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ABSTRACT 
 
Several non-contact vibrometers have been investigated for use in a seismic landmine-detection system developed at 
Georgia Tech; however, these non-contact vibrometers are relatively complex and expensive compared to commercially 
available microphones.  This makes the commercial microphones an appealing alternative in applications where reduced 
surface-standoff distances are permissible (such as small autonomous systems or hand-held mine detectors that exploit 
seismic techniques).  The seismic wave field involves multiple modes of propagation. Among these, the Rayleigh wave 
has been found to be particularly effective for the interrogation of near-surface soil where landmines are likely to be 
found. Thus the seismic system currently under development preferentially excites this wave type.  The acoustic 
pressure in the air that results from a Rayleigh wave’s surface displacement can only be sensed close to the ground 
because Rayleigh waves are subsonic in most soils and produce evanescent acoustic fields in the air. Experimental 
measurements in a laboratory model have shown that buried pressure-fused landmines can be detected by measurement 
of the acoustic pressure within about five centimeters of the ground’s surface.  Signal processing efforts including 
planar near-field acoustic holography, k-space filtering, and mode extraction have been used to amplify the effects of 
the Rayleigh wave. The signal-to-noise ratio of microphone measurements can also be improved by decreasing the 
microphone’s height above the soil surface or by improving the coupling of the microphone to the evanescent field with 
a waveguide or a horn. Experimental measurements made with the microphone compare well with direct measurements 
of surface displacement made using a radar-based non-contact vibrometer that has been described in previous papers. 
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1. INTRODUCTION 
 

Seismic landmine detection techniques investigated at Georgia Tech1,2 in recent years have utilized non-contact 
radar sensors for non-intrusive measurements of surface displacements.  A seismic wave, which is generated outside of 
the region of interest by an electrodynamic shaker coupled to the ground, propagates through the soil in the scan region 
and interacts with buried objects such as landmines and typical clutter.  Landmines can be detected by their scattering of 
incident surface waves and their unique resonances; these effects persist well after the Rayleigh wave has passed the 
burial location.  Interactions of the seismic wave with buried objects have been measured by sensing the normal surface 
displacements with a non-contact radar sensor. 

For robotic and hand-held platforms, near-ground and ground-contacting sensors (i.e., accelerometers, 
geophones, and microphones) could be used to sense ground motion, provided that any contact with the ground is light 
enough to avoid accidental detonation of buried landmines.  With near-ground sensors such as commercially available 
microphones, an autonomous robot could move through the area of interest marking potential landmine locations for 
either further investigation or disposal without touching the ground with the sensor.  Acoustic detection of buried 
landmines was also investigated by Cook and Wormser3 for hand-held applications.  If light contact between the sensor 
and the ground were possible, improved resolution could be achieved through the coupling of the ground to the 
microphone with horns and waveguides. 
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It should be noted that if the surface motion is to be accurately measured acoustically, the measurement must 
be made relatively close to the surface.  The surface wave of primary interest in the detection of buried landmines, the 
Rayleigh surface wave, propagates at subsonic speeds in most soils4.  This produces an evanescent acoustic wave in air 
with a height-dependent amplitude that decays with distance from the ground. 

In the following sections, experimental measurements of Rayleigh wave propagation in a laboratory 
experimental model, detections of both anti-personnel (AP) and anti-tank (AT) landmines, improved methods for 
enhanced image resolution, and practical implications of landmine detection with single microphones as well as arrays 
of microphones will be detailed. 
 

2. EXPERIMENTAL INVESTIGATION OF MICROPHONES AS NEAR-GROUND AND 
GROUND-CONTACTING SENSORS 

 
 

All of the experiments described in this paper were done in the laboratory experimental model at Georgia Tech 
with Behringer ECM8000 microphones.  A typical setup is shown in Figure 1 with the seismic source and two 
microphones in the middle of the scan region.  The experimental model contains in excess of 50 tons of damp, 
compacted sand as a soil surrogate; it is instrumented with data acquisition and motion control with a three-axis 
positioner.  The Behringer ECM8000 microphones were chosen as they are commercially available at $50 each 
currently and were found to be capable of detecting surface motions in the experimental model. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1: Experimental Model with Microphone Sensors Mounted on Positioner. 
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2.1. Detection of Surface Waves 
In the first set of experiments, a single microphone was scanned over the experimental model with no buried 

