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Abstract—Borehole-surface monitoring can effectively
improve the accuracy of the microseismic event location. It
is necessary to strictly synchronize the acquisition time of
borehole and surface monitoring nodes. However, the
synchronization signal transmission through the logging
cable will cause a delay. In this paper, a calibration method
designed to compensate for the deviation of time
synchronization due to long-distance transmission on the
logging cable. First, the transmission delay of the pulse per
second (PPS) is measured in the delay measurement stage.
The delay from the global positioning system (GPS) module
to all monitoring nodes can get in sequence. Second, In the
delay compensation stage, each monitoring node is delayed
for a particular time to ensure that all nodes start working
simultaneously. Finally, a high-precision clock source is
designed to drive the analog-to-digital converter (ADC) to
avoid the crystal oscillator's accumulated error. To verify
the accuracy of the calibration method, the modules were
tested separately. The length of the logging cable used is
3000 meters. Through experimental verification, the
method in this paper can be used to accurately control the
time synchronization of different monitoring nodes in the
borehole and on the surface within 1us.
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1. INTRODUCTION

ICROSEISMIC monitoring is a commonly used method

for hydraulic fracturing [1], [2]. It is an indispensable and
essential technical means for shale gas exploration [3] and an
enhanced geothermal system [4]. Using the technique of
borehole-surface microseismic monitoring, a good monitoring
perspective is obtained in both the horizontal and vertical
directions [5], [6]. Compared with traditional monitoring
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methods, it can effectively improve the positioning accuracy of
microseismic events. The factors that affect the accuracy of
microseismic monitoring are closely related to the first arrival
picking. Therefore, it is necessary to strictly synchronize the
monitoring data in the borehole with the monitoring data on the
surface. The monitoring system on the surface can use GPS for
time synchronization [7]. When GPS is used to synchronize the
monitoring system in the borehole, the transmission of the
signal through the logging cable will cause a delay, which will
cause an error between the acquisition time of the borehole
system and the surface system.

A standard method uses a phase-locked loop (PLL) to
synchronize the clocks between different acquisition nodes [8].
Another approach is to use network synchronization, such as the
IEEE1588 protocol [9]. However, there are restrictions when
the above techniques apply to the monitoring systems in the
borehole. Firstly, the PLL is suitable for environments with
short transmission distances, not ideal for long cables. The
EEE1588 protocol is based on the network, and the network
communication protocols will waste transmission bandwidth for
cable communication [10]. Secondly, the monitoring system in
the borehole is under a high-temperature and high-pressure
environment, which will significantly impact the accuracy of the
crystal oscillator [11]-[13].

In this paper, a calibration method is designed to compensate
for time synchronization's deviation due to long-distance
transmission on the logging cable. Meanwhile, a crystal
oscillator compensation method is designed so that the ADC can
still maintain the stability and accuracy of data acquisition when
it works for a long time.

II. THE SYNCHRONIZATION SCHEME

The block diagram of the time synchronization method used
in the borehole monitoring system shows in Figure 1. The
surface part comprises a GPS module and measurement module
based on a field-programmable gate array (FPGA). The
borehole part includes a delay compensation module and clock
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module based on an FPGA.
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Fig. 1 the time synchronization method used in the borehole system

In the delay measurement stage, the transmission delay of the
PPS is measured. The delay measurement method is that the
system sends a simulated PPS. When the monitoring node
receives the simulated PPS, it returns the signal to the surface
module. Then half of the difference between the sending time
and the receiving time is the delay from the GPS module to the
monitoring node. The delay from the GPS module to all
monitoring nodes can be measured in sequence. In order to
ensure measurement accuracy, a method of taking multiple
measurements and averaging can be used.

In the delay compensation stage, according to the value
measured by the delay measurement module, each monitoring
node is delayed for a particular time to ensure that all nodes start
working simultaneously.

The purpose of the above modules is to ensure the ADC in the
motoring nodes starts working simultaneously. Meanwhile, A
crystal oscillator generates the sampling clock of ADC.
Long-term operation of the crystal oscillator will cause
accumulated errors. Two adjacent PPS can measure the number
of pulses generated by the crystal oscillator. Disperse the error
of the crystal oscillator in multiple cycles within 1s for
compensation to eliminate the influence of the accumulated
error of the crystal oscillator on the ADC.

