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CHAPTER 1: INTRODUCTION

After FCC adopted a new rule on GPR devices on July 12, 2002, that permits the
operation of GPRs and wall imaging systems only below 960 MHz or between 3.1 and
10.6 GHz, a hybrid GPR system has been developed that is composed of two individual
subsystems: 1) a pulse GPR radar working in the frequency range from DC to 900 MHz
for thick pavement layers and subgrade layers detection, and 2) a frequency-modulated-
continuous-wave (FMCW) radar working in the frequency range from 3.1GHZ to
8.5 GHz for measuring thin asphalt layers. This system is verified to be able to detect
pavement layer thickness and dielectric constant [1]. However, the developed low
frequency pulse GPR works in the ground coupling mode, which requires GPR antenna
be very close to the pavement surface and hence limits the measurement speed. In this
stage, a new air launching version of the pulse GPR is developed. Because the air
launching GPR can be mounted on a vehicle and high above the pavement surface, the
measurement can be made at highway speed. This report will mainly introduce the
design and test of the air launching version pulse GPR. In Chapter 2, the structure and
the features of air-coupled antennas will be introduced. In the ground coupling version,
the wideband bowtie antennas are used to enhance the ground coupling effect, but in
the air-coupled version, we need highly directional wideband antennas that have high
radiation efficiency. Chapter 3 will talk about the elimination of the background noises
for air-coupled GPR. The low frequency pulsed GPR radiates relatively wide pulse
waves. The pavement-reflected signals will overlap with the later part of the transmitted
waves, arousing difficulties in subsurface layer information extraction. The algorithms
for eliminating the direct waves from measured GPR data are introduced in this
chapter. The field test data of the air launching system will be given in Chapter 4.
Conclusions and recommendations will be delivered in Chapter 5.






CHAPTER 2: TEM HORN ANTENNAS FOR AIR-COUPLED
PULSE GPR

2.1 Air-coupled Pulse GPR

The hardware of an air-coupled pulse GPR is constructed exactly the same way
as the ground-coupling pulse GPR as illustrated in [1]. It consists of a transmitter, a
receiver, a control circuit unit, a host computer, a data acquisition circuit and two sets
of wideband antennas. The working principle and procedures are illustrated in the block
diagram shown in Fig. 2-1, where the components in the red-dashed-line box form the
transmitter, the components in the green-dashed-line box make a receiver, and the clock
is shared by both the transmitter and receiver. Whenever the GPR is turned on, the host
computer will send a command to the control unit, and the control unit will trigger the
transmitter to emit a short pulse wave into space via the transmitting antenna; at the
same time, the control unit also sends a command to the sampling unit to pick up the
incoming reflected signals. The transmitted wave from the transmitting antenna usually
propagates in all directions in space, and part of it penetrates into the pavement. When
the penetrated wave encounters the subsurface interface, it is reflected back and picked
up by the receiving antenna. There is also another part of the transmitted wave
propagating directly from the transmitting antenna to the receiving antenna or from the
transmitting antenna to the pavement surface and then bouncing up to the receiving
antenna, which is called the direct wave. The received direct wave and the subsurface
reflected wave are both transferred to the host laptop by sampling unit and data
acquisition card. By processing the received signals and finding travel time of reflected
waves [2], the thickness, dielectric constant and moisture content of the pavement can

be obtained and displayed.

What hardware in air-coupled GPR system differs from that in the ground-
coupling GPR system are the antennas. Bowtie antennas have been used in the ground-
coupling GPR system for their ultra wide band and high coupling efficiency with

ground. But the antennas for air-coupled GPR should be directional with high radiation



efficiency. Obviously the bowtie antenna does not belong to this category. Hence we
turn to another type of ultra wide band antenna-TEM horn.
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Fig. 2-1 Block diagram of the pulse GPR system

2.2 TEM Horn Antenna

A TEM horn antenna is made up of two symmetrical metal plates that are specially
shaped, and the distance between two plates of the antenna is gradually increasing. Fig.
2-2 shows the front side of two fabricated TEM horn antennas bonded together, one
antenna used for transmitting and the other one used for receiving.

The mechanism of the TEM horn antenna design is the “perfect” match of the
transmission line impedance: the input impedance of the antenna at the top feeding point
matches to that of the feeding coaxial cable; then the impedance of the antenna gradually
increases along the antenna body until it reaches 377 Ohm at the open end of the antenna
to match the wave impedance of free space; such that the microwave energy from the
feeding coaxial cable can be smoothly transmitted into space without suffering critical

reflection on the antenna. The shape of each metal plate and the flaring of the two



plates of a TEM horn antenna are designed to
minimize the reflections occurring along the
antenna body [3]. This is the most important
consideration that has to be made so that the
wideband pulse can be effectively transmitted. If
this design requirement is not accomplished, then
the antenna will have fairly low radiation
efficiency (as most of the pulse energy will be
reflected from the antenna internally) as well as
low directivity, two very important impulse radar
antenna requirements. Therefore, this is the most
important design consideration that has to be
made when designing TEM horn antennas for
impulse radar systems. According to the theory

and calculated data in [3] and [4], the impedance

Fig. 2-2 two TEM horn antennas

and the dimensions of the TEM antenna can be
calculated. Fig. 2-2 shows two antennas designed based on the theory in [4]. Fig. 2-3

gives the dimensions of the designed antenna plate.
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Fig. 2-3 Dimensions of the antenna plate

The measured reflection coefficient at the antenna input point is given in Fig. 2-4. From
this figure, the working band is indeed very wide, covering a range from 100MHz to 3

GHz. 1t is wide enough to serve our pulse GPR.
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Fig. 2-4 Measured S11 of the developed TEM Horn antenna

By integrating the new TEM horn antennas to the previously developed pulse GPR
system, an air-coupled version GPR is built. Fig. 2-5 shows the vehicle-mounted air-
coupled pulse GPR developed. The lab tests verified that this GPR works properly.

