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Low-frequency coded ground penetrating radar (GPR) with a pair of wire dipole antennas has some advantages for deep detection.
Due to the large distance between the two antennas, the synchronization design is a major challenge of implementing the GPR
system. This paper proposes a simple and stable wireless automatic synchronization method based on our developed GPR system,
which does not need any synchronization chips or modules and reduces the cost of the hardware system.The transmitter omits the
synchronization preamble and pseudorandom binary sequence (PRBS) at an appropriate time interval, while receiver automatically
estimates the synchronization time and receives the returned signal from the underground targets. All the processes are performed
in a single FPGA. The performance of the proposed synchronization method is validated with experiment.

1. Introduction

Low-frequency ground penetrating radar (GPR) is an
advanced geophysical technique that is rapidly and widely
applied in deep detection [1, 2]. In order to achieve high
signal-to-noise ratio (SNR), pseudorandom coded signals
had been applied in some detection applications, such as
through-the-wall tracking and life detection [3–6]. Mean-
while, pseudorandom coded signals had also been used
in GPR to obtain the deeper detection [7, 8]. In practical
applications, wire dipole antennas are more suitable for low-
frequency GPR system with large transmit power. However,
the synchronization between transmitter and receiver is a
major challenge.

Synchronization with long cables introduces severe inter-
ference to the returned signals, which could mask the
returned signals from the underground targets. Synchroniza-
tion with fibers increases the power consumption, compli-
cates the structure, and increases the cost of the radar system.
Additionally, it is terribly difficult to carry out experiments

with complicate and heavy low-frequency GPR in polar
glacier and high tableland [9, 10].

In order to simplify the low-frequency GPR structure
and reduce the cost of hardware system, a simple and
efficient wireless automatic synchronization method is pro-
posed. Firstly, our developed low-frequency coded GPR
will be described briefly. Secondly, the wireless automatic
synchronization method will be discussed in detail, and the
estimation error of synchronization time will be analyzed.
Thirdly, the performance of the proposed method of wireless
automatic synchronizationwill be validatedwith experiment.

2. Description of Our Developed
Low-Frequency Coded GPR

Our developed low-frequency coded GPR consists of a pair
of resistively loaded wire dipole antennas with a length of
12m, a transmitter with a peak power of 200W, and a receiver
with two sampling channels, which is shown in Figure 1. In
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Figure 1: The architecture of our developed low-frequency coded GPR.
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Figure 2: The transmit signal from the signal generator.

practical applications, the distance between the two antennas
is from 3m to 5m.

2.1. Transmitter. One steady-state 150MHz clock source is
the reference clock of the signal generator. The coded signals
produced by the signal generator are amplified by a power
amplifier (PA) with a maximal peak power of 56 dBm to feed
the transmitting antenna. In order to achieve good synchro-
nization without affecting the radar echo, the transmit signals
consist of a synchronization preamble and 𝑚-sequence of
2047 chips at a time interval of 10 us as shown in Figure 2.
The synchronization preamble includes a monocycle and
𝑚-sequence of 31 chips at a time interval of 3.5 us. The
monocycle is used to estimate coarsely the time of arrival of
the direct wave of the𝑚-sequencewith 31 chips, which is used
to determine accurately the synchronization time. The 𝑚-
sequence of 2047 chips is used to obtain the impulse response
of the deep targets with low side-lobes.

Additionally, the peak power of the monocycle, 𝑚-
sequence with 31 chips, and 𝑚-sequence of 2047 chips are
56 dBm, 44 dBm, and 50 dBm, respectively. Both the two 𝑚-
sequences are modulated with a 12MHz sine wave, and the
width of each chip of𝑚-sequence is about 80 ns.

2.2. Receiver. Another steady-state 150MHz clock source is
used as the main clock of the receiver. As shown in Figure 1,
the 150MHz clock is sent to the fan-out chip to generate three
synchronized clocks, which are used as the clocks of the two

Table 1: Parameters of the low-frequency coded GPR.

Parameter Value
Width of the monocycle 80 ns
Width of each chip 80 ns
Length of the long𝑚-sequence 2047 chips
Peak power 50 dBm
Receiver sensitivity −115 dBm
Real-time sampling rate of ADC 150Mbps
The linear average factor 512
The scanning rate 8 scans/s
Pulse repeated period 200 us
Maximal detection time window 4 us

ADCs and FPGA. The limiter is used to prevent the receiver
from damage. During the estimation of synchronization
time, the synchronization preamble is switched to the low-
gain circuit with 3 dB gain and sampled by the first ADC
at the sampling rate of 150MHz, and FPGA estimates the
synchronization time. Once the synchronization time has
been estimated, the radar echo is switched to high-gain circuit
with 30 dB and is sampled by the second ADC at the same
sampling rate of 150MHz. Then the FPGA performs the
cross-correlation between the sampled radar echo and the
responding reference signal to obtain the impulse response
of the detection scenarios.

Additionally, the main parameters of the proposed low-
frequency coded GPR are summarized in Table 1.

