate system. The three orthogonal
E-field components are respectively parallel to the an-
tennas of three sensors, so the output signals of three
sensors represent the three components of E-field signal
in the space.
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Fig.1 Integrated optical 3D E-field sensing system

The sensors in Fig.1 are fabricated based on lithium
niobate material adopting Mach-Zehnder (M-Z) structure.
And the transfer function of M-Z E-field sensor is de-
scribed as follows!"":

P = rap, [ +eosx ™D 4 g, (M)

2 u,
where ¢ is the loss factor of the system, u(¢)is the
induced external electric signal on electrode or antenna,
u, is half-wave voltage, and ¢ is the biasing phase. In
order to control the sensor’s working point effectively,
we choose a waveguide structure as shown in Fig.2.

Through tuning the output light wavelength of the laser
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in C waveband, we can find the proper one to achieve
optical offset of the working point.

Fig.2 Schematic diagram of the asymmetric M-Z structure

Therefore, the system shown in Fig.1 adopts the TDM
scheme to control the working points of three sensors.

It is deserved to be mentioned that sensor 1 is not only
the tuning object but also the current worker of the sens-
ing system. When the tuning of sensor 1 is completed,
the sensing signal from SSL should be sampled by
analog to digital converter (ADC), and then the sample
data should be saved. The sensors 2 and 3 are handled in
the same way. After a tuning cycle, SCCS can get an
array containing three elements which respectively rep-
resent three orthogonal component values of the external
E-field. So the real amplitude and vibrating direction can
be easily calculated with the three orthogonal compo-
nents. After that, the sampled signal is transmitted to an
oscilloscope through the digital to analog converter
(DAC) and low pass filter (LPF), and its waveform and
phase information can be observed.

The expression of the external E-field can be de-
scribed as:

E(r,t)y=rcos(ax+86,), 2)

where r=Er, is the oscillatory direction vector of E-
field, and Ej is the maximum amplitude of E-field. ryis
the oscillatory direction unit vector of E-field and

=[cos(@),cos(S),cos(¥)], where a, f and y are the
included angles between the unit vector and rectangular
coordinate axis x, y and z, respectively. w is the oscilla-
tory angular frequency of E-field, and 6, is the initial
phase of E-field.

From Eq.(2), three components of the external E-field
in axis x, y and z can be described as follows:

E (t)=E,cos(x)cos(ax +6,) , 3)
E (t)=E,cos(f)cos(ax +86,), 4)
E_(t)=E, cos(y)cos(ax +86,) . %)

If three sensors are working in linear area, set @ =m/2
and put Eqs.(3)=(5) into Eq.(2):

P =an s, (6)
where E_ is the half-wave E-field intensity of sensor,
and it is assumed that half-wave E-field intensities of the
three sensors are the same. Constant coefficient is 1/6,
because the power is divided into three parts into three
sensors. If EA(t) <E_,

PO =¢aP[1-2E (1), ©)

X7 in
k.

Optoelectron. Lett. Vol.9 No.4 + 0271 «

and the same as direction x,

lz,‘(t)=%a,en[l—E1Ey(t>], ®)

n

1 e
P)y=—a P [1-—E.(1)]. 9
(1) G bl £ (0] €))
The output voltages of sensing signals through optical
detector in axis x, y and z can be described respectively
as:

1
V(t)= h—fCG A nEx(t)], (10)
viy="6. Lo p-TE (o (11)
¥ _hf; y©in Eﬂ: y >

_ne 1 T
VZ(t)_hfc 5 a.F,[1 "E(f)] (12)

where 77 is the photoelectric conversion efficiency, e
is the electronic charge quantity, f. is the oscillatory fre-
quency of light wave, /4 is the Planck constant, and G is
the gain of optical detector from current to voltage!"*.