III. THE SYNCHRONIZATION SCHEME

A. Delay measurement module

During the delay measurement, the FPGA on the surface
generates a Simulated PPS. Simultaneously, FPGA starts
counting with the pulses generated by the temperature-
The simulated PPS
transmitted to the monitoring nodes in the borehole through the

compensated crystal oscillator. is
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logging cable. When the monitoring node receives the simulated
PPS, it returns the signal to the surface module. The Block
diagram of the delay measurement module is shown in Figure 2.
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Fig. 2 block diagram of the delay measurement module

This stage completes the following functions:

(1) The delay measurement module in FPGA on the surface
generates a simulated PPS and transmits it to each monitoring
node through the logging cable.

(2) FPGA measures the time from the delay measurement
module to the monitoring nodes.

(3) Calculate the delay from FPGA to each monitoring node.

(4) Store the delay in the memory of each monitoring node.

A counter clocked by a 100MHz temperature-compensated
crystal oscillator uses on the surface. The delay measurement
module starts timing and sends the simulated PPS
Simultaneously. The first monitoring node receives the PPS,
sends it back to the surface. When the delay measurement
module detects the returned signal, it stops timing and gets the
value. The delay from each monitoring node to the surface
FPGA measures is analogous.

The value obtained by the delay measurement module can
transmit to each monitoring node for subsequent processing. In
general, the usage model of the borehole instrument is fixed.
Thus, after getting the delay, it can store each monitoring node's
internal memory.

B. Delay compensation module

Effective compensation methods must take after obtaining
the PPS transmission delay in the logging cable. The delay of
the GPS module to each monitoring node is different. When
monitoring nodes receive the PPS, they can delay for a
particular time so that the ADC starts synchronously. The delay
compensation method shows in figure 3.
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Fig. 3 the delay compensation method

The monitoring node in the borehole uses a high-temperature
resistant crystal oscillator and has an extensive working
temperature span due to the different external environments. As
time increases, the output of the crystal oscillator is uncertain. In
the case of constant temperature, the output of the crystal
oscillator can remain stable in a short time. The interval time
between two adjacent PPS generated by the GPS module is
fixed. It can use to count the output of the crystal oscillator.

The sampling rate commonly used in seismic monitoring is
generally 250Hz, 500Hz, 1000Hz, 2000Hz, and 4000Hz. Take
a3000m cable as an example. The PPS transmission delay in the
logging cable should be about 20us. To ensure the integrity of
the monitoring data and convenience to store, align the start
working time of monitoring nodes in seconds. The crystal
oscillator can generate a delay of 999980us, ensuring the
starting time of the ADC. The delay compensation module
comprises three parts: counter unit, delay setting unit, and
compensation unit, as shown in Figure 4.
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setting
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Compensation ———

High—temperature
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Fig. 4 block diagram of the delay compensation module

The module mainly completes the following functions:

(1) The PPS enables the counter unit and counts the pulses
generated by the crystal oscillator. After receiving the PPS
twice, the counter unit completes counting and transmits the
value to the delay setting unit.
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(2) The delay setting unit determines the number of pulses
that need to compensate and whether to add or delete pulses.
Then, the delay setting value transmits to the compensation unit.

(3) The compensation unit receives the delay setting value
and enables the unit. When a new PPS arrives, it starts counting.
A pulse sends when the count completes allowing the ADC to
start the acquisition.

The crystal oscillator frequency used is 100MHz, the error is
70ppm. The frequency counting range is 99993000~
100007000. When the transmission delay is tgelay=20s, it is
necessary to delay tp=999980us to make up a sampling period,
use the crystal oscillator with frequency f=100MHz to count
99998000 times. When there is an error in the output of the
crystal oscillator, the accurate value, upper limit, and lower
limit of the frequency are, respectively count=100000000,
county,=100007000, countgew=9993000. Then the count value
required can obtain according to the formula:

x/count, =count,, 4., /count (1

Then calculated the upper limit and lower limit of x are Xyp
=100004999.86, Xdown =99991000.14. That is to say, the
difference between the count value and the actual value is at
most one crystal oscillator cycle, which is 10ns.

C. High precision clock reference source

The delay measurement and compensation aim to ensure the
ADC in motoring nodes starts working simultaneously. The
ADC used in the borehole is ADS1282, which requires an
external crystal oscillator with a frequency of 4.096MHz. In this
paper, a high-precision clock source is designed to drive the
ADC to avoid the accumulated error of the crystal oscillator.

