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ABSTRACT Three-component fiber optic seismometers are widely used in the detection of seismic
signals. The arctangent approach of phase-generated carrier (PGC-Arctan) demodulation algorithm is one
of the commonly used demodulation techniques in FOISs. Nonlinear factors such as phase modulation
depth(C) variation and light intensity disturbance (LID) have an important impact on performance of
traditional PGC demodulation algorithms. This paper introduces a new demodulation algorithm called
Kalman filtering ellipse (PGC-Arctan-EKF) demodulation algorithm, which can improve the robustness of
the fitting. In order to meet the requirements of high performance and low power consumption of seafloor
sensing, Tri-Component fiber optic seismometer based on SOC(ARM +FPGA) is proposed in this paper.
The phase self-noise of the system is better than —115 dB re rad /Hz!/? and the large signal can reach 66 dB

re rad/Hz!/2 @220Hz with the THD is —61.22 dB.

INDEX TERMS Tri-component fiber optic seismometer, PGC-arctan-EKEF, ellipse fitting, SoC.

I. INTRODUCTION

Earthquake monitoring and early warning are of great signif-
icance for reducing property damage and casualties caused
by earthquakes. As the forefront of the seismic monitoring
system, the seismometer is directly related to the reliability
of the entire seismic network and plays an important role.

In the new generation of geophones, the fiber optic
seismic detector has the advantages of a passive sensor,
strong anti-electromagnetic interference, high sensitivity,
small footprint, easy network deployment, etc. Japan [1], [2],
the United States [3], and Canada [4] have deployed exper-
imental fiber-optic interferometers in submarine seismic
observation networks last few years. While these studies have
achieved some good results, they also reveal some areas to
improve the stability of these systems. Among them, one
of the main problems faced by fiber optic seismometers is
the design of probes and demodulation systems with large
dynamic range and high sensitivity.
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Due to the advantages of wide dynamic range, high linear-
ity and sensitivity, high precision of phase measurement and
multiplexing of sensors, PGC demodulation scheme has been
widely used in fiber optic seismometer [5]-[16]. PGC-Arctan
is a relatively common type of PGC demodulation schemes,
while nonlinear distortion has a greater impact on the results
of PGC demodulation systems [17]-[23].

In the process of solving the nonlinear distortion prob-
lem in PGC demodulation, many scholars have proposed
effective methods [24]-[28]. He et al. [29] presented a
algorithm based on arctangent function and differential-
self-multiplying-integrate of PGC demodulation algorithm
(DSM), this method can suppress nonlinear distortion within
a certain drift range of C value [29]. Zhang and Li [30] pro-
posed an interference sensor based on DSM, which eliminates
the influence of modulation depth C on the demodulation
result, but the dynamic range is limited [30]. Chen et al. [31]
proposed and tested a three-component detector based on
Michelson’s interferometry. The system has an average
system noise level of —123.55 re rad /Hz!/?, ranging
from 0 Hz to 500 Hz, and the dynamic range of over
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116 dB [31], [32].Then Tong et al. [22] proposed a new
algorithm, which could eliminate the interference of light
intensity and the influence caused by the fluctuation of envi-
ronment. This method introduced the carrier’s third harmonic
and high-pass filter, however the computation of this method
was very complicated and difficult to be implemented by
hardware [22]. In recent years, Ni et al. [33] introduced
the EFA to compensate for nonlinear errors caused by light
source noise, C-value fluctuations, and carrier phase delay.
However, the algorithm requires the measured signal chang-
ing greater than 7 /2 rad, otherwise it will result in increased
error in the demodulation results [33]. All of the above meth-
ods improve the measurement accuracy of the system by
introducing nonlinear error correction, however, there are still
many shortage to be improved for practical subsea fiber optic
sensing applications.

This paper proposes a algorithm called Tri-component-
PGC-Arctan-EKF demodulation algorithm based on Xilinx
MPSoC. The Kalman filtering algorithm is introduced to
suppress nonlinear distortion. At the same time, this paper
further optimizes the algorithm to facilitate deployment on
hardware with limited resources.

The structure of this paper is as follows. In section 2,
the overall configuration of the system and the specific
form of the demodulated signal are introduced. In section 3,
the specific demodulation method and the overall flow of its
PGC-Arctan-EKF are introduced. The experimental results
and discussion are presented in section 4. In section 5, the
conclusion is given.

