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Abstract: An experimental ultra wideband ground penetrating radar based on Golay
complementary sequences is proposed to locate underground pipes. Golay complementary
sequences with the code length of 1024 and frequency of 1 GHz are used as the probe signals.
Two-dimensional image of the buried pipes is achieved by correlation method and back projection
algorithm. The experimental results show that both the plastic pipe and metallic pipe can be
located with a range resolution of 10 cm. Furthermore, as the Golay complementary sequences are
a pair of complementary sequences, the sum of their correlation function yields twice the value of
the peak at the target position and zero elsewhere. Thus, compared with the stepped frequency
signal radar or chaotic signal radar, the Golay-based radar can significantly improve the signal
noise ratio and has capability of deep detection.
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1. Introduction

Detection and location of underground pipes before excavation works is extremely important
to ensure faultless working processes and minimize the impacts to the existing pipes in the
intervention area. Once the buried pipes are damaged, the undesirable fluid losses due to leaks can
cause enormous environmental and economic repercussions. Ultra wideband ground penetrating
radar (UWB GPR) [1-3] as one of the non-destructive techniques [4-8] to locate the underground
pipes attracts increasing attention because it is capable of accurately locating both metallic and
non-metallic pipes without prior knowledge. However, conventional UWB GPR utilizes short pulse
as the transmit signals, which has to compromise between the resolution and the detection distance.

In order to expand the detectable range without degrading the resolution, large
time-bandwidth signals are used as the transmit signals in recent years, such signals include
frequency modulated continuous wave (FMCW) signals [9-11], stepped frequency signals [12-14],
code signals [15-17], and chaotic signals [18-20]. UWB GPR based on FMCW signals or stepped
frequency signals suffers from having strong sidelobes [21], thereby resulting in low signal noise
ratio (SNR). To suppress these undesired sidelobes, different mismatched filters have been reported
in the literature [22-24]. Unfortunately, these sidelobes suppression techniques come at the cost of
SNR loss and resolution reduction [25]. Pseudo random binary sequences (PRBS or m-sequences)
have low sidelobes and exhibit good correlation properties. Additionally, their sidelobes can be
further reduced by extending the length of the PRBS [26]. Thus, the UWB GPR based PRBS can
enhance the SNR [27]. Extensive studies show chaotic signals possess many properties that make
them an attracting candidate for radar system design. The random nature of chaotic signals shows
good correlation properties, which can improve the SNR of radar [31]. Although, both PRBS and
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chaotic signals are considered good options in terms of their low sidelobes, these two signals are not
ideal choice if sidelobe level is taken into account. Golay complementary sequences are a pair of
equal length sequences that have the following property: when their correlation functions are
algebraically added, their sidelobes are cancelled while the correlation peak is double of that
individual one [32]. Therefore, the Golay complementary sequences are very suitable for UWB GPR.

In this paper, high speed Golay complementary sequences are achieved and applied to
underground pipe detection. Experimental results demonstrate that plastic pipe and metallic pipe
can be located with a range resolution of 10 cm. Furthermore, compared with the stepped frequency
signal radar or chaotic signal radar, the Golay complementary sequences radar system can
significantly improve the SNR, thereby improving the detection depth of the system. This paper is
organized as follows: Section 2 provides the radar system and its measure principle. Section 3
describes the generation and characteristics of the Golay complementary sequences. Section 4
shows the experimental results on underground pipe location. Section 5 shows the comparison
results among proposed radar, chaotic radar and stepped frequency signal radar. Finally,
conclusions are given in Section 6.

