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Introduction 

To be able to find information about the sub-surface without digging, several methods can 

be utilized. These are often referred to as non-destructive inspection methods, and are based 

on geophysical theory. 

One method is Ground Penetrating Radar, often abbreviated to GPR or georadar. This is a 

technique based on the use of focused radar energy that can penetrate the ground, and 

reflected to the system when sub-surface interfaces are encountered. To effectively do this 

over a large area and obtain detailed information about the ground, a 3D georadar system is 

often preferred. 

GPR can be used to obtain information on a wide range of surfaces, albeit this report is 

limited to inspection of paved areas.  

This report aims to give a description on how georadar operates, the data processing and 

what type of information can be expected from such a survey. This report also describes how 

to accurately position radar data. 

Georadar method description 

Georadar or ground-penetrating radar (GPR) is an electromagnetic geophysical surveying 

tool that allows us to non-destructively investigate the subsurface by emitting 

electromagnetic waves into the ground and receiving the electromagnetic waves (in the radio 

frequency range) that are reflected where there is a change in the electrical properties 

between two layers. Georadar can be used for non-destructive subsurface investigations of 

infrastructure or archaeology. For infrastructure investigations, georadar can be used to 

identify, measure and map subsurface features such as asphalt thickness, position of rebars, 

position of pipes, etc. in the subsurface under a road.  

A radar often used by TerraTec for this kind of surveys is a GeoScopeTM GPR, made by 3D-

Radar AS, a subsidiary of the Chemring Group. This GeoScopeTM GPR is designed for high-

resolution 3D subsurface mapping (Figure 1), using innovative radar and antenna 

technology. The radar may be used with a range of air and ground-coupled antennas. This 

georadar gives radar coverage in three dimensions, and uses a step-frequency (Figure 2) to 

provide better resolution over a wide range of depths and better processing capabilities for 

improved imaging.  

Step frequency is a technology that use series of sine waves with increasing frequcy. The 

radar measures the phase and amplitude on each frequency. This results in a optimum 

source signature with a uniform frequency spectrum. This result in high resolution at 

shallow as well as deeper investigations. In essence it is a broad band georadar system. For 

more information about the system visit www.3d-radar.com 

The schematic set-up is shown in  

Figure 3 below. 
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Figure 1: Wide bandwidth frequency coverage of the antenna array for a step-frequency, as compared 

to traditional GPR antennas. Source: http://www.3d-radar.com. 

 

 

 

  

 

Figure 2: Step-frequency waveform. Source: http://www.3d-radar.com.  
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Figure 3: Schematic set-up of survey equipment for GeoScopeTM GPR and 3D-radar 

antenna. Source: http://www.3d-radar.com.  
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Survey set-up and data acquisition 

For these types of investigations, the georadar has typically been set up to be towed behind a 

vehicle with positioning equipment (Figure 4), but other ways of positioning the GPR data 

may also be chosen – see chapter on positioning of GPR data.  

The frequency of the georadar must be set high enough to maximise the resolution and 

energy returns from the shallowest layers (where the base asphalt is located), with a medium 

trigger interval (10-30 cm) in the inline (driving) direction, a short time window for 

transmitting the frequencies, and a medium listening ( dwell) time to ensure that an 

adequate amount signal is recorded.  

A typical frequency range used by the georadar for this kind of scanning jobs is 300 MHz to 

3000 MHz. The radar antenna used on several occasions is a DXG1820, which is 1820 mm 

wide, with 20 channels collecting data simultaneously, perpendicular to the driving 

direction (75 mm spacing), resulting in a crossline swathe of 1500 mm.  Other dimensions 

are available as well as an air coupled type, which is usually used when higher acquisition 

speeds are necessary.  

The radar antenna can be affixed at different heights above the paved surface. In figure 4 a 

setup with a ground coupled system is showed. Here the antenna is set a few mm above the 

road surface. A protective sheet is put between the antenna and the surface which allows the 

radar signal (electromagnetic waves) to penetrate through it, whilst protecting the radar 

antenna itself from scraping when being towed along the road surface during the survey.  

 

Figure 4: Physical set-up of survey equipment, showing georadar set-up behind positioning vehicle, 

GeoScopeTM GPR recording unit behind screen outlines in red, link of GeoScopeTM GPR to batteries, 

and inset top right, a picture of the recording screen from the laptop in the vehicle.  