targets to determine the sensitivity to surface motions, direct air-acoustic signals and ambient acoustic noise.  The data 
are presented in Figure 2 as waterfall plots over a 1m measurement range.  In all four waterfalls, two reference lines 
have been drawn at propagation speeds of 330 m/s and 85 m/s; these represent the typical propagation speeds for the in-
air path and the Rayleigh surface wave in the experimental model, respectively.  In Figure 2a, the microphone was 
placed directly upon the surface at each measurement location.  The fastest wave measured is the direct in-air path from 
the electrodynamic shaker to the microphone at approximately 330 m/s.  The slowest wave is the Rayleigh surface 
wave.  In between these arrivals, there are leaky surface waves5, which have been seen in previous measurements with 
the radar sensor.  Additionally, as the measurements were conducted in a laboratory, acoustic reverberation is apparent 
in the measurements with significant reflections from the walls of the room.  This is increasingly more apparent in 
Figures 2b-d as the height of the microphone above the soil was increased to one, two, and three inches, respectively.  
As the separation distance between the microphone and the surface increases, the effects of the Rayleigh surface wave 
decrease and are masked by the effects of reverberation, as would be expected.  Thus, for optimal detection of the 
Rayleigh surface wave, the microphone must be located as close to the surface as possible. 

2.2. Detection of Buried Landmines 
The second set of experiments focused upon determining whether or not the microphones could be used to 

detect the presence of buried landmines.  In the first measurement, a TS-50 AP landmine was buried one centimeter 
deep in middle of the experimental model.  Figure 3a shows a waterfall made from measurements with a single 
microphone that was scanned over the surface at a height of 0.5 cm.  The direct in-air path and the Rayleigh surface 
wave are both apparent in the waterfall.  The interaction with the buried landmine caused resonant oscillations at the 
burial location in the center of the scan region.  In the second measurement, a VS-1.6 AT landmine was buried five 
centimeters deep in the middle of the experimental model.  Data are shown in Figure 3b for this case.  Again, the in-air 
path and Rayleigh surface wave are apparent in the measurement.  In both of the waterfalls presented in Figure 3, 
ambient noise is readily apparent. 

  Two-dimensional scans of the same burial scenarios were also done with the microphone and the radar sensor 
for direct comparison of these two sensors.  Images from measurements of a TS-50 are shown in Figures 4a and b for 
the radar sensor and a single microphone, respectively.  Figures 4c and d show the images for the detection of a VS-1.6 
with the radar sensor and a single microphone, respectively.  The microphone was held 0.5cm above the ground during 
the scans. 

These images were made on a 30 dB scale relative to the maximum in each image.  While both sensors 
detected the landmines, there was more clutter in the images generated from the microphone data.  Some of the structure 
of the apparent noise in the microphone images may be due to the relatively strong waves that arrive prior to the 
Rayleigh surface wave.  In the radar measurements, the leaky surface wave is much weaker than the Rayleigh surface 
wave.  However, in the microphone measurements, the leaky surface wave and the in-air acoustic wave are relatively 
strong. It should be noted that these images were made with algorithms developed to process the data measured with the 
radar sensor and do not reduce the effects of additional wave types.  As such, no effort has been made to minimize the 
effects of the in-air acoustic waves in the imaging. 

 

3. METHODS OF IMPROVING PERFORMANCE OF MICROPHONES FOR LANDMINE 
DETECTION 

 
Two different approaches were investigated to improve the detection capabilities of the acoustic microphones; 

the first was signal processing while the second involved changing the coupling of the microphones to the soil. 

3.1. Signal-Processing 
 Three different signal processing approaches were investigated: back-propagation using near-field acoustic 
holography, mode extraction, and filtering in k-space.  Previous research with acoustic detection of buried landmines at 
Georgia Tech focused upon back-propagation of measured acoustic pressure using near-field acoustic holography 
techniques6,7,8.  This processing improved the resolution of the surface motion by preferentially amplifying the Rayleigh 
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Figure 2: Height-dependence of Microphone Response in Waterfalls Measured at (a) Ground Level, (b) 1” above the 

Ground, (c) 2” above the Ground, and (d) 3” above the Ground. 
 
 

 
Figure 3: Detections of (a) TS-50 AP mine and (b) VS-1.6 AT mine with a Microphone 0.5cm above the Soil Surface. 
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Figure 4: Images from (a, b) TS-50 AP Mine and (c, d) VS-1.6 AT Mine with (a, c) Radar Sensor and (b, d) 

Microphone at a Height of 0.5cm above the Soil. 
 