2. Radar System and Measure Principle

The experimental setup of the underground pipe locating utilizing the Golay complementary
sequences is shown in Figure 1. The signal source generates a pair of high speed Golay
complementary sequences: sequence A and sequence B. Then the sequence A or sequence B is split
into two paths. One serves as the reference signal recorded by a real-time oscilloscope (RTO1024,
ROHDE&SCHWARZ, Munich, Germany). The other is amplified by a 25 dB amplifier 1 (KG-RF-10,
CONQUER, Beijing, China). After being up-converted by a mixer 1 (M2-0026, Marki, Morgan Hill,
CA, USA) and amplified by a 10 dB amplifier 2, it is then transmitted by a wideband horn antenna
(TX, LB-10180, A-INFO, Chengdu, China) with an operating frequency range of 1 GHz to 18 GHz
and a reported gain of 11 dBi. The echo signal is received by a wideband horn antenna (RX). After
being amplifier by a 20 dB gain amplifier 3 (KG-RF-10, CONQUER), down-converted by a mixer 2,
and amplified by a low noise amplifier 4 (1190A, Agilent, Santa Clara, CA, USA), the echo signal is
record by the oscilloscope and then the outputs of the oscilloscope are transferred to a computer for
data processing and display. In the experiment, the average power of the probe signal is -12 dBm.
The signal generator (AV1487A, CETC, Qingdao, China) is used to provide 3.4 GHz local oscillator
frequency for mixer 1 and mixer 2.

Signal Source Amplifier 1 Amplifier 2
Mixer 1

Power Divider

________

Signal Generator

Amplifier 3

Figure 1. Block diagram of the Golay complementary sequences radar system.

The proposed radar system utilizes a pair of high speed Golay complementary sequences as the
probe signals. The Golay-based radar can obtain the depth of buried pipe by correlated the
corresponding reference signal and the echo signal. The respective correlation functions are given by:

Vieor ) =V 4y ) OV ) (1) = kS (t = 7)), (1

ref
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Vgeors () = VBref OBV, () =ko(t—1), (2)
where Q) is correlation operator, 7 is the time delay between the echo signal and the reference, and k is
the system related constant. Vacor(f), Varet(t), and Vaen(t) denote the correlation signal, reference signal,
and echo signal of sequence A, respectively. Vaeorr(f), Vbei(t), and Veen(t) denote the correlation signal,
reference signal, and echo signal of sequence B, respectively. We can obtain the buried depth of pipe
from the position of the correlation peak.

Although the depth of the pipe can be obtained from either correlation of sequence A or
correlation of sequence B. However, by adding the correlation of sequence A to the correlation of
complementary sequence B, we can obtain that the sum of the two correlation functions has a peak
value of twice code length and a sidelobe level of zero, which is beneficial for pipe location. The sum
of the two correlations Va+s(t) is given by:

Vi) =2ké(t-17), (€)

Then back projection (BP) algorithm is used to achieve the two-dimensional (2D) imaging of the
pipe. The TX and RX with a constant spacing move along a line. The whole imaging region is divided
into P pixels. For any pixel point p, the signal Ip(t) equals the sum of all envelopes of Va«s(t) at the
corresponding time delay. Ip(f) can be written as:

M 2R
L =2 Vo (Bt -—), 4)

where Ruxp is the distance from pixel p to the n-th TX/RX, v is the velocity of underground wave, M is
the unite of array elements. If the pipe is located at pixel p, the energy at this position will be enhanced.
Otherwise it will be small and can be regarded as the background. The entire imaging area I can be
written as:

=310, ®)

3. Generation and Characteristics of the Probe Signal

The Golay complementary sequences are generated from a field programmable gate array
(FPGA, intel Cyclone V 5CG) and the corresponding hardware structure diagram is shown in Figure
2. The source generator generates a pair of low speed Golay complementary sequences: sequence A
and sequence B. Their code lengths are controlled by the variable controller. Through the
multiplexer (MUX), sequence A or sequence B is selected and then sent into serializer, which is used
to convert data into large bitwidth parallel data. The large bitwidth data is stored in the static
random access memory (SRAM) using a SRAM controller. When the transceiver receives a reset
signal from the reset controller, it controls the SRAM controller and reads the data. After
deserializing in the transceiver, the data is output through the low-voltage differential signaling
(LVDS) interface to obtain a high-speed Golay complementary code. In the hardware
implementation diagram, the reconfiguration controller is used to adjust the signal transmission
rate. Utilizing this FPGA board, we can generate a pair of Golay complementary sequences with a
maximum code length of 2 and tunable frequency between 615 MHz and 3.125 GHz. In actual use,
the signal frequency and code length can be flexibly selected according to the requirements of the
detection environment. In our experiment, the code length and the frequency of the Golay
complementary sequences are 1024 and 1 GHz, respectively.
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Figure 2. Hardware implementation diagram of the Golay complementary sequences.