3. Design of Wireless Automatic
Synchronization

The transmitter omits the coded signals at a pulse repeated
period (PRP) of 200 us, and the receiver estimates accurately
the synchronization time and receives the radar echoes. The
responding reference signals of the two 𝑚-sequences can be
obtained in close-loop situation as shown in Figure 3, and
the two reference signals are stored in two on-chip RAMs
of the FPGA. The reference signal of the 𝑚-sequence with 31
chips is denoted as 𝑚(𝑖), and the reference signal of the 𝑚-
sequencewith 2047 chips is denoted as𝑚𝑙(𝑖).The architecture
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Figure 3: Obtain the reference signal of the𝑚-sequence in close-loop situation.
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Figure 4: Estimation of the synchronization time based on FPGA.

ofwireless automatic synchronization in the receiver is shown
in Figure 4.

3.1. Estimation of the Synchronization Time. Firstly, the direct
wave of the monocycle sampled by the first ADC, which is
denoted as𝑦(𝑖), is filtered by the digital low pass filter (LPF) to
remove the noise and compared with the threshold 𝐶threshold.
The threshold 𝐶threshold should be chosen according to the
amplitude of the direct wave and the level of the noise or
clutter. For our low-frequency GPR system, the maximum
clutter or noise is about 42mV, and the amplitude of the direct
wave is about 610mV when the distance between the two
antennas is 3m. When the distance is increased to 5m, the
amplitude of the direct wave is decreased to about 220mV.
Thus the threshold is fixed at 150mV in this work, and the
distance between the two antennas should be less than 5m in
practical applications.

Secondly, when the filtered signal 𝑦𝑙(𝑖) is more than
the threshold, the first timer Timer 1 is enabled to count.
The TOA of the 𝑚-sequence with 31 chips comes when the
timer Timer 1 counts to 3.5 us. At this time, the sampled
signal 𝑦(𝑖) could be considered coarsely as the direct wave

of the 𝑚-sequence of 31 chips and sent to the parallel cross-
correlation module to obtain the cross-correlation 𝑅syn(𝑘) as

𝑅syn (𝑘) =
371
∑

𝑖=0
𝑚(𝑖) ⋅ 𝑦 (𝑘 + 𝑖) , 𝑘 = 0, 1, . . . , 𝐾, (1)

where 𝑚(𝑖) is the reference signal of the 𝑚-sequence of 31
chips and stored in a RAM of FPGA. 𝑀-sequence with 31
chips lasts for about 2.48 us and the sampling clock of ADC
is 150MHz, and the length of the reference signal 𝑚(𝑖) is
372. The clock of the parallel cross-correlation module is
150MHz synchronized with the sampling clock of ADCs.
The pipeline delay and throughput rate of the parallel cross-
correlation module are 372 clock periods and 150Msps,
respectively. Then FPGA can find the maximum value of the
cross-correlation by comparison between the two adjacent
cross-correlations in a time window of 2.48 us. Ultimately,
the synchronization time can be determined by the maximal
value of cross-correlation.

Thirdly, when the synchronization time is estimated, the
timer Timer 2 is enabled to count and the radar echo is
switched to the high-gain circuit and sampled by the second
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Figure 5: Cross-correlation of the 𝑚-sequence with 31 chips in close-loop situation. (a) Cross-correlation of the sampled 𝑚-sequence with
31 chips. (b) Cross-correlations of the sampled𝑚-sequence with unstable initial sampling time.

ADCwhen the timer Timer 2 counts to 10 us.Then the cross-
correlation 𝑅echo(𝑘) of the echo is performed to obtain the
impulse response of detection scenarios. In order to perform
correctly the linear averaging to improve the SNR of the radar
echoes, the maximal value of the cross-correlation 𝑅echo(𝑘)
in each returned signal should be found and then performs
addition among the adjacent 512 traces to obtain the ultimate
impulse response of the underground targets.

3.2. Analysis of the Estimation Error. As shown in Figure 1,
the two reference clocks, Clock 1 and Clock 2, are not
synchronized, which induces the estimation error of synchro-
nization time. It is equivalent to the fact that the estimation
error comes from the random jitter of the initial sampling
time of the receiver, and the maximal jitter is one period
of Clock 2. In close-loop situation as shown in Figure 3,
all the reference signals of the cross-correlation have been
sampled at a sampling clock of Clock 2 and stored in FPGA
beforehand. According to (1), the cross-correlation of the
sampled 𝑚-sequence with 31 chips in close-loop situation
is shown in Figure 5(a). Figure 5(b) shows the estimation
errors of synchronization time come from different jitter of
the initial sampling time of the receiver, which indicates that
the maximal estimation error is also one period of Clock 2
when the jitter is more than a half period of Clock 2. Then
the estimation error will affect the initial acquisition time for
the radar echo.

Figure 6 shows the comparison between the cross-
correlation of the received 𝑚-sequence of 2047 chips with
one-period estimation error of synchronization time and that
of no estimation error. It can be seen that the main-lobe to
side-lobe ratio of the two cross-correlations is almost the
same because of the high sampling rate relative to the low-
frequency𝑚-sequence. However, the location of themaximal
value of the cross-correlation with one-period error is ahead
one period of that of the cross-correlation without error.
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Figure 6: Comparison between the cross-correlation of the 𝑚-
sequence with 2047 chips with one-period estimation error and that
of𝑚-sequence with no estimation error.