If working point tuning cycle of the single sensor is
T/3, and the sampling period of sensing system is 7, the
sampled voltage signals are described as:

V. (n)=V[1- ElE cos(er)cos(aTh +6,)],

b4

n=012---, (13)
v.(m =Vl —ElEO cos(B)cos(wln +6,)],

n

n=0,1,2--, (14)

V.(m) =V.[1 = E, cos(y)cos(wln +6)).

n

n=0,1,2---, (15)
ne 1 ne 1
where VX=— —abP , V =—-G-—-aPF and
f 6 Y hf; 6 y
V. neG —a.P, .
hf, 6

From Eqgs.(13)—(15), the direction angles of external
E-filed can be calculated as:

_ -1 E, _K(”)
o) = cos [1tE0 cos(a)Tn+00)(1 V. )
n=0,1,2---, (16)
_ E, RAC)
Al = cos [nE cos(a)Tn+6’)(1 Vv, )
n=0,1,2---, (17)
_ -1 En _Vz(n)
yim)=cos [7tEocos(a)Trz+¢90)(1 Vv, )L
n=0,1,2---. (18)

The amplitude of external E-field is calculated as:
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E(n)=—"Lrn)V(n)E,cos(wln+6,),
T
n=0,12---, (19)
where

1 (1) = \Jcos™ (au(n)) + cos* (B(n)) +cos’ (#(n)),

n=0,1,2---, (20)
_ _Vx(n) 2 _V}(n) 2 _Vz(n) 2
V(n)—\/(l A ) +d v ) +d A )
n=0,1,2---. 21)

The vectorial expression of external E-field can be
described as:

E(n)= E, r,(n)V(n)E, cos(aln+6,),n=0,1,2---,(22)
T

1,(n) = [cos(ax(n)),cos(S(n)),cos(y(n))],
n=0,12-. (23)

According to the Nyquist sampling theorem, the original
external E-field signal can be recovered with no distor-
tion by letting the sampled signal through an appropriate
LPF when T<r/w.
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Fig.3 The relationship between maximum sampling in-
terval and maximum signal frequency

From Fig.3, it is known that the tuning time of single
sensor can be shorter with the increase of the highest
frequency of signal. For the frequency point of 50 Hz, it
is required that the tuning of single sensor must be com-
pleted in 0.01 s. If the maximum frequency increases
further, there will be higher requirements for the tuning
time of lasers, the time of sampling, calculating and con-
trolling, and the switching time of TDS.

Taking the power frequency of 50 Hz as an example, it
is assumed that the sampling time of the sensing system
is 1 ms, and vibration direction vector is (cos(60°), cos(80°),
c0s(31.948°)), then the original signal and sampled signal
are shown in Fig.4.

The changes of signal spectra before and after sam-
pling are shown in Fig.5, and the spectrum of original
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signal is shown in Fig.5(a). The signal is a single fre-
quency signal, so there are signals only at the frequency
points of +50 Hz. At this time, the spectrum of each
signal component will become a periodic one with the
period of 1 kHz. If let the three signal components
through an appropriate LPF to eliminate the signal with
frequency of more than 500 Hz and only reserve the sig-
nal near zero frequency, the original analog signal will be
restored almost with no distortion. By using the sampling
values of three signal components, the real signal ampli-
tude and vibration direction vector of the external E-field
can be calculated easily so as to realize the function of
E-field sensing.
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Fig.4 The original signal and sampled signal with
sampling time of 1 ms and vibration direction vector
of (cos(60°), cos(80°), cos(31.948°))
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Fig.5 The spectra of (a) original signal and sampled
signals in (b) x, (c) y and (d) z directions

This paper puts forward a new type of 3D integrated
optical E-field sensing system based on TDM, and it
realizes the automatic tuning of working points in three
independent integrated optical E-field sensors. The sens-
ing of E-field signal and the control of working points of
sensors are synchronously completed. Compared with
one or two dimensional E-field sensing systems, the 3D
E-field sensing system can give a comprehensive and
accurate sensing to the vibration direction, amplitude and
phase of the E-field in space. This system uses a single
optical source to control the working points of multiple
sensors to reduce the cost. According to the theoretical
analyses, it is known that the bandwidth of the signal is
directly related to the working point tuning time of the
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sensing system, and at the same time it also determines
the working rate of the controlling system.
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