Figure 3 and Figure 4 show the properties of Golay complementary sequences. The time series
of a pair of Golay complementary sequences are shown in Figure 3a and Figure 3b. The amplitude
of sequences A and complementary sequences B are 0.1 V, and a symbol period of each sequences is
1 ns. Figure 3c and Figure 3d show the corresponding power spectrums of sequences A and B,
respectively. The autocorrelation of each sequence is shown in Figure 4. The individual
autocorrelation of A or B exhibits sidelobes. However, when the two autocorrelations are added
together, the peak value is twice its single autocorrelation, whereas the sidelobes cancel exactly.
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Figure 3. Time series of (a) sequences A and (b) complementary sequences B. Power spectrum
of (c) sequences A and (d) complementary sequences B.
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Figure 4. Autocorrelation traces of sequences A, complementary sequences B, and sequences
A+ sequences B.

4. Experimental Results

We experimentally locate underground pipe utilizing Golay complementary sequences. A tank
filled with dry sand is used to simulate experimental scenario. It is 2.00 mx1.50 mx1.50 m size and
made of acrylic with steel structure. Absorbing materials are attached to the surface of the steel to
eliminate the strong interference of the steel. In the experiment, the TX and RX are placed on the
surface of the sand with the distance between TX and RX of 2 cm. They are moved along the x-axis
with a step size of 5 cm, as shown in Figure 1. In addition, average filtering is applied to inhibit the
direct wave reflected from the surface and crosstalk between TX and RX. The wave velocity in our
experiment is about 2x108 m/s, which is deduced from the delay time and the known-depth of the
pipe. The range resolution of the system is about 10 cm. It is estimated by v/2B, where v is the wave
velocity of electromagnetic wave in the transmission media, B is the bandwidth of the signal. The
parameters of the pipes used in the experimental are shown in Table 1. All of these pipes are filled
by air.

Table 1. Summary of materials, diameters, length and depths employed in the experiment.

Pipes Material Diameter (m) Length (m) Thickness (mm)
P1 Plastic 0.20 0.52 3
P2 Plastic 0.15 0.60 4
M1 Metallic 0.10 0.60 2
M2 Metallic 0.05 0.35 1

The experimental results are shown in Figure 5. The circles in the figure represent the actual
profile of pipes. The co-ordinates corresponds the top position of the buried pipe. We first locate
two plastic pipes (P1 and P2) buried 85 cm and 60 cm below the sand surface. The location result is
shown in Figure 5a, which demonstrates plastic pipes buried at different depth can be located. In
Figure 5a, the reflection appearing at a depth of approximately 135 cm is from the steel of tank
bottom. Similarly, when two metallic pipes (M1 and M2) buried at different depth, from the
corresponding 2D image, we can also clearly identified their positions. Furthermore, to give a better
description of the real condition, we locate two different material pipes (P1 and M2) simultaneously.
Figure 5c shows that both the positions of the plastic pipe and metallic pipe can be visible and each
position accords with the real value. The above results demonstrate that the Golay complementary
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sequences can successfully be applied to locate underground pipes. In addition, from Figure 5b and
Figure 5¢c we can observe that due to the existence of the metallic pipe, the reflection of the other
pipe around metallic one will be weakened.
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Figure 5. The radar profile of buried pipes. (a) P2 and P1 at position of (23, 60) cm and (72, 85)
cm. (b) M2 and M1 at position of (20, 78) cm and (72, 57) cm. (c) Two different type pipes at position
of (18, 40) m and (68, 49) cm.

