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A specialized ground-penetrating radar has been developed to 
operate on a remotely controlled vehicle for the non-intrusive 
subsurface characterization of buried waste sites. Improved 
radar circuits provide enhanced performance, and an embedded 
microprocessor dynamically optimizes operation. The radar 
unit is packaged to d v e  chemical contamination and 
decontaminatioa 

INTRODUCTION 

.D. 

The cleanup of waste burial sites and military bombing ranges involves the risk 
of exposing field personnel to toxic chemicals, radioactive materials, or 
unexploded munitions. Time-consuming and costly measures are required to 
provide protection from those hazards. Therefore, there is a growing interest in 
developing remotely controlled sensors and sensor platforms that can be 
employed in site characterization surveys. Such systems can minimize the risk 
to field personnel and increase the speed, efficiency, and completeness of the 
surveys. As an effort in this direction, the U.S. Department of Energy's Pacific 
Northwest Laboratory (PNL) is developing a ground-penetrating radar (GPR) 
system that can be mounted oniobotic or remotely controlled sensor platfo 
and that can be op 

The objective of this task is to develop a GPR system that A: 1) provide 
improved sensitivity and dynamic range, and 2) incorporate design features that 
are needed for vehicle-mounted applications and remote operation in a 
hazardous environment. The desired features include compactness, low power 
consumption, environmental sealing, ruggedness, remote control, and data 
telemetry. 
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APPROACH 

At PNL, we have had extensive experience with impulse (sometimes called video 
pulse) GPR systems. We favor that type of system for near-surface surveys 
because we believe it offers the best achievable dynamic range and overall 
performance. Its advantages include: 1) the transmitter is off while the receiver 
is active, and 2) the receiver gain can be increased dynamically to better measure 
weak returns from deep objects. 

Electronic technology now offers the possibility of capturing and digitizing 
received signals over this frequency range in real time. Unfortunately, the 
required components are expensive and, from the perspective of robotic 
applications, present potential electrical supply and heat removal problems. We 
were also concerned about reliability under the rough conditions of field 
operations, so we decided to use simpler technology that samples one point on 
the radar return per transmitted pulse. To maximize the data collection rate, we 
selected a radar pulse repetition rate of 4 MHz. This provides an unambiguous 
depth range of roughly 10 m in common soils. 

The transmitter incorporates several unusual features: The 4-MHz pulse 
repetition rate is 40 to 100 times higher than is typical for GPR systems. The 
maximum power is also unusually high, nominally 10 KW peak. Furthsr, the 
peak power is variable under computer control, essentially down to zero. This 
feature increases dynamic range and can substantially reduce power consumption 
and heat dissipation. Pulse width is nominally 3 nsec to give the desired 
frequency spectrum. A pair of resistively loaded, modified bowtie antennas will 
be used initially to transmit and receive the GPR signals. Practical constraints 
on antenna size and an inherent conflict between ground attenuation and desired 
resolution, both of which rise with signal frequency, generally push GPR 
operation into a range of roughly 50-1000 MHz. In this system, we have adopted 
a nominal operating range of 50-700 MHz. 

In an earlier project, we developed a sampling receiver operating at repetition 
rates up to 10 MHz. This sampler was adapted for the new GPR system with 
further development to increase its dynamic range. Because the GPR antennas 
move slowly relative to radar pulse rates, the received signal varies only slightly 
from pulse to pulse. The sampling receiver was, therefore, optimized for the 
measurement of small changes rather than for accurately handling the full 
expected amplitude range. The GPRs control microprocessor provides an 
estimate of the expected signal level and the sampler gives an error measure- 
ment. The measured radar return is the estimate corrected by the measured 
error. This value is reported and used to dynamically improve the estimate. We 
refer to this approach as "active cancellation" since it effectively cancels slowly 
varying signal components with an actively updated estimate. 

A key element in the design of the system is direct dynamic control of all 
important operating parameters by an embedded microprocessor. Receiver gain 
and transmitter power are adjusted to give usable data over the maximum 



possible range. The system can also vary the time spent collecting data at any 
depth to improve the signal-to-noise ratio (within the limitations imposed by the 
speed of the transport vehicle). Further, software calibration and linearization 
procedures allow important relaxations in subsystem specifications while 
providing excellent overall performance. 