Il. SYSTEM CONFIGURATION

The system configuration of the tri-component fiber optic
seismometer based on Xilinx MPSoC is shown in Fig. 1.
In the PGC modulation part, the carrier signals generated
by four channels DAC modulate the interference signal
through PZT modulator. Then the output optical signals of
Mach-Zehnder interferometer are converted into electrical
signals by photoelectric conversion board. In the PGC mod-
ulation part, the sampled digital signals by high-speed ADC
are demodulated by the real-time demodulation module on
the FPGA. Finally, the demodulated output signals are trans-
mitted directly to the server for storage and recording via the
network.

The laser source is a single-frequency laser (RIO ORION
Laser Module, RIO) with the wavelength of 1550.11 nm. The
combined phase modulation introduced by a PZT. And the
signal processing card is an self-developed board card, based
on a SOC (Zynq7100, Xilinx), with a FPGA and a ARM
Cortex-A9 MPCore, i.e. In addition, the data acquisition
board is also an self-developed board card which integrates
high-speed ADC and DAC with 16 bits resolutions, which
the sampling rate can reach 100MSPS and 5S00MSPS respec-
tively.

The interference signal [31], [32] can be expressed by

I(t) =A+ Bcos|[C coswot + ¢ (1)] (1)
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FIGURE 1. System configuration for Tri-Component Fiber Optic
seismometer based on Xilinx MPSoC.

In equation (1), A represents the direct current component
of the light intensity after the interference, and B is the
alternating current component of the light intensity after the
interference. C is the phase modulation depth. cos w,t is the
local carrier signal. ¢ (¢) represents the collected phase signal.
In the actual environment, there is some deviation from the
actual signal due to noise interference and the influence of
the system.

IIl. THE PRINCIPLE AND PROCESSES OF
PGC-ARCTAN-EKF
The principle and processes of PGC-Arctan-EKF is shown
in Figure 2. The algorithm consists of a nonlinear error sup-
pression module and a fringe subdivision module. Because
it is not suitable for complicated mathematical operations
in FPGA, the CORDIC algorithm is used to simplify the
calculation process and save calculation resources.
Multiplying the equation (1) with the local carrier signals
¥o(t) = C coswpt and its second-harmonic carrier ¢,(2t) =
C cos 2wyt respectively to obtain a mixed signals, and each is
filtered by a low-pass filter.Then a pair of non-strict orthogo-
nal signals Iy (¢) and I, (¢) can be obtained

I (1) = —BJ1(C) sin(gps(1)) 2
Iy (1) = —BJ2(C) cos(ps(1)) 3)
where ¢,(t) is the acquired phase signal,and dividing J; (C)
and J, (C) yields
J1 (C)
J2 (C)

In equation(4),J; (C) and J, (C) are the Bessel functions of C
value. Then calculating the demodulation phase by arctangent
as shown in equation(5)

Laiv (1) = tang (7) “

J2(C) ] )

@ (t) = arctan [mldiv (0

Taking the value of C as 2.63 rad,which can make J; (C)
and J> (C) almost equal. At this point, the impact on the
demodulation results is basically minimal.
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FIGURE 2. PGC-Arctan-EKF algorithm. MUL: multiplier. LPF: low pass filter. a, b, d, e, f: ellipse parameters.

A. THE PRINCIPLE OF KALMAN FILTERING

Kalman filtering can be used to estimate parameters. And the
system model needs to be constructed at first. The general
curve equation of the ellipse can be expressed by:

f,y) = ax® + 2bxy +cy* +2dx +2ey +f =0 (6)

where a 4+ ¢ > 0,and in order to avoid solving the equation
to get hyperbola, the elliptic equation should be normalized.
And the normalization condition is:

at+c=1 @)

In order to ensure that each parameter value of the ellipse is
valid, f = 1 is not used to center the ellipse in the above for-
mula, because each parameter of the ellipse is too small when
f =1, it will cause calculation errors.Meanwhile the ellipse
passing through the origin cannot be included. The param-
eters of the ellipse are represented by a five-dimensional
vector:

X =(a,b,d,e,f) 3)