In order to perform correctly the linear averaging with 512
traces, the maximal value of the cross-correlation should be
found firstly, and the 512 additions are performed from the
maximal value of the 512 cross-correlations.

4. Experiments and Results

The typical configuration for the low-frequency GPR is
shown in Figure 7. The distance between the two wire anten-
nas is about 3.8m, and the synchronization is implemented
with two methods: high-performance ORTEL’s fiber models
(including OTS-1RefR-100 and OTS-1RefT-100 [11]) and
the proposed wireless automatic synchronization method.
For this wireless automatic synchronization, the received
direct wave of the monocycle as the blue line is shown in
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Figure 7: The typical configuration for the low-frequency coded
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Figure 8: Received synchronization preamble. (a) The direct wave
of the monocycle. (b)The cross-correlation of the direct wave of the
𝑚-sequence with 31 chips.

Figure 8(a), while the filtered signal as the red line is shown in
Figure 8(a). The direct wave of the𝑚-sequence with 31 chips
is received, and its cross-correlation can be obtained as shown
in Figure 8(b).The synchronization time can be estimated by
the maximal value of the cross-correlation.

The red line as shown in Figure 9(a) is the obtained
impulse response with the proposed wireless automatic
synchronization method, while the blue line in Figure 9(a)
is the obtained impulse response with the fiber modules.
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Figure 9: The obtained impulse responses with the two methods.
(a) Two impulse responses. (b) The difference between them.
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Figure 10:The detection result with the low-frequency coded GPR,
and the dielectric constant is 8.

Thedifference between the two impulse responses is shown in
Figure 9(b), which indicates that the two impulse responses
are almost same, while different clutter and noise have been
received in different time. Figure 10 shows the responding
detection result with the proposed low-frequency codedGPR
in desert. It can be seen that some clear layers in depth of 45m
and 70m can be detected.
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5. Conclusion

This paper presents a wireless automatic synchronization
method for the low-frequency coded GPR without any
other synchronization chips or modules, which simplify the
architecture of the GPR system and reduce the hardware
cost. Although the maximum synchronization error with the
proposed method is one sampling period of ADC-clock, it
degrades hardly the main-lobe to side-lobe ratio of pulse
compression due to the high sampling rate relative to the
low-frequency𝑚-sequence. In order to reduce the effect from
the synchronization error farther, the ADC-clock can be
increased to an appropriate value to satisfy the requirement
of different applications, such as 400MHz or 1 GHz.
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[5] A. Nezirović, A. G. Yarovoy, and L. P. Ligthart, “Signal pro-
cessing for improved detection of trapped victims using UWB
radar,” IEEE Transactions on Geoscience and Remote Sensing,
vol. 48, no. 4, pp. 2005–2014, 2010.

[6] Z. Xia, G. Fang, S. Ye et al., “Design of modulated m-sequence
ultrawideband radar for life detection,” inProceedings of the 15th
International Conference on Ground Penetrating Radar (GPR
’14), pp. 960–963, IEEE, Brussels, Belgium, July 2014.

[7] F. Nicollin, Y. Barbin, W. Kofman et al., “An HF bi-phase shift
keying radar: Application to ice sounding in Western Alps
and Spitsbergen glaciers,” IEEE Transactions on Geoscience and
Remote Sensing, vol. 30, no. 5, pp. 1025–1033, 1992.

[8] G. Fang and M. Pipan, “Design of a low frequency ultra-
wideband (UWB) antenna and its applications in ground
penetrating radar (GPR) system,” in Proceedings of the tenth
International Conference on Ground penetrating Radar, pp. 109–
111, Delft, The Netherlands, 2004.

[9] M. Carnevale and J. Hager, “Low frequency GPR in difficult
terrain,” in Proceedings of the 4th International Workshop on
Advanced Ground Penetrating Radar, pp. 68–73, Aula Magna
Partenope, Italy, June 2007.

[10] M. Tallini, D. Ranalli, M. Scozzafava, and G. Manacorda,
“Testing a new low-frequency GPR antenna on karst environ-
ments of central Italy,” in Proceedings of the Tenth International
Conference Ground Penetrating Radar (GPR ’04), pp. 133–135,
June 2004.

[11] http://www.emcore.com/.



International Journal of

Aerospace
Engineering
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Robotics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Active and Passive  
Electronic Components

Control Science
and Engineering

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 International Journal of

 Rotating
Machinery

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation 
http://www.hindawi.com

 Journal ofEngineering
Volume 2014

Submit your manuscripts at
http://www.hindawi.com

VLSI Design

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Shock and Vibration

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Civil Engineering
Advances in

Acoustics and Vibration
Advances in

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Electrical and Computer 
Engineering

Journal of

Advances in
OptoElectronics

Hindawi Publishing Corporation 
http://www.hindawi.com

Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Sensors
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Modelling & 
Simulation 
in Engineering
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Chemical Engineering
International Journal of  Antennas and

Propagation

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Navigation and 
 Observation

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Distributed
Sensor Networks

International Journal of