 

GeoScopeTM GPR 

Georadar 

Recording screen 

Batteries 

Protective sheet 
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Ground truthing - calibration and control points 

The sub-surface is comprised of several stratigraphic layers and complex geological 

structures. For the georadar to give an accurate representation on what lies below the 

surface the physical principles that govern the behaviour of electromagnetic waves (EM-

Waves) in soil and materials must be considered when interpreting the data. 

Materials has different electromagnetic properties and subsequently allows the EM-Waves 

to be reflected and transmitted through them. One major factor that dictates this behavior is 

the relative permittivity, often designated as ɛr (sometimes also called dielectric constant).  

The relationship between relative permittivity and the speed of electromagnetic waves is 

described by:  

ɛr = (c/V)2  (1) 

 

or  

 

V = c/√εr (2) 

 

where 

ɛr: relative permittivity for the material as compared to a vacuum (non-dimensional), 

c: velocity of electromagnetic waves in a vacuum (= 2.998 x108 m/s), 

V: velocity of electromagnetic waves in the ground (m/s). 

How much of the signal energy that is being passed through and how much is reflected (R) is 

related to the difference of the relative permittivity between the different materials. It is 

governed by equation 3, in which ɛ1 is the relative permittivity of the first material and the 

ɛ2 is the next material’s relative permittivity. 

𝑅 =
√ɛ1− √ɛ2

√ɛ1+ √ɛ2
 (3) 

To acurately assess the relative permittivity, control points may be used to establish the 

connection between the georadar measurements, and the actual thickness of the layer(s) of 

interest, e.g. the asfalt surface. Control points are established by measuring the physical 

thickness of the layer(s) manually (e.g., by drilling a hole), and register this togheter with the 

position, so that the control measurements can be correctly positioned along with the 

georadar data, for comparison. This is often referred to as ground truthing. 

If ground truthing is not available it is possible to use the data itself, e.g. statistical methods, 

but ground truthing is preferred to give the most accurate values. 

The georadar typically uses a survey wheel (odometer or DMI wheel) to trigger 

measurements at given distance intervals. The DMI must be calibrated or verified against a 

known distance in connection with each job, to ensure that the georadar measurements are 

triggered at the planned distance interval. 
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Data processing 

After the data has been captured the need for post-processing arise. This process is 

approached with testing focus in mind, aiming to obtain the optimum frequency content of 

the data whilst ensuring the sharpest returns of each subsurface event. Figure 5 gives a 

visual impression of the importance of these steps by showing the data before and after 

processing.  

The main processes often applied to the data are: 

Automatic ground alignment 

The radar antenna is subjected to vertical movement due to irregularities on the road 

surface, like bumps etc. This can create artefacts in the data and is often a problem when 

recording at high speeds. Since the data is recorded as frequencies, it is possible to align the 

first reflected event, e.g. asphalt to a flat event. This ensures that the subsequent data is less 

affected by vertical movement of the antenna as a result of irregularities on road. 

Interference suppression 

Sometimes cellular transmissions and other radio frequencies can adversely affect the 

georadar data. It can then be filtered in the frequency domain to avoid having this noise in 

the next step. 

Inverse Fast Fourier Transform 

By converting the frequency data to time data with an inverse Fourier transform, it is 

possible to visualize the data. This step is dependent on which window that is used for the 

transform and should be tested properly. By having this step, it is possible to filter out 

unwanted frequencies and thus resulting in higher quality data. 

Scaling 

Since the radial spreading of energy thus lowering the amplitudes along with depth, this can 

be compensated by gaining the data with an appropriate amount. This is usually done with 

an exponential gain, attempting to compensate for the amplitude decay. 

Noise removal using bandpass filtering. 

One of the key steps to visualize the data properly is the removal of the average dominating 

energy. This is done by averaging the energies, and then filter that away. The result gives 

much cleaner data whilst preserving the signal. An example of this is presented in figure 5, 

where the horizontal banding is attenuated as a result of this step. 
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Figure 5: Before(above) and after (below) processing of the data  

How to look at the data 

Figure 6 gives an overview on how to view the data in the following images. 

In Image A the data is viewed on top of the orthorectified image. This is usually referred to 

a time slice / depth slice. Time slices depicts the data from a bird’s eye perspective at 

different depths. At this time slice all four swaths can be seen at a depth at approximately 

1 meter.  