Estimating the vector and taking the points to be fitted in the
system as the observations which used in the estimation. The
points to be fitted can be expressed as:

Ni = (x;, i) 9

where the deviation between the observed data and the real
data is:

Vi = Yi—Ni (10)

The v; in the equation(11) represents Gaussian noise, and the
covariance matrix of the corresponding noise is:

cov|vi] = R; (11)

For each point to be fitted, the ellipse equation is a non-linear
constraint. The parameters to be measured and the points to
be estimated are substituted as the observation equation:

FX;,Y)=0 12)

where F(X;, Y;) = 0 is the value when substituting the real
parameters of the ellipse, and there is no deviation. When the
estimated parameter M and the observed data N are given,
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the deviation can be obtained by substituting the data points to
be fitted into the estimated elliptic equation is F'(M, N) # 0.
Kalman filtering requires linearization of signals when
applied to nonlinear systems. Substituting the estimated value
M; of the elliptic parameter X; and the observation data N; of
Y; into F(X;, Y;) = 0 and use Taylor series to linearize the
non-linear function, the following formula can be obtained:
F(X;, Y;) = F(M;, N;) + [VxF(M;, N;) (X; — Nj)]
+H[VyF(M;, N)'(Y; = Npl =0 (13)
The formula(14) also can be expressed as:
—F(M;, N;) = [VxF(M;, N;)' (X; — Nj)]
+[VyF(M;, Ni)Y (Y; = Npl - (14)
In formula(15), F(M;, N;) can represent the distance deviates
from the ellipse. Assuming M; = [aa, bb, dd, ee, ff], for the
system —F(Mj, N;) can also be expressed as:
—F (M, Ny) = ~aax;> +2bbx;y;+ccyi” +2ddxi+2eeyi+ff)
15)
Differentiating the formula(16) can get:
VxF(M;. Ni) = (i” = yi®, 2xiyi, 2, 2y, 1) (16)
VyF(M;, N;) = 2(aax; + bby; + dd, bbx; + ccy; + ee) (17)
In general, the observation equation of the Kalman filter is:

Let AX =X — M can get:
The deviation observations:

Z = —FM;, N;) (18)
The observation matrix:
H = VxF(M;, N;) (19)

The observation noise:
vi = VyF(M;, N;) (Y; — N;) (20)
The observation noise expectation and the covariance matrix:
E[vi] = VyF(M;, N)'E[(Y; —=Np)]1 =0 2D
var[v;] = [VyF(M;, N)IR[VyF (M;, Ny
= 4[(aax; + bby; + dd)* + (bbx; + ccy; + 66)2]2221
(22)
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Algorithm 1 Kalman Filtering Algorithm

1 Select five points from the data points to be fitted to
obtain a set of five-ary algebraic equations;

2 Use the solution of the system of equations as the initial
value of the ellipse parameter: Xj;

3 Initialization state vector: AX(0)= [0, 0, 0, 0, 0]7;

4 The Kalman filter is used to fit the data points, and
update the state vector and the state covariance matrix
continuously;

5 The new parameters are added to the initial parameter
estimates to get the estimated results for the new ellipse
parameters;

6 Update the initial parameters each time and repeat
(3)-5);

7 When the results change in two adjacent estimates are
less than the given error 108 during the update
processing, it is considered to reach a convergence state,
and the iteration is stopped.;

B. THE PRINCIPLE OF STRIPE SUBDIVISION ALGORITHM
For guaranting phase demodulation range of PGC-Arctan,
the CORDIC algorithm based on stripe subdivision algorithm
is introduced in this paper.

The two orthogonal signals obtained after Kalman filtering
can be expressed by the following formula

Iy
I,

sin (¢ (1))
cos (¢ (1)) (23)

It can be seen from the above equation that the signal ¢ (¢)
to be measured can be obtained by performing the CORDIC
algorithm, but the range of the signal solved by the CORDIC
algorithm is [—, 7], and it do not represent the true signal
¢ () to be measured. The phase signal solved by the CORDIC
algorithm is different from the actual signal by 2ns.