The clock source uses the fundamental clock frequency of an
8.192MHz high-temperature crystal oscillator. The clock
source is composed of a crystal oscillator, PPS receiving
module, and clock compensation module. The structure shows
in Figure 5. The purpose of using an 8.192MHz crystal
oscillator is to facilitate the compensation of the fundamental
clock frequency of 4.096MHz. When the fundamental clock
frequency is less than 4.096MHz, the 8.192MHz pulse signal
can insert.

— Even compensation

8. 192

Output
ps — =9 — — = +
PPS 2 MHz 2

— (dd compensation

Fig. 5 the structure of clock source

The PPS receiving module divides the PPS by two and
outputs it to obtain a 0.5Hz square signal. The purpose of
dividing is to separate the fundamental clock signal into two
groups for compensation. After counting the crystal oscillator in
Ist-second, it takes a particular time to compensate, which will
cause the next second to be inaccurate. Therefore, the crystal
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oscillator output is divided into odd and even groups, leaving
enough processing time for compensation.

The 0.5Hz square signal uses as a control, the odd-numbered
second (2n+1) counter enables at a high level, and the
even-numbered second (2n+2) counter enables at a low level.
Determine how to compensate the clock source according to the
counter and the theoretical value difference. If the difference is
negative, pulse needs to add, and if the difference is positive,
pulse needs to delete.

The fundamental clock frequency is 4.096MHz, and the
accuracy is 70ppm, so the maximum number of errors counted
in one second is 280. The pulse compensation should be equally
divided within 1s. This article divides the 4.096MHz oscillation
into 512 groups. The number of compensation pulses n should
be distributed in the first n groups of 512.

i :
! |
PPS M1 —512 1 Counter [~ Compensation

Fig. 6 block diagram of clock source for group compensation

The Block diagram of the clock source for group
compensation is as shown in Figure 6. The 8.192MHz crystal
oscillator is divided by 2 to obtain 4.096MHz as the
fundamental clock. The output of the crystal oscillator is
frequency-divided to generate a 512Hz signal. If the
compensation difference is negative, replace the current pulse
with an 8.192MHz pulse. Figure 7 shows the compensation for
this situation. If it is positive, set the output low. Figure 8 shows
the compensation for this situation.

4. 096MHz
Adding pulse
Fig. 7 the principle of compensation for adding pulses
4. 096MHz
Deleting pulse

Fig. 8 the principle of compensation for deleting pulses

8. 192MHz

Compensation

8. 192MHz

Compensation

When starting to count, there is uncertainty in the clock phase
at the starting time. Therefore, it is necessary to include a
fundamental clock of 8.192MHz with a clock period of 125ns
while calculating the error.

E-ISSN: 1998-4464 796

Volume 16, 2022

IV. EXPERIMENTAL RESULTS AND ANALYSIS

The time synchronization system in consists of a surface
module and borehole module. The surface module sends the
PPS to the monitoring node in the borehole. It is composed of a
GPS board and an FPGA board. Figure 9(a) shows the GPS
board. Figure 9(b) shows the FPGA board. The GPS board
communicates with the computer through the network and
controls the FPGA board to send PPS. The FPGA board in the
monitoring node is responsible for delay compensation and
clock reference source, as shown in Figure 9(c).

(c) the monitoring node's FPGA board
Fig. 9 the composition of the time synchronization system

To verify the accuracy of the synchronization system, the
above modules were tested separately. The length of the logging
cable used for the test is 3000 meters. The measuring equipment
is a Tektronix MDO4054C oscilloscope with a bandwidth of
500MHz and a sampling rate of 2.5GS/s. In the test, use it to
capture and display the waveform.
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A. Delay measurement test

This section tests the delay caused by the transmission of
PPS. Channel 1 of the oscilloscope measures the pulse signal
output from the logging cable, and Channel 2 measures the
pulse signal input to the logging cable.