 
Figure 5: Elimination of In-air Acoustic Waves by k-space Filtering of Measurements of (a) TS-50 AP Mine and (b) 

VS-1.6 AT Mine with a Microphone 0.5 cm above the Soil.  Unfiltered data are shown in Figure 2. 
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surface wave over that of the direct in-air acoustic waves.  It is also possible to extract individual modes from measured 
data as has been done with previous field measurements4,9,10.  Filtering in k-space by removing components that 
propagate at speeds greater than 300 m/s eliminated the in-air acoustic waves from the measured data, as shown in 
Figure 5.  There are edge effects in the first and last traces of the waterfalls in Figure 5 due to the nature of the 
processing.  The transform into k-space assumes spatial repetition along the measurement surface; however, this is not 
the case with this type of measurement. 

3.2. Horn/Waveguide 
The second approach to improving the microphone’s landmine-detection capabilities involved coupling the 

sensor to the evanescent waves, and ultimately the ground, through the use of acoustic horns.  Several different 
possibilities were explored with a flexible rubber horn and a rigid plastic horn providing the most significant 
amplifications of the Rayleigh surface wave in relation to the in-air acoustic waves.  Experimental measurements 
indicated that if a horn is used, light contact of the horn to the soil surface greatly improves the microphone’s sensitivity 
to surface motion. 

The flexible rubber horn was used to detect both AP and AT mines, as shown in the waterfall plots of Figure 6 
and the images of Figure 7.  The horn was a rubber structure, shown in the photograph insert in Figure 6, that deformed 
to match the surface contour of the ground.  The microphone was rigidly attached to the vertical arm of the positioner; 
at each measurement location, the positioner lowered the microphone towards the surface until direct contact was made 
between the horn and the ground.  Figure 6 shows a comparison of measurements made without (Figure 6a) and with 
(Figure 6b) the horn.  The in-air acoustic waves are present in both waterfalls but are diminished in relation to the 
Rayleigh surface wave in Figure 6b.  The ripples in the traces at the bottom of the waterfall in Figure 6b are most likely 
due to the excitation of a cavity resonance of the horn by the in-air acoustic waves.  In both waterfall plots, the effects of 
the TS-50 AP mine are evident in the middle of the scan as indicated by the resonance and the scattered waves.  These 
measurements were conducted simultaneously with slightly offset microphones as shown in the inset photograph; thus, 
the detection locations are offset in the waterfall plots. 

Two-dimensional scans were conducted to detect the location of a VS-1.6 AT mine buried eight centimeters 
deep in the experimental model with a microphone in air and with a microphone coupled to the ground by the rubber 
horn.  Both microphones were approximately 1.3 cm above the surface at all measurement locations.  The images made 
from these measurements are shown in Figure 7 on a 30 dB scale.  The microphone in air detects the location of the 
landmine quite well with the majority of noise in the image 15 dB down.  The microphone with the rubber horn presents 
a somewhat clearer image with less noise.  There is some structure to the noise, which is similar to a cylindrical 
wavefront emanating from the buried landmine; this suggests that the additional wave types are influencing the imaging 
process. 

 

 
 

Figure 6: Waterfall Graphs of the Measured Data for a TS-50 AP Mine Buried 1cm Deep (a)Without and (b)With a 
Rubber Horn. The photographs show the relative locations of the microphones (with and without the horn) and the horn. 
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Figure 7: Images of VS-1.6 AT Mine with (a) Microphone in Air and (b) Microphone in Rubber Horn (30 dB scale). 
 

A rigid plastic horn also provided amplification of the effects of the Rayleigh surface wave.  Several different 
geometries were investigated in terms of covered surface area and height of the microphone above the ground.  
Increasing the coverage area of the horn on the ground increased the amplitude of the measured Rayleigh wave.  With 
the rubber horn, the microphone was pushed into contact with the ground.  However, with the rigid horn, the 
microphone was placed on the surface and held in place by its own weight.  Data measured with the microphones using 
rigid plastic horns will be presented in the next section. 
 
 