As can be seen from Figure 3, when the signal demodulated
by the CORDIC algorithm passes through the X-axis counter-
clockwise each time, the demodulated signal needs to add 2
to be the actual value of the demodulation signal. When the
signal demodulated by the CORDIC algorithm passes clock-
wise through the X-axis, the demodulated signal needs to be
subtracted by 27 to be the actual value of the demodulation

Ay

+7T

N"o

|
=
RNZES

FIGURE 3. Stripe subdivision algorithm phase diagram.
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signal. Thereby realizing the counting and arguing function
of periodic stripes.

C. REALIZATION OF THE PGC DEMODULATION FOR
TRI-COMPONENT FIBER OPTIC SEISMOMETER

The general flow chart of signal processing for
Tri-Component Fiber Optic seismometer based on FPGA
+ ARM is shown in Figure 4. FPGA includes lots of pro-
grammable logics, such as 444k logic cells and 2020 DSP
Slices. These DSP Slices are able to complete multiplication
in parallel within one clock, which can greatly improve the
efficiencies of Kalman filtering and LPFs. The algorithm is
implemented by HLS in FPGA, which is beneficial to the
solution of Kalman filtering equations.

In order to reduce the consumption of hardware resources,
digital filter, Kalman filtering are all time-division multiplex-
ing. The basic steps of the computational procedure are as
follows:

Firstly, four-channel interference signals are respectively
converted into digital signals after sampling by high-speed
ADC, which are expressed Si(z), Sa(t), S3(¢), Sa(t). The
interference signals are separately multiplied with @,(f) =
Ccoswot and @,(2t) = C cos2wot. After filtering out the
high-frequency components by Multi-Channel FIR, then two
signals Iy; (t) and Iy; (¢) that are non-strict orthogonal to each
other can be obtained.

Secondly,the four non-strict orthogonal components I; (¢)
and 1y; () are corrected into orthogonal signals by EKF mod-
ule. Initialization module are used to generate the state vector
X and the covariance matrix P for Kalman filtering.In the
process of Kalman filtering, the observation equation Z is
established by the updated value at the last moment.In the
prediction process of Kalman filtering, the state transition
matrix A = I, so the state prediction equation can be
expressed as:

X(klk —1) =X (k — 1) (24)

Q is the covariance matrix of process noise w and the value
Q = 0,s0 the state covariance prediction matrix can be
expressed as:

P(klk —1) =P(k — 1) (25)

Then the parameters value are continuously updated accord-
ing to the update equations.

Thirdly, it is sent to the next moment according to the
state estimate and the error covariance estimate at time, and
it enters the process of continuous iteration.

In the last, the four non-strict orthogonal components I’,;
and I'y; can be calculated by solving KF equations module.
And the I’,; and I'y; are extracted by CORDIC and subdivided
by fringe to get the measured real phase signals.Then the
four-channel demodulation phase signals are integrated and
sent to ARM via HP AXI bus and then to the server via the
network.
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FIGURE 4. The general flow chart of signal processing for Tri-Component Fiber Optic seismometer. A:The state transition matrix. H:The observation

matrix. K:The gain matrix.

IV. EXPERIMENTAL RESULTS AND ANALYSIS

The experimental results and analysis can be composed of
the following 5 parts: the effectiveness of Kalman filtering,
the minimum detectable signal level, the linearity of the
system, the large signal response, and the channel crosstalk.

A. THE EFFECTIVENESS OF KALMAN FILTERING

As can be seen from Figure 5(a), due to the nonlinear distor-
tion, the Lissajous figure of the two signals before the Kalman
filtering is an ellipse, and the eccentricity of the ellipse after
the Kalman filtering in Figure 5(b) are equal to 0,so the
Lissajous image is a standard unit circle.

(b) The Lissajous figure after
Kalman filtering

(a) The Lissajous figure before
Kalman filtering

FIGURE 5. The effectiveness of Kalman filtering.

B. MINIMUM DETECTABLE SIGNAL LEVEL

The minimum detectable signal level of a fiber optic geo-
phone system can be assessed by the phase self-noise of the
system.Phase self-noise also marks the minimum value of
the PGC demodulation system can demodulate. So it can be
represented by the maximum of the phase self-noise power
spectral density.

The test results are shown in Figure 6.In the above figure,
ignoring the noise at low frequencies, it can be considered
that the average value of the phase self-noise of the system
from 0-2500 Hz is around —115.2 re rad /Hz'/2. This means
that the fiber geophone system has high sensitivity.
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FIGURE 6. Noise of the geophone system output.