Figure 10 shows the PPS send at the surface module with a
10% duty cycle. Figure 11 is the PPS measured at the surface
module and borehole module. Figure 12 compares the rising
edges of the two waveforms from Figure 11. It can find that the
transmission of the PPS through a 3000m cable produces a
delay of about 18.6 us.

e
@ 165V & : Pbmus ]l'gsw?n:i:/w [ @ r -120v)
Fig. 10 a simulated PPS
j’
@ 165V« 1"zooms “;g.'grtwt;‘( @ 7 —n.gv]

Fig. 11 PPS at the transmitter and receiver

18.6us

@ v~ oo |CanrB)[ @ s eV

(20m &

Fig. 12 delay caused by PPS transmission via cable
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B. Delay compensation test

This section compares the difference between the
compensated pulse and the PPS generated by the GPS. Channel
1 of the oscilloscope measures the compensated pulse, and
channel 2 measures the PPS, the comparison results shown in
Figurel3. It can find from the rising edge comparison in Figure
14, and the difference is 38.4ns.

@ 165V & ) [100ms ”znnm.:m‘l‘ @ 7 139V
20M A

Fig. 13 waveform comparison of PPS

@ 165V ® I B[ @ 7 oV

Fig. 14 waveform comparison of PPS rising edge

Five tests were carried out to verify the stability of the delay
compensation module. The interval between each test ranged
from 1 to 2 days. Ten measurements were taken for each test.
The measurement results show in Table 1. The table's average
value of the measurement data is 50.7ns, and the mean square
error is 8.6ns.

Table 1 the measurement results (ns)

No. Testl Test 2 Test 3 Test 4 Test 5
1 38.4 53.3 64.1 36.6 59.3
2 36.1 56.0 553 64.9 50.2
3 61.3 45.5 62.9 62.2 46.3
4 56.4 48.8 48.9 51.3 48.2
5 45.6 60.1 60.9 51.1 47.9
6 55.8 60.5 64.7 48.6 48.8
7 36.6 48.2 44.5 62.1 64.4
8 43.5 49.1 36.9 60.5 58.9
9 53.0 52.1 48.4 52.5 52.6
10 39.1 533 36.3 37.0 40.9
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C. Clock reference source test

This section measures the compensation of the clock source.
The Chipscope logic analyzer component of the ISE software
uses to measure the compensated clock. The output of the
crystal oscillator triples by FPGA and operates as the sampling
clock of the logic analyzer to measure the clock source. Figure
15 is the waveform of the adding pulse, and Figure 16 is the
waveform of the deleting pulse.
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Fig. 15 the waveform of the adding pulse
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Figure 16 the waveform of the deleting pulse

We compare the monitoring data from the borehole and
surface to verify the validity of the clock source under long-
term operation. The borehole and surface nodes are placed in
the same environment and generate seismic waves by hitting the
ground.

The first step is to use an uncompensated clock source for
data acquisition. After a few hours of regular work, we
conducted a data test. Figure 17 shows the waveforms acquired
from the same hitting event by borehole and surface nodes.
Figure 18 selects 200 consecutive sampling points for
comparison. The number of sampling points has begun to
deviate through contrast, about 4 to 5 sampling points.
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Figure 17 comparison of monitoring data with an uncompensated

clock source
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Figure 18 select 200 points to compare an uncompensated clock
source

The second step is to use a compensated clock source for data
acquisition. Similarly, after a few hours of regular work, we
conducted a data test. Figure 19 shows the waveforms acquired
from the same hitting event by borehole and surface nodes.
Figure 20 selects 200 consecutive sampling points for
comparison. Through comparison, it can find that the sampling
points are very close, and the sampling time interval between
the two sampling points is close to 400ns.
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Figure 20 select 200 points to compare an compensated clock source

V. CONCLUSION

This paper focuses on the synchronization signal delay
caused by the cable transmission. The temperature-
compensated crystal oscillator is used on the surface to measure
the delay, and the high-temperature crystal oscillator is used in
the borehole to compensate. Aiming at the high-temperature
crystal oscillator's accumulated error in the borehole,
compensation methods propose the delay compensation module
and the ADC clock source, respectively. The method in this
paper can ensure that the error between the initial sampling
point of the ADC in the borehole and surface is less than 100ns.
To compensation the ADC clock source, we use PPS to count
the crystal pulses at a fixed time interval and decide whether to
insert or delete pulses. The pulse compensation divides into
multiple periods of 1s. This method can control the
synchronization error of the ADC within 400ns. The experiment
results show that the proposed method can strictly synchronize
the monitoring data in the borehole with the monitoring data on
the surface. We will build a deep learning model on the crystal
oscillator's offset compensation to suppress the accumulated
error in future work.
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