4.  ARRAY MEASUREMENTS 
 
 While near-ground and ground-contacting sensors could be used for robotic and hand-held landmine detection 
platforms, they could also be used in an array as a confirmation sensor.  For example, if a square meter were to be 
measured on a grid of 1024 locations with an interrogation time of eight seconds at each measurement location, the 
entire region could be scanned with a single sensor in 171 minutes (assuming two seconds for moving between 
measurement locations).  While a linear array of eight, sixteen, or 32 elements would reduce the time substantially, an 
array of 1024 sensors would measure the surface motion in one interrogation period of eight seconds with appropriate 
processing time.  While the cost of the microphones would be greater than $50,000 using the Behringer ECM8000 
microphones, individual electret condenser microphones11 are commercially available for approximately $2; purchases 
of greater quantities would reduce the cost of the microphones. 
 Eight microphones were assembled into a mini-array to increase the measurement speed and investigate the 
effects of multiple sensors in an array.  Cabling concerns with the existing data acquisition system limited the array to 
eight microphones.  The array spacing was determined by the size of typical AP mines.  With a 3.8 cm diameter horn, 
microphones could be evenly spaced every five centimeters in a linear array and still detect AP mines.  Larger 
separations between sensors would be possible if only detections of AT mines were of interest.  The microphone array, 
shown in Figure 8a with the rigid plastic horns attached, has 5.08 cm spacing between adjacent elements.  Three 
different two-dimensional scans of a 1.26m by 0.80m region were conducted with 1.27cm by 5.08cm spacing.  The first 
image was formed from measurements with the microphones located 1.3cm above the ground without horns and is 
shown in Figure 8b.  The microphones were placed upon the ground at each measurement location, without the horns, to 
form the image shown in Figure 8c.  The rigid plastic horns were used for the third image, shown in Figure 8d; at each 
measurement location,  the microphone  was placed  on the  soil surface, resting  upon its horn.   In all three images, the  
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Figure 8: Images Formed from Measurements of a VS-1.6 AT Landmine Buried 8cm Deep in the Experimental Model 
with an (a) Eight Microphone Array (b) in Air, (c) on the Ground, and (d) with Horns with 1.27cm by 5.08cm spacing; 

(e) with Horns with 2.54cm by 5.08cm spacing; and (f) with Horns with 5.08cm by 5.08cm spacing. 
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location of a VS-1.6 AT mine buried in the center of the scan region was successfully detected with varying degrees of 
definition.   The scan with the microphones in air has the least detail and presents the largest  target location.   The  scan 
with the microphones touching the ground has a smaller target location but includes more clutter in the resulting image.  
The scan with the rigid plastic horns attached to the microphones resulted in a smaller target location with more 
structure to the image on top of the buried landmine; there was also a greater amount of noise in the image.  Some of the 
noise in the images may be attributable to the variation of the sensors and their coupling to the ground at different 
locations in the scan region.  While the microphones were calibrated at a specific location in the experimental model 
just prior to each two-dimensional scan, changes in how the microphones were coupled to the ground at different 
measurement locations could affect the measured data. 
 To investigate the effect of spatial sampling upon the detection capabilities of the array, two simulations were 
done with the scan presented in Figure 8d.  By resampling the data spatially in one dimension, two other images were 
obtained for 2.54cm by 5.08cm and 5.08cm by 5.08cm spacings and are presented in Figures 8e and f, respectively.  
This increase in step size between adjacent points would yield a corresponding decrease in measurement time; the scan 
for the image in Figure 8e would reduce the measurement time by a factor of two while the scan for the image in Figure 
8f would reduce the measurement time by four.  Both images clearly indicate the location of the buried landmine with 
some amount of noise.  Similar results were obtained by processing the data measured with the microphones in air. 
 
 

5.  CONCLUSIONS 
 

Microphones have been used to experimentally detect buried AP and AT landmines by sensing the seismic 
surface wave motion associated with the propagation of the Rayleigh wave in a laboratory experimental model.  While 
the images formed from microphone measurement data contain more noise than images formed from data taken with 
other types of sensors, there are two contributing causes that may be avoidable.  First, the present imaging algorithms 
presume the dominance of the Rayleigh surface wave over other wave types in the measured data.  In the microphone 
data, there are in-air acoustic waves as well as stronger influences from other seismic waves in comparison to the 
Rayleigh wave.  Hence, signal processing to amplify the Rayleigh wave may improve the signal-to-noise ratio of the 
imaging; alternative imaging algorithms that take advantage of the leaky surface wave as well as the Rayleigh wave 
may improve the definition of the images.  Second, random noise can be overcome with longer integration times.  In 
measurements made with a single sensor, increasing the measurement time may not be desirable, but measurements 
made with an array of microphones would compensate for the required measurement time. 

Experimental measurements have demonstrated the improved performance achievable with both signal 
processing and horns. However, further investigations should focus upon the repeatability of measurements with a 
scanning array of microphones that directly contacts the ground, both with and without a horn.  In particular, the sensor 
to ground coupling may be affecting the clutter in the processed images.  While microphones have shown detection 
capabilities suitable for scanning hand-held or robotic landmine detection systems, they could also be used as near-
ground or ground-contacting sensors in fixed arrays of confirmation sensors where they would offer decreased 
measurement times at lower costs than other types of sensors.  If an area were measured with multiple sensors 
simultaneously, new signal processing algorithms may be able to take advantage of the coherence of some noise sources 
during the measurement. 
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