C. LINEARITY

Linearity is an important indicator for describing the static
characteristics of a sensor, based on the assumption that the
measured input is in a stable state. The linearity test scheme
is shown in Figure 7. A certain signal is output through the
Agilent signal, and it is added to the carrier signal by the adder
then sent to the PZT. So the signal output from the demodula-

Reference arm

Photodiode

Laser Source

Isolator

Keysight Signal
Source

FIGURE 7. Linearity test scheme.
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FIGURE 8. Linearity of the system.

tor can be measured. By changing the output amplitude of the
signal source by 2 times, the size of the demodulated output
signal should theoretically increase by 6.2dB.

As shown in Figure 8, according to the above conclusion,
the results show that the designed fiber accelerometer has a
good linear relationship.Substituting into equation (15)

oy = o) 06)
VDX)/D(Y)
the correlation coefficient is 0.998,it also can be seen that the
linearity of the output signal is good.

D. LARGE SIGNAL RESPONSE

The large-signal response and phase self-noise together char-
acterize the dynamic range of a fiber optic seismometer. The
test method is shown in Figure 9,the optical fiber probe is
placed on the vibration table, and the signal output by the
signal source passes through the power amplifier to drive the
vibration table to generate a large sensed signal. When adding
a large signal, the response of the system is as shown in the
Fig. 10 below.

P Fhotodetectort. By
£ Photodetector3

o]

— T

signal source [
~—[_Power Amplifier |-

PGC-Arctan-EKF

FIGURE 9. The large signal response test scheme.

As shown in Figure 10 above,the Fig.10(a) is the time
domain waveform output when adding a large signal, and
the Fig. 10(b) is the corresponding power spectral density
waveform using 10-second datas. The THD of demodulated
output signals at 220Hz can be calculated from the following
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FIGURE 10. Large signal response.

equation (16)
10%log, (102710 4105710 4 10/4/10 1 1055/19) /10/1/19 - (27)

where f1andf>.f3.f4.f5 refer to the phase spectral density of the
fundamental frequency and each harmonic, respectively, and
the THD is —61.22 dB. This shows that the system has a good
large signal response performance.

E. CHANNEL CROSSTALK

Channel crosstalk is the coupling between two channels
that cause noise between channels. This is an undesired
energy value produced by coupling one channel to another.
By adding a signal to only one channel, the crosstalk of the
signal to the other three signals can be observed, as shown
in Figure 11.

{PSD(dE re radir-Hz)
PSDIdB e raditHz)

90 92 9 96 %8 1000 1002 1004 1005 1008 1010
requencyHz

(a) Crosstalk of channel 1 to other
channels

(b) Crosstalk of channel 2 to other
channels

X 1000
V5211

1000 . o A
= R WU‘ ‘ ) 120 %W&m ivﬁ ‘jw

{PSD(dE re radir-Hz)
PSD(GB re radirt-Hz)

160 160
90 o2 9% 9% 98 1000 1002 1004 1006 1008 1010 90 92 9 96 %96 1000 1002 1004 1005 1008 1010
frequency/Hz requencyHz

(c) Crosstalk of channel 3 to other
channels

(d) Crosstalk of channel 4 to other
channels

FIGURE 11. Channel crosstalk test.

It can be seen that the overall channel crosstalk of the
system is better than 94dB,so there is no obvious crosstalk
between the channels.

V. CONCLUSION

In this paper, we propose a new algorithm based on the tradi-
tional PGC demodulation algorithm. The algorithm has been
verified both in theory and simulation.We design the optical
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path and circuit,and the algorithm is implemented on hard-
ware. In order to ensure the effectiveness of the algorithm,
several experiments were carried out. It can be seen from
the experimental results that PGC-Arctan-EKF guarantees
that the data used in the ellipse fitting is the appropriate
data, which suppresses the adverse effects caused by external
disturbance on the ellipse fitting and ensures the sensitivity
of the system. At the same time, the phase self-noise of
the system is better than —115 dB re rad /Hz!/2, and the
large signal can reach 66 dB re rad/Hz!/?> @220Hz with the
THD is —61.22 dB.This shows that the system has both high
sensitivity and wide dynamic range.
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