Image B illustrate one of the channels recorded and represent the in-line direction. The 

orange line demarks the top asphalt. The white event above the asphalt is the direct wave, 

and this can be treated as unwanted information in this case. Several subsequent 

reflections after the top asphalt can be seen, at around 0,1 meters depth the reflection 

demarks the bottom asphalt layer. There are also more layers to be seen here, and all 

these layers constitutes the road construction. 

Image C gives a transverse look at one of the swaths. This can be useful to see if layers are 

dipping transversely or has a different lateral construction. 
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Image D is often referred to the A-Scan or trace, and it shows the amplitude signature of 

each measurement point. This is useful to see the amplitudes of the signal and it gives both 

the envelope and the real part of the trace. 

Image E is related to image A, but is not orthorectified and gives only insight in one swath. 

 

Figure 6: Overview of the georadar data  

 

Positioning of GPR data 

Introduction 

Being able to position GPR data both precisely and reliably serves many purposes. It makes 

it possible to present the data in a consistent way (overlapping or adjacent areas will fit well 

together). It makes it possible to present GPR observations together with other kinds of map 

data in a common model (see TerraTecs report “8A - Visualisering av olika 3D-data” for 

more information) – and not at least, it makes it possible to locate findings in the real world.    

Positioning of GPR may be done using a GNSS-receiver (Global Navigation Satellite System) 

alone, or with a GNSS-aided INS (Inertial Navigation System). This chapter describes how 

GNSS- and INS-technology may be used to position GPR data; GNSS and INS as such is not 

described in detail here. For an introduction to GNSS and INS, see TerraTecs report “6B - 

Increasing the Accuracy of positioning in Mobile Mapping Systems”. 

In any case, raw GNSS observations, and for the INS-case, raw observations from IMU, 

odometer, and possibly other supporting sensors, are collected simultaneously with the GPR 

data. The navigation data is post processed, typically using nearby GNSS reference stations, 

to allow for a DGNSS (Differential GNSS) processing, with fixed carrier phase ambiguities.  

In most practical situations a GNSS aided INS is favourable over GNSS alone. Using GNSS 

(without INS) is only a recommended strategy in open areas where GNSS-signals are not 

obstructed. An INS can provide positions also in periods where GNSS conditions are poor, 
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or even without GNSS-signals at all (e.g. inside a tunnel). How long periods with poor or 

lacking GNSS an INS can cope with (and still provide precise positioning), is very closely 

related to the quality of the IMU, as well as to the quality of the post processing software and 

its ability to utilize all sorts of aiding information. In our GPR-surveys we have used our own 

GNSS/INS post processing software TerraPos. Se TerraTecs report “6A - TerraPos for 

Mobile Mapping Systems" for an introduction to GNSS and INS post processing. 

The GPR observations that shall be positioned have to have precise time tags, that later may 

be matched with the time tags from the navigation solution. This time-tagging is normally 

also obtained using GNSS (either a GNSS-receiver integrated into the GPR-equipment, or a 

real-time input from an external GNSS-receiver).   

GNSS-only positioning 

A GNSS antenna may be mounted directly to the GPR antenna (on or directly above the 

GPR-antenna's reference point).  

Post processing the GNSS-observations will produce a series of 3D positions of the GNSS-

antenna that may be used to position the GPR data directly. A height correction between the 

GNSS-antenna and ground is applied if the height component is of interest.  

As this method is vulnerable to poor GNSS-conditions, it is only recommended for open 

areas, like a runway on an airport. 

 

Figure 7: GNSS-antenna mounted on a towed GPR-antenna. Suitable for open areas only.  

 

INS on GPR-antenna 

An INS, or at least its GNSS-antenna and IMU (Inertial Measurement Unit) is mounted 

directly onto the GPR-antenna. As the INS provides orientation of the GPR-antenna, it is not 

necessary to mount the GNSS-antenna precisely on or above the GPR-antenna's reference 

point – the position may be transferred to any point on the GPR-antenna using a known 

offset (given in the INS’s reference system).  
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Post processing the INS-observations will produce a series of 3D positions of the GPR-

antenna that may be used to position the GPR data directly. 

GPR-antenna rigidly fixed to vehicle with INS 

A situation analogous to having the INS mounted directly to the GPR-antenna.  