However, this GPR system uses relatively low frequency pulse wave. The pavement
layer reflected signals overlap with the rear part of the direct wave and hard to extract.

Next chapter will discuss algorithms that help eliminate the interference for the direct

WwaVes.



Fig. 2-5Air-coupled version of the pulse GPR






CHAPTER 3 ELIMINATION OF THE BACKGROUND NOISES
FOR AIR-COUPLED GPR

3.1 Influence of the Direct Waves

In order to comply with FCC rules, the width of a transmitted pulse should be relatively
wide, greater than 3 ns. The rear part of the transmitted pulse wave will overlap with the
reflected signals from shallow asphalt layers. Hence the rear part of the transmitted wave
acts as strong noises to the received signals, which hinders the extraction of the
pavement layer information from the measured GPR data. Fig. 3-1 is a typical received

GPR color map and a waveform over an asphalt pavement.
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Fig. 3-1 A typical measured color map of low frequency pulse GPR



From this color map we see mainly the background noise or the directly-coupled waves.
The subsurface information is not clear. In order to obtain accurate pavement layer

information, data processing algorithms must be investigated.

3.2 Procedures of Data Processing for Air-coupled Pulse GPR

In air-coupled mode, the reflected signals from the subsurface layers are much weaker
than that of the direct waves and background noises. Special techniques and algorithms
must be employed to eliminate the interferences and extract the useful reflected signals.
The most effective method is to subtract the direct waves and background noises from
the measured signals. The procedures used in the air-coupled pulse GPR is described by

the flow chart in Fig. 3-2.
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Fig. 3-2 Data processing procedures for air-coupled GPR

In Fig. 3-2, the calibration signal is obtained when a big metal plate is placed on the

pavement right below the GPR antennas after the air launching GPR is setup on the

10



vehicle. This calibration signal contains only the direct wave, the metal plate reflected
wave and the background noises. It does not have any information of the subsurface
pavement layers. After subtract this calibration signal, the measured waves over
pavements will have only the surface reflection and subsurface layer reflections left.
These useful signals are going to emerge in the new GPR color map. After applying the
data processing algorithms to the data shown in Fig. 3-1, a new GPR color map is

obtained as shown in Fig. 3-3.
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Fig. 3-3 The measured color map of Fig. 3-1 after signal processing

Compare Fig. 3-3 with Fig. 3-1. It can be seen that the interfaces of subsurface layers
clearly emerge after removing the direct wave and the background noises like the
vehicle reflections. By integrating the software based on the above procedures into the

GPR system, an applicable air launching pulse GPR is developed.
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CHAPTER 4 FIELD TESTS

In order to evaluate the properties of the developed air-coupled GPR system, a series of

lab and field tests were conducted. The lab tests procedures and results are very close to

that reported in the Technique Report-1 [1]. They will not be repeated in this report. The
following sections will only provide some new results measured on TTI Annex, FM

2818, and Texas Avenue in College Station.

4.1 Field Tests on TTI Annex

The first field test for air-coupled GPR was carried out over the TT1 Annex. The
pavement is over 2000 feet long with the distance marks on side. The measurement
started from the mark “0” and ended at mark “1810”; totally 1810 feet long pavement
was measured. The result measured by the air-coupled GPR is given in Fig. 4-1. The
software for data storing has been modified to use the data format compatible with
TxDOT software. Fig. 4-1 shows the measured GPR color map in a similar style of
TxDOT GPR. This result is the same as the one measured by the ground coupling GPR
in [1]. From Fig. 4-1 the first asphalt layer and the second base layer are clearly seen.

+0 o+23 0+360 O+697 O+1034 O+1354 O+ 1656 ao+1902

Fig. 4-1 Measured color map at TTI Annex by Air-coupled GPR
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4.2 Field Tests on FM 2818 and Texas Avenue

In additional to the TTI Annex tests, more tests were also conducted on FM 2818 and
Texas Avenue in College Station. Fig. 4-2 is the result measured on FM 2818 at SH60.
Fig. 4-3 shows the result measured on Texas Avenue between FM 2818 and Bush Drive.
The Annex data have been proven very close to that measured by TXxDOT radar. In both

Fig. 4-2 and Fig. 4-3, the first asphalt layer and base layers can be easily identified.
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Fig. 4-3 Measured results on Texas Ave between FM2818 and Bush Dr in College Station

With the new air-coupled GPR system, all the above measurements were made in real
time. No post processing was conducted.
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS

A new air-coupled pulse GPR system has been successfully developed. This system is
vehicle-mounted and can perform real time measurements at highway speed. It can also
cooperate with vehicle DMI device to get position of each measurement. The GPR data
format is compatible with TXDOT software, which benefits the information sharing and
the implementation of this FCC compliant GPR system.

Lab and filed tests have been conducted on TTI Annex, FM2818, Texas Avenue, and in

College Station. The measured results agree very well with the real cases.

5.2 RECOMMENDATIONS

The developed GPR system is able to collect pavement layer information accurately and

in real time. The system is completely ready for implementation.
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