IMPLEMENTATION 

Transmitter 

A number of approaches to the design goals of the GPR transmitter were 
considered. Selection of the final output device was a critical factor. From the 
options available, a planar triode vacuum tube appeared to be optimal. Its input 
capacitance is relatively simple to drive and its output characteristics match 
conveniently to the 50-200 ohm range of expected antenna impedances. The 
Varian 8940 vacuum tube can safely provide a 2000-v0lt, 10-amp pulse. It also 
tolerates relatively high temperatures compared to semiconductor devices, 
thereby simplifying the cooling requirements. The tube is operated in oil, both 
for thermal transfer and for electrical insulation (the anode runs at 3,500 volts.) 

The tube operates in a grounded grid configuration to decouple the drive from 
anode voltage swings and thus reduce the dependence of pulse width and shape 
on output loading. The cathode is driven by a step-recovery diode impulse 
generator which produces a nominally constant negative pulse. Output power 
is controlled by varying the positive cathode bias voltage, thus determining how 
far into conduction the drive pulse pushes the tube. The load seen by the 
impulse generator actually varies widely with bias. A result is that output pulse 
width increases with peak power, a desirable characteristic for a GPR transmit- 
ter. (Efficiency could be improved by varying anode voltage, but accomplishing 
that at the rates desired was left for a future challenge.) The average anode 
current in the transmitter is limited to 30 ma by the high-voltage DC/DC 
converter used. Long-term average power is thus nominally 100 watts. Higher 
current can be drawn for short periods from a high-voltage capacitor. 

Receiver 

The receiver differs in three significant ways from typical sampling GPR 
receivers. The first is the 4-MHz repetition rate. This was accomplished by 
using high-speed transistor switches rather than the more common avalanche 
breakdown devices to drive the sample gate pulse generator. The second is the 
use of a substantial amount variable gain ahead of the sampler so that sampler 
noise never limits the received signal-to-noise ratio. Gain and gain control are 
provided by commercial UHF amplifiers and voltage-variable attenuators. The 
third difference is the optimization of the sampler for the measurement of small 
differences from an anticipated signal. The expected "active cancellation" signal 
voltage is applied as a bias to the sampler. If the received signal matches the 
bias, the sampler output is zero. Otherwise, the output represents the difference 
between the expected and actual signal voltages. Because the sampler need not 



respond linearly to the full range of input signals, processing of small dserences 
can be enhanced. Sampler outputs are averaged in an analog low-pass filter and 
are digitized at a 100-kHz rate. 

Control 

One of the novel features of the GPR, besides the number of adjustable 
operating parameters, is the dynamic control of those parameters by an- 
embedded microprocessor. This allows both continuous optimization of radar 
performance and significant improvement or simplification of subsystems. 

Significant simplification, as well as enhancement, was achieved in the subsystem 
that sets a time delay between the transmitted pulse and sampling of the 
received voltage. The delay circuit is a phase shifter that provides more than 
one pulse interval control range, but has a substantially non-linear and 
temperature-dependent response. Rather than adding components to linearize 
and stabilize it, we designed a simple, stable, linear delay measurement circuit. 
The embedded processor reads the actual delay to generate and dynamically 
correct a control table. This results in more accurate and reliable settings than 
we've experienced with other systems. 

The embedded processor also handles the '%housekeeping" of translating 
commands in user's terms to radar settings and converting received waveforms 
to standard format. Very little GPR-specific knowledge is needed to allow an 
external computer to operate the system. 

Packaging 

The GPR system consists of two main physical components. The first, and 
largest, is a fiberglass box that contains the radar antennas and a layer of 
absorptive material that provides the necessary downward directivity. The 
transmitter and its power supplies, the signal amplifier, the sampler, and the 
A/D converter are contained in an aluminum box that is mounted on the top of 
the antenna enclosure. The second main component of the system is a relatively 
small microprocessor-based control wit. It is connected by cable to the 
electronics on the antenna enclosure. It includes a digital RF telemetry unit 
which transfers commands, status information, and data between the GPR system 
and an off-site base station. The following drawing shows the configuration of 
the system and illustrates how it is mounted on a telerobotic survey vehicle. The 
vehicle shown in the figure is part of the Remote Characterization System (RCS) 
developed recently for DOE and the U.S. Army Environmental Center by a 
consortium of five of DOES national la3oratories [1,2]. 

FINAL COMMENTS 

Circuit innovations and the use of an embedded microprocessor resulted in a 
GPR with enhanced capabilities for a wide range of applications, but particularly 
for remote characterization surveys of wate burial sites and decommissioned 
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The new GPR system mounted on the RCS survey vehicle. 

bombing ranges. Early consideration of specialized requirements, including 
environmental sealing, teleoperation, and compatibility with robotic vehicles and 
other sensors minimized compromises on system goals. Major components of the 
system have been tested in the laboratory. The full system is scheduled to be 
field tested in June 1994. 
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