When a GPR-antenna is rigidly fixed to a vehicle equipped with an INS, the position may be 

transferred from the INS to the GPR-antenna using a known offset (given in the INSs 

reference system).  

Real world examples also include "semi-rigid" fixing, e.g., when a GPR-antenna is fixed to a 

railway carriage, and a car equipped with INS is standing on the same carriage. (Figure 8) 

The GPR antenna may then be positioned from the INS by applying a known (static) offset. 

But as the car may sway a little, the offset is not strictly static. However, typically the 

degradation due to this will be moderate, and acceptable for the purpose. 

 

Figure 8: GPR antenna fixed to railway carriage, positioned from car equipped with INS standing on 

the same carriage 

 

INS on vehicle towing GPR antenna 

This scenario is common in TerraTec, as the company operate several MMS (Mobile 

Mapping Systems) equipped with high-end INS.  

When the GPR antenna is towed by a vehicle equipped with an INS (Figure 9: 8), we will 

have access to precise positions of (any points on) the vehicle, from the navigation solution. 
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This position must then be transferred to the (reference point of) the GPR-antenna. 

Methods for this include:  

Measure GPR-trailer orientation 

As long as the GPR reference point is at a fixed distance from the tow-bar of the vehicle (true 

when using an ordinary trailer), the position may be transferred from the INS to the GPR-

antenna if the (dynamic) trailer orientation is known. The orientation could be measured 

either relative the vehicle (e.g. using a camera), or absolute (e.g. using a low-cost IMU).  

Approximations 

If some degradation of the positioning quality can be accepted, it will be possible to transfer 

the position from the tow-bar of the vehicle, to the GPR-antenna, based on some 

assumptions. We have tried out the following two strategies: 

 Approximation assuming the GPR antenna reference point will pass the same 

position as the tow bar, just a little later. The time difference is computed from the 

vehicle velocity and the distance from the tow-bar to the GPR antenna reference 

point. This method will only provide satisfactory results when driving at relatively 

constant speed, without making tight turns. 

 Approximation assuming GPR antenna reference point is at a given distance directly 

behind the tow-bar. This is an alternative to consider only when driving in straight 

lines, as it will not work during turns. Mainly an alternative when the “dt-method” 

described above fails, and we are at a straight line.  

Aiding and adjustments 

In addition to GNSS and IMU observations, an INS may be extended with other kinds of 

observations to further improve the quality of the positioning. This could even be the GPR-

data itself, or data from other mapping sensors (cameras, lidar, …). The use of mapping 

sensor data in positioning is often referred to as SLAM (Simultaneous Localisation and 

Mapping). See TerraTecs report “6C - SLAM för säkrare  positionering” for more on this. 

Observations of objects with known positions will provide a strong input, and can be a key 

factor when precise positioning in GNSS-denied environments, like inside a tunnel, is 

needed.   

Adjustments may also be made at a later stage (after georeferencing with INS is completed), 

if needed, e.g. when georeferenced GPR-data is combined with other kinds of data (like a 

point cloud). 
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Figure 9: GPR antenna on trailer, towed by car equipped with INS  

 

Discussion 

GNSS/INS based positioning has a precision potential down to about 2-3 cm RMS, but the 

actual quality will obviously vary with conditions, equipment and method.  

Choice of method will typically depend on many factors, not at least the more practical ones, 

like availability of equipment and resources in general. The demands will also vary. For 

instance, when the purpose of a survey is to find objects (like pipes) in the ground, precise 

positioning will often be a key factor, whilst for asphalt thickness surveys, the positioning 

demands could be weaker. 

Unless the survey is made in a completely open area providing excellent GNSS conditions, 

INS is recommended, and setups where the INS and GPR-antenna is fixed together is a 

better choice. For especially demanding environments, extra aiding or adjustment will 

typically be needed, when precise positioning is required.  

 

 

 



Conclusion 

By combining accurate positioning with subsurface mapping, it is possible to map 

subsurface features in high detail. The choice of method to use is dependent on the end 

user requirement, as well as practical and economic considerations. Positioning should 

be taken into consideration when planning the survey. 

The georadar system described in this report is high end, and used and interpreted 

properly it can serve as a valuable tool for investigation of the asphalt thickness and 

provide more information regarding the geotechnical conditions under the surface – 

without digging. The following of TerraTecs reports in chapter 4 will discuss this is more 

detail. 
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