5. Detection Performance

To analyze the performance of the proposed Golay complementary sequences radar system,
we give the comparison among the proposed radar, chaotic radar, and stepped frequency signal
radar. Here, the vector network analyzer is regarded as the stepped frequency signal radar whose
modulated frequency range is from 1.80 GHz to 5.00 GHz. The chaotic radar is based on chaotic
pulse position modulation (CPPM) signal. CPPM is used to generate a sequence of pulse distanced
by time intervals generated by a chaotic map [33]. Compared with chaotic pulse amplitude
modulation signal, it has low crest factor and thus has a great robustness to external noise [34]. We
have detailed descried CPPM signal radar in our previous work [35]. In this experiment, the CPPM
signal with 1.00 GHz bandwidth is up-converted to 2.40 GHz - 4.40 GHz. Then we use the
up-converted signal as the probe signal. Besides, other parameters in these three radar systems are
the same, such as the transmitting power, the distance between the two antennas, the step of two
antennas and pipe parameters.

Figure 6 shows comparison result of normalization curves. Plastic pipe is buried at 40 cm in
three radar systems. In the normalization curves, the peak position presents the buried depth of the
pipe. The higher of this peak, the easier it is to identify the target. Thus, observing Figure 6, we
obtain that the peak of the curve based on Golay complementary sequences is remarkable higher
than that based on CPPM signal or stepped frequency signal, when the pipe is buried at the same
depth. Besides, by using chaotic radar and Golay-based radar, the reflection of tank bottom at 120
cm can also be clearly observed. While it cannot be obtained by using stepped frequency signal
radar.
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Figure 6. Normalization curves of three different types radar systems.

We analyze the relationship between signal noise ratio (SNR) of the normalization curve and
the buried depth, as shown in Figure 7. The SNR is defined as follows [36]:

AS
A 4

n

SNR =201log (6)

where As refers to the amplitude of the target reflection peak and An refers to the amplitude of the
maximum noise peak. From Figure 7a or Figure 7b we can see that the SNR obtained from the
Golay complementary sequences radar is also higher than that of CPPM signal radar or stepped
frequency signal radar at the same buried depth, no matter whether the target is plastic pipe or
metallic pipe. The results mean the proposed radar system is capable of detecting deeper buried
pipe. Additionally, the SNRs of stepped frequency signal radar, CPPM signal radar, and
Golay-based radar at 40 cm (correspond to the results in Figure 6) are 2.65 dB, 6.61 dB, and 13.44 dB,
respectively.
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Figure 7. The SNRs of (a) metallic pipe and (b) plastic pipe as the function of buried depth.

Furthermore, to intuitive analysis of the performance of these three radar systems in
underground pipe location, 2D images are given. Figure 8a, Figure 8b, and Figure 8c show the 2D
images of stepped frequency signal radar, chaotic radar, and Golay complementary sequences radar,
respectively, when the same plastic pipe is buried at about 60 cm. Comparing the figures, we can see
that although the position of plastic pipe can be observed in these three figures, Figure 8c shows the
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greatest contract between the plastic pipe and the surroundings. It means the value at this position is
the largest in these three figures, which is beneficial to locate deeper buried pipe. And this result is
consistent with previous conclusions obtained from Figure 6 and Figure 7.
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Figure 8. Plastic pipe location based on (a) stepped frequency signal radar, (b) chaotic signals
radar, and (c) Golay complementary sequences radar.

6. Conclusions

High speed Golay complementary sequences are applied to GPR for underground pipe
location. The buried pipe is located by correlation method and BP algorithm. Experimental results
show that metallic pipe and plastic pipe detected and the range resolution is 10 cm. Golay
complementary sequences are a pair of complementary sequences. By adding the correlation of the
two complementary sequences, we can obtain that the sum of the two correlation functions has a
peak value of twice code length and a sidelobe level of zero. Therefore, compared with Golay
complementary sequences radar with stepped frequency signal radar or chaotic signal radar, the
Golay-based radar has higher SNR, which is beneficial for deep buried pipe location. Besides, the
signal rate and code length of the Golay complementary sequences can be flexibly selected according
to the requirements of the detection environment.
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